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Singular molecular and cellular properties define anatomically distinct mouse muscle stem cells

The murine muscle stem cell (MuSC) pool is recognized as functionally heterogeneous at the anatomical level, including proliferative capacity and regenerative potential, yet a comprehensive understanding of the mechanisms underlying these differences is lacking.

Unravelling this diversity could have a direct bearing on determining why only a subset of muscle groups succumb to a variety of myopathies. Here, we used a combination of clonal analysis, live imaging and single cell RNA sequencing (scRNA-seq) and identified critical biological features that characterise the extraocular (EOM) and limb (Tibialis anterior, TA) MuSC populations. Notably, EOM myogenic cells displayed a higher proportion of Pax7 + /Myod -cells than that of the TA. Unexpectedly, EOM myogenic cells also expressed a large array of distinct extracellular matrix (ECM) components, growth factors, signalling molecules, and transmembrane proteins that are typically associated with mesenchymal cells. These unique features were found to be regulated by a specific set of transcription factors that constitute a coregulating module. Further, computational methods revealed that this progenitor pool is actively maintained even after 4 days in culture, and that its persistence is marked by continued expression of myogenic repressors. These findings provide insights into how highperforming MuSCs such as those in the EOM, actively regulate commitment and maintenance of progenitors with concomitant remodelling of their local environment.
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Abstract :

Adult skeletal muscle has a remarkable regenerative capacity, being able to recover after repeated trauma. This property depends on the presence of muscle stem cells (MuSCs), which are mostly quiescent in homeostatic conditions, re-enter the cell cycle after injury and proliferate to give rise to committed myoblasts that will eventually fuse to restore the damaged fibres. Numerous studies have investigated the cell state transitions that MuSCs undergo from cell cycle entry to differentiation. Although several genetically modified reporter mice have been generated to study these events, detailed studies on the initiation of differentiation, which is generally defined by expression of the myogenic regulatory factor Myogenin, have been hampered by the lack of a reliable reporter mouse. Therefore, we developed a fluorescent reporter line where differentiating myogenic cells expressing Myogenin are marked by the expression of a tdTomato fluorescent protein. This novel knock-in mouse line allowed us to monitor the kinetics of Myogenin expression during cell differentiation in vitro, and perform preliminary experiments on the behaviour of myogenic cells in vivo by intravital imaging.

Although all mouse MuSCs are characterised by the expression of the transcription factor Pax7 and they share several properties, some studies have reported differences in proliferation, engraftment ability, and sensitivity to disease of MuSCs from cranial and limb muscles. To investigate the gene regulatory networks that govern this functional heterogeneity, we have integrated single-cell transcriptomic analyses with cell biology approaches using mouse reporter lines to identify key regulators that confer distinct properties to high performing (extraocular muscles) and lower performing (limb, Tibialis anterior muscle) MuSCs in quiescence and activated states. We identified a delayed lineage progression of extraocular MuSCs in culture that was accompanied with the expression of distinct extracellular matrix remodelling factors and membrane receptors, and we validated the expression of some of these candidates at the protein level. Advanced computational analyses highlighted the dynamics underlying the maintenance of a stem-like progenitor population in extraocular MuSCs, controlled by a singular network of transcription factors acting as a co-regulating module.

Taken together, these studies provide novel insights into the mechanisms underlying the differential properties of muscle stem cells in distinct anatomical locations.

INTRODUCTION
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OBJECTIVES

Muscle tissue is characterized by a remarkable regeneration capacity due the presence of tissue specific stem cells. Muscle stem cell activation, proliferation and differentiation are a tightly regulated processes by that have been characterised extensively. Nonetheless, a number of questions remain unanswered such as the interplay between terminal differentiation and cell cycle arrest and the dynamic behaviour of the muscle stem cell progeny during in vivo regeneration.

Additionally, despite the significant regeneration capacity of skeletal muscle, certain pathologies including a variety of muscle dystrophies irreversibly compromise muscle function.

Although diverse therapeutic strategies have been explored, their efficacy in the clinic remains limited. Interestingly, not all muscle groups are equally affected in disease or ageing contexts, revealing an underlying muscle heterogeneity. The extent to which the intrinsic properties of adult muscle stem cells contribute to these divergent phenotypes and the responsible molecular and cellular properties that underlie these events have not been comprehensively characterised.

Therefore, identifying mechanisms of muscle stem cell resistance to pathology might be relevant for the development of new targeted therapeutic approaches. This thesis aims to shed light on some of the fundamental questions that address how adult muscle regeneration is regulated by: 1. Developing and characterizing a new tool to dynamically follow muscle stem cell differentiation in vitro and in vivo.

2. Investigating the properties of muscle stem cells derived from muscles that are selectively spared or affected in different pathological contexts.

CHAPTER I Skeletal muscle and muscle stem cells

Skeletal muscle, a form of striated muscle tissue, is the most abundant tissue of the body, accounting for ~40% of body mass. It is composed of highly specialised multinucleated cells, called myofibres, that are bundled together and surrounded by layers of connective tissue [START_REF] Borg | Morphology of connective tissue in skeletal muscle[END_REF][START_REF] Rowe | Morphology of perimysial and endomysial connective tissue in skeletal muscle[END_REF]. Skeletal muscle function is essential for voluntary movement, breathing and postural support. In addition, it is also involved in thermoregulation and systemic metabolism [START_REF] Baskin | Muscle as a "Mediator" of Systemic Metabolism[END_REF][START_REF] Block | Thermogenesis in Muscle[END_REF].

Each skeletal muscle group is composed of different cell types and supporting structures that include muscle fibres, blood vessels, neurons and connective tissue (Figure 1) (Baghdadi and Tajbakhsh, 2018;[START_REF] Giordani | High-Dimensional Single-Cell Cartography Reveals Novel Skeletal Muscle-Resident Cell Populations[END_REF]Yin et al., 2013). The outer layer surrounding the muscle tissue, the epymisium, is an irregular connective tissue sheath that allows muscle contraction while maintaining structural stability. Muscle fibres are bundled together into fascicles, which are surrounded by the perimysium, an intermediate connective tissue layer.

The myofibres inside each fascicle are individually separated by the endomysium, which plays an important role in transmitting the muscle force to the tendons, resulting in effective movement [START_REF] Tidball | Force transmission across muscle cell membranes[END_REF]. Each myofibre is a syncytium formed by the fusion of multiple myogenic cells, whose nuclei are positioned in the periphery of the myofibre. The myofibre contains multiple repetitions of the smallest muscular functional unit, the sarcomere, formed by myosin and actin filaments, which together with associated proteins enable muscle contraction (Figure 1).

Skeletal muscle fibres can be classified into different types according to the specific myosin heavy chain (MyHC) isoform that they predominantly express, although this is not the only component that will determine the functional characteristics of a fibre. Different fibre types are characterised by distinct movement rates, response to neural stimuli, and metabolic activities [START_REF] Peter | Metabolic profiles of three fiber types of skeletal muscle in guinea pigs and rabbits[END_REF]. In mammals, slow twitch fibres (type I) are characterised by Myh7 expression while fast-twitch fibres, which can be further divided in three subtypes (type IIa, IIb and IIx), express Myh2, Myh4 and Myh1 respectively. Additionally, some myosin isoforms are only expressed during development (Myh8, Myh3) whilst others (Myh13, Myh7b) are restricted to certain muscles such as the extraocular muscles (EOMs) [START_REF] Schiaffino | Fiber Types in Mammalian Skeletal Muscles[END_REF]. This chapter will focus on the establishment of skeletal muscle during embryonic development and the emergence of the adult MuSC population, highlighting the gene regulatory networks that coordinate developmental myogenesis, growth and regeneration.

The MRFs and myogenic lineage progression

The myogenic regulatory factor (MRF) family consists of four transcription factors (TFs): MYF5, MYOD, MRF4 and MYOGENIN (MYOG) that establish and maintain myogenic lineage progression in a hierarchical manner from proliferation of myoblast progenitors to the formation of multinucleated muscle fibres. A ground-breaking discovery from Davis et al. placed Myod as a master regulator gene; when ectopically overexpressed in non-muscle cells, MYOD was able to mediate their conversion to skeletal muscle [START_REF] Davis | Expression of a single transfected cDNA converts fibroblasts to myoblasts[END_REF]. The discovery of the other MFRs subsequently followed that of Myod [START_REF] Weintraub | The myoD gene family: nodal point during specification of the muscle cell lineage[END_REF], with which they share three protein domains essential for their transcription activator function. The basic helix-loop-helix central domain is highly conserved amongst the MRFs and it allows homodimerisation or heterodimerisation with class I bHLH E-proteins (HEB/HTF4, E2-2/ITF-2, E12 and E47) [START_REF] Conway | The E protein HEB is preferentially expressed in developing muscle[END_REF][START_REF] Henthorn | Two distinct transcription factors that bind the immunoglobulin enhancer microE5/kappa 2 motif[END_REF][START_REF] Lassar | Functional activity of myogenic HLH proteins requires hetero-oligomerization with E12/E47-like proteins in vivo[END_REF]Murre et al., 1989a;[START_REF] Murre | Interactions between heterologous helix-loop-helix proteins generate complexes that bind specifically to a common DNA sequence[END_REF][START_REF] Parker | MyoD Synergizes with the E-Protein HEBβ To Induce Myogenic Differentiation[END_REF]. (Figure 2). The other two domains surrounding the bHLH region are less conserved and are involved in transcriptional regulation;

the N-terminal region includes a histidine-cysteine rich domain and the C-terminal domain contains a helix 3 domain, which recognises E-box binding motifs in the regulatory regions of their target genes [START_REF] Blackwell | Differences and similarities in DNA-binding preferences of MyoD and E2A protein complexes revealed by binding site selection[END_REF][START_REF] Davis | The MyoD DNA binding domain contains a recognition code for muscle-specific gene activation[END_REF][START_REF] Lassar | MyoD is a sequence-specific DNA binding protein requiring a region of myc homology to bind to the muscle creatine kinase enhancer[END_REF].

The structural divergence between the MRFs appears to be responsible for their different efficiencies in initiating myogenesis [START_REF] Bergstrom | Molecular Distinction between Specification and Differentiation in the Myogenic Basic Helix-Loop-Helix Transcription Factor Family[END_REF]. In vitro experiments have

shown that MYOG has a limited myogenic conversion potential compared with the other MRFs, due to the lack of a domain that recruits chromatin remodelling complexes, limiting the ability of MYOG to function as a transcriptional activator.

Initial in vitro experiments assessing the expression of the MRFs in cultured muscle cells detected distinct expression patterns of these factors. While Myf5 and Myod were expressed at the myoblast stage, Myod and Myog were detected during terminal differentiation, followed by Mrf4 expression [START_REF] Montarras | Developmental patterns in the expression of Myf5, MyoD, myogenin, and MRF4 during myogenesis[END_REF][START_REF] Wright | Myogenin, a factor regulating myogenesis, has a domain homologous to MyoD[END_REF].

These studies also highlight the distinct requirements for MRF in different muscle groups as summarised below.

The single Myf5, Myod and Mrf4 mutants do not display overt skeletal muscle defects, suggesting that there is a certain level of functional compensation amongst the MRFs as myogenic determinants. Nonetheless, a differential requirement for these factors is observed between epaxial and hypaxial muscles. Myf5 -/-embryos display a normal development of limb muscles, while intercostal epaxial muscle development is considerably delayed or perturbed [START_REF] Kassar-Duchossoy | Mrf4 determines skeletal muscle identity in Myf5:Myod double-mutant mice[END_REF][START_REF] Tajbakhsh | Muscle progenitor cells failing to respond to positional cues adopt non-myogenic fates in myf-5 null mice[END_REF]. Conversely, Myod mutants display normal epaxial musculature, but limb and branchial arch development are delayed [START_REF] Kablar | MyoD and Myf-5 differentially regulate the development of limb versus trunk skeletal muscle[END_REF]. Evidence positioning Myf5 as a myogenic determination gene was further strengthened by the observations that Myf5 null muscle progenitors do not commit to the myogenic lineage, but remain multipotent and adopt other fates [START_REF] Tajbakhsh | Muscle progenitor cells failing to respond to positional cues adopt non-myogenic fates in myf-5 null mice[END_REF].

The combination of the Myf5 -/-and Myod -/-alleles to generate a double knock-out mouse resulted in embryos that were completely devoid of all skeletal muscle; additionally, no myoblasts were detected, suggesting that either Myf5 or Myod act upstream of other MRFs and are required for commitment to the myogenic lineage [START_REF] Rudnicki | MyoD or Myf-5 is required for the formation of skeletal muscle[END_REF]. However, after careful examination of the Myf5 mutants, it was shown that insertions in the Myf5 locus affected Mrf4 expression in cis; thus, this phenotype was the result of a triple MRF deletion [START_REF] Kassar-Duchossoy | Mrf4 determines skeletal muscle identity in Myf5:Myod double-mutant mice[END_REF][START_REF] Olson | Know Your Neighbors: Three Phenotypes in Null Mutants of the Myogenic bHLH Gene MRF4[END_REF]. In the absence of Myf5 and Myod, Mrf4 directs the formation of embryonic muscle and thus was considered as a determination factor [START_REF] Kassar-Duchossoy | Mrf4 determines skeletal muscle identity in Myf5:Myod double-mutant mice[END_REF]. Interestingly, EOMs have a critical requirement for Myf5 and Mrf4 expression for their development, as in double mutants there is a lack of skeletal muscle due to apoptosis of myogenic cells. Unlike somitic-derived muscles where other upstream factors (discussed below) can activate Myod expression, the EOM progenitors do not express Myod in the absence of Myf5 and Mrf4 (Sambasivan et al., 2009).

The functional compensation noted between the MRFs during acquisition of myogenic identity is not recapitulated during myogenic differentiation, as the single mutant of Myog displays gross muscle defects and is perinatal lethal (Hasty et al., 1993;Nabeshima et al., 1993).

Lack of Myog results in accumulation of differentiated myoblasts in muscle forming areas that do not fuse to form fibres, and formation of secondary fibres during foetal myogenesis seems to be more affected than primary myogenesis (Venuti et al., 1995). Further, combination of the Myf5 or Myod mutants with the Myog -/-confirmed that Myog is required for terminal

In the dermomyotome, Pax3 expression characterises the migrating founder cells that

do not yet express Myf5, and will give rise to the limb muscles. In Pax3 null mice (different alleles including splotch, Pax3 Sp/Sp , containing a spontaneous mutation) there is a complete absence of limb muscles, resulting from apoptosis in the hypaxial somite and thus loss of the migrating progenitors that would establish the limb muscle anlage [START_REF] Franz | The Splotch mutation interferes with muscle development in the limbs[END_REF][START_REF] Goulding | Regulation of Pax-3 expression in the dermomyotome and its role in muscle development[END_REF][START_REF] Relaix | Divergent functions of murine Pax3 and Pax7 in limb muscle development[END_REF]Tajbakhsh et al., 1997). Moreover, expression of Pax7 from the Pax3 locus cannot rescue the absence of migrating myogenic progenitors [START_REF] Relaix | Divergent functions of murine Pax3 and Pax7 in limb muscle development[END_REF], suggesting a specific role for Pax3 in regulating cell migration. The efforts to decipher how

Pax3 promotes migration and myogenic differentiation have identified some of its key targets such as the cMet tyrosine kinase receptor and the Myf5 gene. Pax3 was reported to directly regulate the transcription of cMet in myogenic progenitors and thus allows their migration into the limb mesenchyme, where the cognate ligand, hepatocyte growth factor (HGF), is expressed [START_REF] Dietrich | The role of SF/HGF and c-Met in the development of skeletal muscle[END_REF][START_REF] Epstein | Pax3 modulates expression of the c-Met receptor during limb muscle development[END_REF]. In addition, Pax3 has been reported to directly regulate Myf5 expression in the hypaxial cells that will give rise to limb muscles by binding to an upstream regulatory sequence in muscle progenitor cells [START_REF] Bajard | A novel genetic hierarchy functions during hypaxial myogenesis: Pax3 directly activates Myf5 in muscle progenitor cells in the limb[END_REF]. In the Pax3 Sp/Sp mutant, epaxial muscles are much less affected due to the early activation of Myf5 in response to Wnt and Shh signalling from the neural tube and notochord respectively [START_REF] Gustafsson | Myf5 is a direct target of long-range Shh signaling and Gli regulation for muscle specification[END_REF][START_REF] Munsterberg | Combinatorial signaling by Sonic hedgehog and Wnt family members induces myogenic bHLH gene expression in the somite[END_REF][START_REF] Stern | Myogenesis in paraxial mesoderm: preferential induction by dorsal neural tube and by cells expressing Wnt-1[END_REF][START_REF] Tajbakhsh | Differential activation of Myf5 and MyoD by different Wnts in explants of mouse paraxial mesoderm and the later activation of myogenesis in the absence of Myf5[END_REF]. Head muscle development is not compromised either, suggesting a Pax3-independent MRF activation for certain muscle subsets (Sambasivan et al., 2009;Tajbakhsh et al., 1997).

A striking phenotype was revealed in Pax3;Myf5(;Mrf4) null animals, where muscles in the body do not form. In absence of these three TFs, Myod is not activated and muscle development is thus strongly perturbed, placing Myod genetically downstream of these factors (Tajbakhsh et al., 1997). Cranial muscle progenitors do not express Pax3, and as discussed before, they are not affected in the Pax3 mutant [START_REF] Franz | The Splotch mutation interferes with muscle development in the limbs[END_REF][START_REF] Hacker | A distinct developmental programme for the cranial paraxial mesoderm in the chick embryo[END_REF].

Conversely, mice deficient for the bicoid-related homeobox gene Pitx2 fail to develop EOMs and muscles derived from the first branchial arch are perturbed [START_REF] Diehl | Extraocular Muscle Morphogenesis and Gene Expression Are Regulated by Pitx2 Gene Dose[END_REF]Gage et al., 1999;[START_REF] Kitamura | Mouse Pitx2 deficiency leads to anomalies of the ventral body wall, heart, extra-and periocular mesoderm and right pulmonary isomerism[END_REF]. The absence of EOMs in a conditional mesoderm-specific Pitx2 depletion model confirmed the cell-autonomous role that this gene has for muscle development.

Pitx2 deletion at E10.5 led to a significant down regulation of Myf5 and Mrf4 transcripts, whilst no MYOD protein expression was detected (Zacharias et al., 2011). Thus, PITX2 fails to efficiently activate Myod in absence of Myf5 and Mrf4 in the EOMs (Sambasivan et al., 2009).

1999; [START_REF] Evans | During Fetal Muscle Development, Clones of Cells Contribute to Both Primary and Secondary Fibers[END_REF][START_REF] Harris | Myonuclear birthdates distinguish the origins of primary and secondary myotubes in embryonic mammalian skeletal muscles[END_REF]) (Figure 7). It is during late foetal myogenesis that myofibres are surrounded by a basal lamina and PAX7 + progenitor cells adopt the characteristic position of MuSCs in adult muscle, between the basal lamina and the myofibre plasma membrane [START_REF] Bröhl | Colonization of the Satellite Cell Niche by Skeletal Muscle Progenitor Cells Depends on Notch Signals[END_REF][START_REF] Kassar-Duchossoy | Pax3/Pax7 mark a novel population of primitive myogenic cells during development[END_REF]Relaix et al., 2005a;[START_REF] Rosen | Roles for the integrin VLA-4 and its counter receptor VCAM-1 in myogenesis[END_REF].

Only a fraction of myoblasts will differentiate during the embryonic phase, while the remainder are maintained in a committed, but undifferentiated state until the foetal phase.

Interestingly, the secondary myogenesis program cannot be initiated by Mrf4, as in Myf5 -/- ;Myod -/-double mutants, secondary myogenesis is lacking [START_REF] Kassar-Duchossoy | Mrf4 determines skeletal muscle identity in Myf5:Myod double-mutant mice[END_REF]. In vitro studies have shown that embryonic myoblasts are more primed for differentiation than their foetal counterparts, accompanied by reduced proliferation. These populations also respond differently to signalling molecules such as TFGβ (or BMP), which inhibit the differentiation of foetal myoblasts but conversely promote primary fibre formation [START_REF] Angelis | Differential response of embryonic and fetal myoblasts to TGF beta: a possible regulatory mechanism of skeletal muscle histogenesis[END_REF][START_REF] Biressi | Intrinsic phenotypic diversity of embryonic and fetal myoblasts is revealed by genome-wide gene expression analysis on purified cells[END_REF]. Another important player in the transition from embryonic to foetal myogenesis is the transcription factor Nfix, which is activated by Pax7 and other factors, and it subsequently promotes transcription of foetal specific genes (like Mck and β-enolase) while repressing some genes characteristic of embryonic myoblasts such as slow-MyHC [START_REF] Messina | Nfix regulates fetal-specific transcription in developing skeletal muscle[END_REF].

Emergence of the MuSC population

One curious feature of muscle development is that the long-term PAX7 + MuSC population emerges only after the muscle anlage have already been established (Comai and Tajbakhsh, 2014;[START_REF] Nogueira | The emergence of Pax7-expressing muscle stem cells during vertebrate head muscle development[END_REF]. It has been proposed that in trunk myogenesis, several waves of progenitor or founder stem cells contribute to the establishment of the muscle anlage and give rise to the adult MuSC population (Figure 8). The first wave of founder cells arises from the dermomyotme. These PAX3 + cells subsequently express Myf5 and Mrf4 and were not found to contribute to the adult MuSC pool. In a second phase, other founder stem cells arising from the ventrolateral dermomyotome migrate to different sites (limbs, diaphragm, neck, and tongue) and will give rise to the adult MuSC population in those locations (Comai and Tajbakhsh, 2014;[START_REF] Tajbakhsh | Skeletal muscle stem cells in developmental versus regenerative myogenesis[END_REF]. In the trunk, these Pax3 expressing cells express Pax7 from mid-embryogenesis onwards [START_REF] Kassar-Duchossoy | Pax3/Pax7 mark a novel population of primitive myogenic cells during development[END_REF]Relaix et al., 2005a). By E16.5 PAX7 + cells are localised underneath the basal lamina that surrounds muscle fibres, a characteristic position of adult MuSCs [START_REF] Kassar-Duchossoy | Pax3/Pax7 mark a novel population of primitive myogenic cells during development[END_REF]. These cells continue to proliferate during the postnatal period, contributing to fibre hypertrophy and once growth is of PAX7 as a chromatin-remodelling factor was revealed by Gunther et al., as Pax7 depletion resulted in abnormal heterochromatin condensation.

MuSCs are mostly quiescent in homeostatic conditions, although there is a basal level of activation and contribution to myofibres in the absence of injury that varies with time and frequency in different muscle groups (Keefe et al., 2015;Pawlikowski et al., 2015). Quiescence and activation of MuSCs are tightly regulated processes that involve multiple mechanisms and are essential to ensure effective muscle regeneration throughout life [START_REF] Evano | Skeletal muscle stem cells in comfort and stress[END_REF].

Role of MuSCs in muscle regeneration

Skeletal muscle possesses a remarkable ability to regenerate and MuSCs play a critical role in this process. In three independent studies, Pax7-expressing MuSCs were shown to be responsible for muscle regeneration and maintenance of the stem cell pool using an elegant genetic ablation strategy (Lepper et al., 2011;Murphy et al., 2011;Sambasivan et al., 2011a).

While Sambasivan et al. inserted the human diphtheria toxin receptor in the first exon of the Pax7 locus, resulting in ablation Pax7 expressing cells following administration of diptheria toxin, the other two studies used an inducible Pax7 CreERT2 -mediated recombination strategy to express diptheria toxin from the Rosa26 locus in Pax7 expressing cells (Lepper et al., 2011;Murphy et al., 2011). The Cre-mediated recombination is based on the fusion of the Cre recombinase to the mutated ligand-binding domain of the estrogen receptor. Upon tamoxifen administration, the estrogen receptor fused to the Cre protein is translocated to the nucleus resulting in excision of genes flanked by loxP sites [START_REF] Feil | Ligand-activated site-specific recombination in mice[END_REF].

In all cases, ablation of Pax7 expressing cells in combination with muscle injury resulted in a complete loss of muscle regeneration, accompanied by massive adipocyte tissue infiltration and loss of myofibre structure. Additionally, the regenerative failure resulting from MuSC ablation was rescued by transplantation of Pax7 expressing cells which contributed to the generation of new fibres (Sambasivan et al., 2011a). Thus, these experiments established Pax7 expressing cells as the major endogenous stem cell population responsible for muscle regeneration.

Therefore, Pax7 plays a key role in the maintenance of MuSC function and myogenic potential, and MuSCs expressing this gene are critical for muscle homeostasis and regeneration.

Regulation of MuSC quiescence

Most adult MuSCs are quiescent in homeostatic conditions, a reversible state characterised by absence of proliferation and differentiation. Work in the last decade in this field has shown that the quiescent state is actively regulated by multiple signalling pathways that maintain the cells in a G0 state (Figure 10), while allowing rapid activation in response to extracellular cues [START_REF] Evano | Skeletal muscle stem cells in comfort and stress[END_REF].

The quiescent MuSC niche is highly polarised, as these stem cells are positioned between the plasma membrane of the fibre and the basal lamina of the basement membrane.

The attachment of the MuSC to the basal lamina is an important factor for regulating quiescence where this linkage is established through different membrane receptors such as integrins and dystroglycan [START_REF] Blanco-Bose | Purification of Mouse Primary Myoblasts Based on α7 Integrin Expression[END_REF][START_REF] Cohn | Disruption of Dag1 in Differentiated Skeletal Muscle Reveals a Role for Dystroglycan in Muscle Regeneration[END_REF]Dumont et al., 2015). β1-integrin was shown to have a dual role in modulating MuSC function. In homeostatic conditions it maintains MuSC quiescence, whereas during the regeneration process it cooperates with fibroblast growth factor 2 (FGF2) to promote cell proliferation and renewal of the stem cell pool [START_REF] Rozo | Targeting β1-integrin signaling enhances regeneration in aged and dystrophic muscle in mice[END_REF]. Interestingly, the FGF inhibitor Spry1 is expressed at high levels in quiescent cells, thereby inhibiting FGF2 signals from the fibre to maintain MuSC quiescence in homeostatic conditions. During ageing, loss of Spry1 expression by MuSCs accompanied by increased FGF2 secretion by the fibre have been reported to drive MuSCs out of quiescence, resulting in a loss of the stem cell pool over time [START_REF] Chakkalakal | The aged niche disrupts muscle stem cell quiescence[END_REF][START_REF] Shea | Sprouty1 Regulates Reversible Quiescence of a Self-Renewing Adult Muscle Stem Cell Pool during Regeneration[END_REF].

The integrin co-receptors syndecan-3 and syndecan-4 are highly expressed by MuSCs [START_REF] Cornelison | Syndecan-3 and Syndecan-4 Specifically Mark Skeletal Muscle Satellite Cells and Are Implicated in Satellite Cell Maintenance and Muscle Regeneration[END_REF] and have been shown to cooperate with Notch in regulating cell cycle progression and cell fate determination [START_REF] Cornelison | Essential and separable roles for Syndecan-3 and Syndecan-4 in skeletal muscle development and regeneration[END_REF][START_REF] Pisconti | Syndecan-3 and Notch cooperate in regulating adult myogenesis[END_REF].

The fibre-associated cell membrane of the MuSC expresses multiple cadherin proteins which bind in a homophilic manner to cadherins in the surface of the fibre. Expression of Mcad and Ncad is detected at sites of contact between MuSCs and the fibre and Mcad is a marker of adult MuSCs [START_REF] Irintchev | Expression pattern of M-cadherin in normal, denervated, and regenerating mouse muscles[END_REF][START_REF] Moore | The cell adhesion molecule M-cadherin is specifically expressed in developing and regenerating, but not denervated skeletal muscle[END_REF]. Disruption of Mcad and Ncad expression specifically in MuSCs caused a break in quiescence although it did not result in complete MuSC activation, likely because of the presence of other proteins involved in the adhesive junction, which preserved key aspects of niche function [START_REF] Goel | Niche Cadherins Control the Quiescence-to-Activation Transition in Muscle Stem Cells[END_REF].

One of the main mechanisms regulating MuSC quiescence is the Notch pathway. Adult quiescent MuSCs retain high Notch activity, they express different Notch receptor isoforms and actively transcribe several Notch pathway targets (Hey1, HeyL and Hes1). Disruption of Notch signalling by deletion of Rbpj, a key mediator of canonical Notch signalling, results in loss of the stem cell pool by terminal differentiation and inability to self-renew. These studies also showed that Notch signalling is markedly down regulated upon activation of MuSCs in response to muscle injury [START_REF] Bjornson | Notch Signaling Is Necessary to Maintain Quiescence in Adult Muscle Stem Cells[END_REF]Mourikis et al., 2012) and constitutive activation of Notch in MuSCs prevents exit from quiescence and impairs subsequent myogenic proliferation [START_REF] Wen | Constitutive Notch activation upregulates Pax7 and promotes the self-renewal of skeletal muscle satellite cells[END_REF]. Differentiated myogenic cells express the Notch ligand deltalike 1 (DLL1) and activate Notch signalling in the upstream population, and this provides a mechanism for the maintenance and the return to quiescence of the stem cell pool during muscle regeneration [START_REF] Delfini | Delta 1-activated notch inhibits muscle differentiation without affecting Myf5 and Pax3 expression in chick limb myogenesis[END_REF]Mourikis et al., 2012;[START_REF] Schuster-Gossler | Premature myogenic differentiation and depletion of progenitor cells cause severe muscle hypotrophy in Delta1 mutants[END_REF]. A recent study identified NOTCH2 as the main receptor responding to DLL1 signalling from differentiated myoblasts. A subpopulation of MuSCs expressing Notch2 was identified by single cell RNA sequencing (scRNA-seq) in quiescent and regenerating muscles (Yartseva et al., 2020). Ablation of DLL1/NOTCH2 signalling induced a fate shift of Notch2-expressing cells towards differentiation at the expense of self-renewal [START_REF] Fujimaki | Notch1 and Notch2 Coordinately Regulate Stem Cell Function in the Quiescent and Activated States of Muscle Satellite Cells[END_REF]Yartseva et al., 2020). In addition to these functions in the adult, Notch signalling also plays an important role in the establishment of MuSC quiescence at late embryonic stages. Another study that highlighted the importance on Notch signalling showed that ablation of Rbpj in MuSCs results

in premature differentiation and a defect in niche colonisation due to defects in the assembly of the surrounding ECM components of the basal lamina [START_REF] Bröhl | Colonization of the Satellite Cell Niche by Skeletal Muscle Progenitor Cells Depends on Notch Signals[END_REF].

Recently, collagen V (ColV) was identified as a key Notch target for maintenance of MuSC quiescence in a cell-autonomous manner. Notch signalling results in activation and secretion of COLV by MuSCs, which in turn signals in a reciprocal manner to the cell to reinforce the quiescent state through the Calcitonin receptor (Baghdadi et al., 2018a). Calcitonin was previously shown to delay cell cycle entry (Fukada et al., 2007) and regulate MuSC localisation to the niche through cAMP-PKA signalling [START_REF] Yamaguchi | Calcitonin Receptor Signaling Inhibits Muscle Stem Cells from Escaping the Quiescent State and the Niche[END_REF].

A novel mechanism for the regulation of quiescence involving Mrf4 has been proposed

by Lazure and colleagues. Mrf4 is the only MRF that is significantly expressed in mature skeletal fibres and it has been implicated in the production of multiple myokines, which in turn activate key signalling pathways in MuSCs such as EGFR, STAT3 and VEGFR. Upon Mrf4 ablation, MuSCs break quiescence and spontaneously activate, resulting in depletion of the MuSC pool [START_REF] Lazure | Myf6/MRF4 is a Myogenic Niche Regulator Required for the Maintenance of the Muscle Stem Cell Pool[END_REF]. These findings are in accordance with previous studies MuSC function is also regulated by post-transcriptional mechanisms, such as microRNAs (miRNAs). These small RNAs bind to the 3' untranslated region of target messenger RNAs (mRNAs) resulting in their cleavage and subsequent degradation or translational repression. Identification of distinct and dynamic miRNA expression patterns during MuSC lineage progression highlighted the critical role of small RNAs in the maintenance of quiescence and regulation of MuSC activation [START_REF] Castel | Small-RNA sequencing identifies dynamic microRNA deregulation during skeletal muscle lineage progression[END_REF]; likewise, disruption of the miRNA pathway results in spontaneous MuSC activation and cell cycle entry [START_REF] Cheung | Maintenance of muscle stem-cell quiescence by microRNA-489[END_REF].

Although Myf5 is transcribed in the majority of quiescent MuSCs [START_REF] Beauchamp | Expression of Cd34 and Myf5 Defines the Majority of Quiescent Adult Skeletal Muscle Satellite Cells[END_REF][START_REF] Gayraud-Morel | A role for the myogenic determination gene Myf5 in adult regenerative myogenesis[END_REF], its translation appears to be impaired by miRNA-31 [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]. In the quiescent state, both Myf5 mRNA and miRNA-31 are sequestered in messenger ribonucleoprotein (mRNP) granules, where Myf5 mRNA is thought to be silenced.

Upon activation, mRNP granules dissociate and miRNA-31 levels decrease, allowing the translation of Myf5 transcripts that were already present in the quiescent state [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].

Further investigations identified miRNA-489 and miRNA-708 as critical regulators of quiescence [START_REF] Baghdadi | Notch-Induced miR-708 Antagonizes Satellite Cell Migration and Maintains Quiescence[END_REF][START_REF] Cheung | Maintenance of muscle stem-cell quiescence by microRNA-489[END_REF]. The inhibition of either miRNA-489 or miRNA-708 in MuSCs resulted in spontaneous activation and cell cycle entry in uninjured muscle, impairing self-renewal and maintenance of the stem cell pool. miRNA-489 was found to target the Dek mRNA, an oncogene that is expressed in differentiating myoblasts and promotes its transient expansion [START_REF] Cheung | Maintenance of muscle stem-cell quiescence by microRNA-489[END_REF]. On the other hand, miRNA-708 regulates myogenic cell migration and motility by inhibition of Tensin3 [START_REF] Baghdadi | Notch-Induced miR-708 Antagonizes Satellite Cell Migration and Maintains Quiescence[END_REF]. Interestingly, both of these microRNAs are found in the intronic regions (mirtron) of quiescence related genes; miRNA-489 is contained in the intron 4 of the previously mentioned Calcitonin receptor [START_REF] Cheung | Maintenance of muscle stem-cell quiescence by microRNA-489[END_REF] whereas miRNA-708 is found in the intronic region of the Odz4 gene [START_REF] Baghdadi | Notch-Induced miR-708 Antagonizes Satellite Cell Migration and Maintains Quiescence[END_REF]. Odz4 (also known as Tenm4) is a marker of MuSCs and mutation of this gene results in decreased muscle mass accompanied by a reduction of MuSCs [START_REF] Ishii | Muscle Satellite Cell Protein Teneurin-4 Regulates Differentiation During Muscle Regeneration: Teneurin-4 Regulates Muscle Regeneration[END_REF]. However, the mechanisms by which Odz4 maintains the quiescent state remain to be identified.

In addition to the above-mentioned mechanisms that regulate MuSCs, Pax3 expression levels were found to correlate with MuSC activation and fusion in homeostatic muscle (Morree et al., 2019), as MuSCs from muscles that have a higher Pax3 expression were more prone to exit the quiescent state. According to this model, MuSC activation is fine-tuned through alternative polyadenylation of the Pax3 mRNA. Limb muscles express high levels of U1 small nucleolar RNA, which binds the proximal polyadenylation site of Pax3, resulting in the translation of a long mRNA isoform. On the other hand, in muscles that do not express U1 small nucleolar RNA, Pax3 mRNA has a shorter 3'UTR (Morree et al., 2019). The long mRNA isoform contains a binding site for miRNA-206 and is further degraded, whilst the short isoform will be translated into protein [START_REF] Boutet | Alternative Polyadenylation Mediates MicroRNA Regulation of Muscle Stem Cell Function[END_REF]. Therefore, differential expression of a small nucleolar RNA results in distinct MuSC behaviour in homeostatic conditions through regulation of Pax3 expression. Nonetheless, further studies are needed to decipher the molecular and regulatory mechanisms by which Pax3 directs quiescence exit and the alternative mechanisms taking place in MuSCs that do not express Pax3, such as craniofacial muscles.

Pax3 expression is maintained in a subset of adult MuSCs in the diaphragm, the trunk and some limb muscles and it was found to be associated with stress resistance. After irradiation or treatment with an environmental pollutant, muscle homeostasis was disrupted and MuSC numbers declined. Nonetheless, the Pax3 + MuSC subset was not affected, suggesting that these cells possess specific mechanisms to respond to stress. In this context, it was shown that PAX3

is involved in the repression of free radical production, PAX3 + cells have overall lower levels of reactive oxygen species production and this property is lost upon genetic depletion of Pax3 (Scaramozza et al., 2019). Additionally, Pax3 expression was linked to an enhanced stimulation of the Aryl Hydrocarbon Receptor pathway, which protected the cells from the deleterious effects of environmental pollutants by inducing a primed quiescent state termed Galert state (Vartanian et al., 2019). The transition between quiescent and primed Galert state was proposed to occur in a reversible manner in response to systemic cues [START_REF] Rodgers | mTORC1 controls the adaptive transition of quiescent stem cells from G0 to GAlert[END_REF]. In response to acute muscle injury, MuSCs distal to the site of injury enter an alert state characterised by an increased cell size, increased mitochondrial activity, increased transcriptional activity, and accelerated cell cycle entry upon isolation, a phenotype that is an intermediate between quiescent and activated MuSCs. This process was shown to be regulated by cMet, which in turn activates mTORC1 signalling, an essential player in the induction of the alert state [START_REF] Rodgers | mTORC1 controls the adaptive transition of quiescent stem cells from G0 to GAlert[END_REF]. The transition between these two states allows MuSCs to be primed for activation upon muscle injury whilst maintaining a quiescent state in homeostatic conditions.

MuSCs can also adopt a variation of the quiescent state by reversible entry in a deeper quiescent (dormant) state. Dormant cells, characterised by high expression levels of Pax7-nGFP, were found to have distinct properties such as lower metabolic status, a delayed first mitosis, and high expression of stem-like genes [START_REF] Latil | Skeletal muscle stem cells adopt a dormant cell state post mortem and retain regenerative capacity[END_REF]Rocheteau et al., 2012).

Additionally, the adoption of a dormant state is thought to contribute to MuSCs survival in postmortem muscle tissue in humans and mice [START_REF] Latil | Skeletal muscle stem cells adopt a dormant cell state post mortem and retain regenerative capacity[END_REF].

It should be noted that the study true cellular quiescence at a molecular level has been biased as isolation of cells from solid tissues results in transcriptional changes that reflect the activation state [START_REF] Brink | Single-cell sequencing reveals dissociation-induced gene expression in tissue subpopulations[END_REF][START_REF] Machado | In Situ Fixation Redefines Quiescence and Early Activation of Skeletal Muscle Stem Cells[END_REF][START_REF] Pietrosemoli | Comparison of multiple transcriptomes exposes unified and divergent features of quiescent and activated skeletal muscle stem cells[END_REF]Velthoven et al., 2017). Several methods have been developed to circumvent these isolation-induced artefacts, such as tissue fixation before cell isolation [START_REF] Machado | In Situ Fixation Redefines Quiescence and Early Activation of Skeletal Muscle Stem Cells[END_REF] and in vivo labelling of RNA (Velthoven et al., 2017). These studies described the transcriptomic changes associated with MuSC isolation, including the expression of early activation regulators and degradation of quiescence associated transcripts. This "stress signature" was characterized by upregulation of Myod and induction of the expression of early response genes, including Egr1/2/3, a number of oncogenes, like c-myc and members of the AP-1 transcription factor family, like c-Fos and c-Jun [START_REF] Machado | In Situ Fixation Redefines Quiescence and Early Activation of Skeletal Muscle Stem Cells[END_REF]Machado et al., 2020a;[START_REF] Pietrosemoli | Comparison of multiple transcriptomes exposes unified and divergent features of quiescent and activated skeletal muscle stem cells[END_REF]Velthoven et al., 2017).

MuSC activation and lineage progression

As mentioned before, most MuSCs expressing Pax7 are quiescent in homeostatic conditions, however, cell cycle entry and proliferation are induced upon muscle damage.

During the first step of muscle regeneration, consisting in progenitor cell activation and proliferation, Pax7 promotes the expression of Myf5 [START_REF] Bajard | A novel genetic hierarchy functions during hypaxial myogenesis: Pax3 directly activates Myf5 in muscle progenitor cells in the limb[END_REF][START_REF] Soleimani | Transcriptional dominance of Pax7 in adult myogenesis is due to high-affinity recognition of homeodomain motifs[END_REF] and Myod [START_REF] Hu | Codependent activators direct myoblast-specific MyoD transcription[END_REF]. Additional Pax7 targets were identified by analysing genome-wide studies in primary myoblasts overexpressing Pax7 [START_REF] Soleimani | Transcriptional dominance of Pax7 in adult myogenesis is due to high-affinity recognition of homeodomain motifs[END_REF]. While PAX7 binding sites were associated with up-regulated genes involved in myoblast growth and proliferation like Bmp4 or Rspo1; PAX7 binding sites were also present in repressed genes involved in terminal differentiation such as Myosins or Myog [START_REF] Soleimani | Transcriptional dominance of Pax7 in adult myogenesis is due to high-affinity recognition of homeodomain motifs[END_REF]. These findings raise the possibility that PAX7 can act as a transcriptional repressor. PAX7 was shown to associate with histone methyl transferase complexes that promote chromatin remodelling and thus stimulate transcriptional activation of myogenic genes [START_REF] Mckinnell | Pax7 activates myogenic genes by recruitment of a histone methyltransferase complex[END_REF], however, a mechanism for transcriptional repression has yet to be identified.

promoters [START_REF] Simone | p38 pathway targets SWI-SNF chromatin-remodeling complex to muscle-specific loci[END_REF]. Intriguingly, a different member of the p38 family, p38γ-MAPK, seems to play an opposite role, blocking the differentiation program by phosphorylation of MYOD. The targeting of phosphorylated MYOD to the Myog promoter induces a transcriptionally repressive state, contributing to the maintenance of the quiescent state [START_REF] Gillespie | p38-{gamma}-dependent gene silencing restricts entry into the myogenic differentiation program[END_REF]. Consequently, different members of the p38 family have distinct roles during myogenesis, either by promoting differentiation or maintaining the quiescent state.

Myoblast differentiation is promoted and monitored by Myog expression. Several studies examined the interdependence of Myog expression and cell cycle exit. Research on C2C12 cells (immortalised postnatal mouse myoblasts) demonstrated that Myog expression precedes that of p21, a cyclin dependent kinase (Cdk) inhibitor that regulates cell cycle withdrawal and is necessary for terminal differentiation (Guo et al., 1995). It was reported that MYOG + myoblasts, unlike p21 + cells, can enter S-phase as measured by incorporation of the nucleotide analogue 5-bromo-2'-deoxyuridine (BrdU) (Andrés and Walsh, 1996). Whether these cells are routinely undergoing cell division and if so, how many divisions they can carry out remains unclear. Subsequent studies using p21, p57 and Myog null mice confirmed that the expression of Myog does not depend on p21 nor p57; however, the double Cdk inhibitor mutant mice fail to form myotubes, a phenotype that resembles that of Myog null animals. Conversely, lack of Myog does not impair expression of p21 and p57, suggesting that these are two independent pathways that co-ordinately regulate terminal differentiation and fusion (Zhang et al., 1999).

Myoblast fusion is a critical process that contributes to the growth of muscle during development and to the regeneration of myofibres following injury. Upon terminal differentiation, fusion of myoblasts gives rise to syncitia in vivo (myofibres) and in vitro (myotubes). Myoblast fusion is controlled by two muscle-specific membrane proteins:

MYOMAKER [START_REF] Millay | Myomaker is a membrane activator of myoblast fusion and muscle formation[END_REF] and MYOMIXER [START_REF] Bi | Control of muscle formation by the fusogenic micropeptide myomixer[END_REF] (also known as MYOMERGER [START_REF] Quinn | Myomerger induces fusion of non-fusogenic cells and is required for skeletal muscle development[END_REF] or MINION [START_REF] Zhang | The microprotein Minion controls cell fusion and muscle formation[END_REF]) which mediate different steps in the fusion process. While Myomaker is necessary for the initiation of fusion and formation of hemifusion intermediates, completion of this process requires pore formation and expansion, which is driven by Myomixer [START_REF] Leikina | Myomaker and Myomerger Work Independently to Control Distinct Steps of Membrane Remodeling during Myoblast Fusion[END_REF]. Interestingly, ectopic expression of Myomixer in non-fusogenic cells such as fibroblasts enables their fusion with MYOMIXER + MYOMAKER + myoblasts [START_REF] Quinn | Myomerger induces fusion of non-fusogenic cells and is required for skeletal muscle development[END_REF].

Although lineage progression of adult MuSCs is a multistep process that resembles to some extent embryonic myogenesis, some key differences were identified through the study of individual MRF mutants. While depletion of Myf5 does not result in major muscle defects, it is characterised by a mild but progressive myopathy, where myoblasts show a delayed transition from proliferation to differentiation. In addition, Myf5 -/-myoblasts show a delayed proliferation rate, suggesting that Myf5 plays a role in their amplification [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: THE MYOGENIC FACTOR MYF5 SUPPORTS EFFICIENT SKELETAL MUSCLE REGENERATION BY ENABLING TRANSIENT MYOBLAST AMPLIFICATION[END_REF]. Myod null animals have a more severe phenotype compared to Myf5 -/- animals and they are characterised by a delayed muscle regeneration, as Myod null myoblasts fail to progress through the myogenic program. The number of myoblasts was found to be elevated due to continuous proliferation of Myod -/-cells but terminal differentiation is delayed [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]. Of note, survival rates of Myod null animals at birth depend on the genetic background. Ablation of Myf5 and Myod in MuSCs does not affect the maintenance of the MuSC pool in homeostatic conditions but severely impairs muscle regeneration, as double-knockout MuSCs accumulate in injured muscle and fail to differentiate [START_REF] Yamamoto | Loss of MyoD and Myf5 in Skeletal Muscle Stem Cells Results in Altered Myogenic Programming and Failed Regeneration[END_REF]. Mrf4 is not expressed in MuSCs nor proliferating myoblasts but it is induced following terminal differentiation and its expression persists in mature fibres [START_REF] Gayraud-Morel | A role for the myogenic determination gene Myf5 in adult regenerative myogenesis[END_REF][START_REF] Hinterberger | Expression of the muscle regulatory factor MRF4 during somite and skeletal myofiber development[END_REF].

One of the most remarkable differences between adult and embryonic myogenesis is the requirement for Myog for myoblast fusion. Whilst Myog depletion in the embryo led to impaired muscle formation (Hasty et al., 1993;Nabeshima et al., 1993), conditional ablation of Myog in postnatal stages resulted in normal skeletal muscle development, confirming that Myog -/- myoblasts are able to fuse in vivo during postnatal muscle hypertrophy. Surprisingly, Myog was proposed to have a non-cell autonomous role in tissue growth regulation, since its conditional depletion resulted in a decrease in body weight (Knapp et al., 2006;Meadows et al., 2008).

However, the mechanisms by which Myog regulates muscle growth remain to be identified.

Therefore, in adult muscle, Myf5 and Myod regulate the early stages of MuSC activation; subsequent expression of Myod is necessary for the initiation of differentiation and Myog and Mrf4 play roles in terminal differentiation.

Balancing MuSC differentiation and self-renewal

How stem cells achieve a balance between differentiation and self-renewal has been a long-standing question in the muscle field. Two modes of cell division, symmetric and One of the first mechanisms to be identified in MuSCs controlling ACD involved Notch signalling. The inhibitor Numb, which interacts with the intracellular domain of Notch and prevents its nuclear translocation, plays a role in the ACD in several cell types [START_REF] Verdi | Distinct human NUMB isoforms regulate differentiation vs. proliferation in the neuronal lineage[END_REF][START_REF] Zhong | Asymmetric Localization of a Mammalian Numb Homolog during Mouse Cortical Neurogenesis[END_REF] and organisms [START_REF] Carmena | inscuteable and numb mediate asymmetric muscle progenitor cell divisions duringDrosophila myogenesis[END_REF][START_REF] Gómez | Segregation of myogenic lineages in Drosophila requires numb[END_REF][START_REF] Park | Mesodermal cell fate decisions in Drosophila are under the control of the lineage genes numb, Notch, and sanpodo[END_REF]. In the case of dividing myogenic cells, NUMB appears localised to one pole of the dividing cell, and thus inherited by only one of the daughter cells upon mitosis. The asymmetric inheritance of NUMB upon cell division was hypothesized to play a role in cell fate specification [START_REF] Conboy | The Regulation of Notch Signaling Controls Satellite Cell Activation and Cell Fate Determination in Postnatal Myogenesis[END_REF][START_REF] Shinin | Asymmetric division and cosegregation of template DNA strands in adult muscle satellite cells[END_REF].

Other studies have focused on the biased DNA segregation. This is a mechanism by which one daughter inherits the old DNA strands whereas the other one inherits the newly synthesised DNA. This phenomenon, known as non-random DNA segregation (NRDS), has been shown to occur in proliferating MuSCs, where the retention of the template DNA strands is accompanied by the expression of stemness markers both in vitro and in vivo (Figure 12) [START_REF] Conboy | High Incidence of Non-Random Template Strand Segregation and Asymmetric Fate Determination In Dividing Stem Cells and their Progeny[END_REF]Evano et al., 2020a;[START_REF] Shinin | Asymmetric division and cosegregation of template DNA strands in adult muscle satellite cells[END_REF]. Additionally, using the Tg:Pax7-nGFP mouse line, a heterogeneity in the Pax7 expression levels was reported amongst the MuSC population, where the Pax7-nGFP Hi cells preferentially performed NRDS, however, at least in serial transplantation assays compared to the Pax7-nGFP Low cells, no obvious differences were noted between these two subpopulations (Rocheteau et al., 2012). Notably, in vitro manipulation of the MuSC microenvironment using engineered micropatterns altered the frequency of NRDS and corresponding cell fates, underscoring the crucial role that extracellular cues have in the establishment of symmetric and asymmetric fates after mitosis (Yennek et al., 2014).

MuSCs, since upon transplantation in Pax7 deficient muscles they appeared to be more efficient than the Pax7 + Myf5 + cells in replenishing the stem cell pool [START_REF] Kuang | Asymmetric Self-Renewal and Commitment of Satellite Stem Cells in Muscle[END_REF].

The transcriptional activation of Myf5 by PAX7 during ACD was also reported to be dependent on the arginine methyltransferase CARM1, which methylates PAX7. This modification enables PAX7 to recruit a histone methyltransferase complex to the regulatory regions and promoter of Myf5, inducing its transcription [START_REF] Kawabe | Carm1 Regulates Pax7 Transcriptional Activity through MLL1/2 Recruitment during Asymmetric Satellite Stem Cell Divisions[END_REF]. CARM1 is regulated by p38γ-MAPK-dependent phosphorylation, which prevents its nuclear translocation and thus abrogates Myf5 transcription. Asymmetric localisation of the CARM1/p38γ-MAPK complex results from the interaction of p38γ with the dystrophin-glycoprotein complex, resulting in an ACD. In this scenario, the fibre-associated daughter cell would be primed for CARM1-mediated Myf5 transcription and the daughter cell not in contact with the fibre is maintained in a more stem-like state by sequestration of CARM1 [START_REF] Chang | The Dystrophin Glycoprotein Complex Regulates the Epigenetic Activation of Muscle Stem Cell Commitment[END_REF]Dumont et al., 2015).

However, it is debated whether this type of division can take place in vivo as studies performing intravital imaging of regenerating muscle did not observe oriented divisions of myogenic cells during regeneration (Webster et al., 2016). Therefore, further work is needed to elucidate whether this phenomenon observed in isolated myofibres can also take place in vivo, and if this is restricted to specific times during the regeneration process.

In summary, MuSCs integrate information at multiple levels to regulate their asymmetric cell division, which guarantees the maintenance of the stem cell pool whilst producing committed myogenic progenitors to ensure effective muscle regeneration.

CHAPTER II

Muscle stem cell heterogeneity

The MuSC pool is characterised by phenotypic and functional heterogeneity, manifested through differences in gene expression, proliferation rates and regeneration capacities. Another aspect that characterises this heterogeneity is the embryological origins of the MuSCs and their immediate niche in which they reside.

In this chapter, I will first discuss the heterogeneity in the MuSC pool residing within a muscle, while the following section will be focused on the distinct properties of MuSCs from muscles from different anatomical locations.

The global MuSC pool is heterogeneous

All MuSCs are characterised by the expression of Pax7 (Seale et al., 2000) and thus

were considered for some time to constitute a relatively homogenous population. However, an increasing body of evidence points to differential transcription factor expression, propensity to activation, and differentiation amongst the MuSC pool.

Regarding the expression of myogenic transcription factors, heterogeneity in the expression of Pax7, Pax3 or Myf5 was found to confer distinctive functional characteristics.

Using a Tg:Pax7-nGFP reporter line (Sambasivan et al., 2009), MuSCs were found to express different levels of Pax7. The Pax7-nGFP Hi population was found to have a lower metabolic status, a delayed entry in the cell cycle and be less primed for differentiation than Pax7-nGFP Low cells (Rocheteau et al., 2012). Expression of Myf5 was also found to be heterogeneous within the MuSC pool, with approximately 10% of the MuSCs not expressing Myf5 using a lineage traced reporter [START_REF] Kuang | Asymmetric Self-Renewal and Commitment of Satellite Stem Cells in Muscle[END_REF], however using a different Myf5 Cre driver allele, virtually all MuSCs were reported to have experienced historical expression of Myf5 [START_REF] Sambasivan | Embryonic founders of adult muscle stem cells are primed by the determination gene Mrf4[END_REF]. Therefore, some differences in results can be related to different reporter mice used to mark subpopulations of MuSCs. Different MuSC subsets can also be identified depending on their proliferation rate. Early reports on clonal analysis of myogenic cells identified myoblast subpopulations [START_REF] Mcfarland | The response to growth factors of cultured satellite cells derived from turkeys having different growth rates[END_REF][START_REF] Rouger | Muscle satellite cell heterogeneity: in vitro and in vivo evidences for populations that fuse differently[END_REF][START_REF] Schultz | Satellite Cell Proliferative Compartments in Growing Skeletal Muscles[END_REF][START_REF] Shinin | Asymmetric division and cosegregation of template DNA strands in adult muscle satellite cells[END_REF].

Moreover, MuSC subsets were also associated with distinct fusion patterns, where highly proliferative cells would fuse to myofibres and slow proliferating cells were found to fuse with one another [START_REF] Rouger | Muscle satellite cell heterogeneity: in vitro and in vivo evidences for populations that fuse differently[END_REF]. A MuSC subpopulation with slower division rates was also observed using the dilution of a lipophilic dye as a proxy for the number of divisions after in vivo activation. These slow-dividing cells constituted only a small fraction of the total MuSC population and upon passage or transplantation showed higher expansion capacity, which correlated with high expression of ID1 protein, a negative regulator of bHLH transcription factors [START_REF] Ono | Slow-dividing satellite cells retain long-term self-renewal ability in adult muscle[END_REF]. This more stem population might be essential for long-term muscle homeostasis.

In summary, a high degree of heterogeneity is observed within the MuSC compartment, manifested through differential expression of myogenic transcription factors, modes of division or proliferation. These features imply that different MuSC subpopulations have distinct properties and are in different activation states, which could be relevant upon muscle injury, with a subset of cells poised for activation ensuring a rapid response to damage whilst the more quiescent population ensures maintenance of the stem cell pool. These studies were restricted to the more accessible limb and trunk muscles, so it is currently unclear whether similar differences exist between anatomically distinct MuSC populations.

Heterogeneity amongst MuSCs in different anatomical locations

Investigation of the functional differences amongst MuSCs of different embryological origins was stimulated by early research on muscle dystrophies, where different types of mutations compromise the functionality of distinct muscle groups (Table 1). The fact that germline mutations affect only certain muscles is still a major unanswered question in the myogenesis field. For example, Duchenne muscular dystrophy (DMD) is the most common and severe form of muscular dystrophy amongst children. It is caused by mutations in the DMD gene encoding for the DYSTROPHIN protein. However, not all the muscles are affected equally by the lack of DYSTROPHIN, where the shoulder, upper limb, the diaphragm and the calf muscles are the most affected (Table 1) (Emery, 2002). Conversely, craniofacial muscles such as the EOMs and internal laryngeal muscles are mostly spared (Emery, 2002;[START_REF] Kaminski | Extraocular muscles are spared in advanced duchenne dystrophy[END_REF][START_REF] Marques | Intrinsic laryngeal muscles are spared from myonecrosis in the mdx mouse model of Duchenne muscular dystrophy[END_REF][START_REF] Shinonaga | Evaluation of swallowing function in Duchenne muscular dystrophy[END_REF]. It has been proposed that specific properties of the MuSCs and their progeny, could impinge on the properties of the myofibres they generate (Randolph and Pavlath, 2015). Thus, investigating the characteristics of MuSCs from affected and unaffected muscle groups will address the issue of the extent to which MuSC heterogeneity contributes to the outcome of dystrophic diseases.

Table 1. Muscular dystrophies (MDs) in which deficits in satellite cell function have been implicated in disease pathology.

Adapted from (Randolph and Pavlath, 2015).

Examples of functional differences among MuSC in anatomically distinct muscle groups

Diaphragm:

The diaphragm is one of the most essential muscles of the body, it separates the thoracic and abdominal cavities and it is critical for respiration. In DMD it is one of the earliest and more severely affected muscles.

Regarding MuSCs, there some discordance on whether diaphragm MuSCs are equivalent to MuSCs isolated from other somite-derived muscle groups. Ippolito et al.

evaluated the proliferation potential of MuSCs of cranial derived (masseter) and somite derived muscles (diaphragm, latissimus dorsi, triceps and tibialis anterior (TA)) in clonal assays. While

MuSCs from all muscles analysed had a comparable clonal efficiency, diaphragm MuSCs gave rise to larger colonies with less differentiated cells and a lower fusion index [START_REF] Ippolito | Satellite cell heterogeneity revealed by G-Tool, an open algorithm to quantify myogenesis through colony-forming assays[END_REF]. However, subsequent studies showed that diaphragm-derived MuSCs had a similar clonogenic capacity to that of limb muscles [START_REF] Chen | Decreased Proliferation Kinetics of Mouse Myoblasts Overexpressing FRG1[END_REF]Stuelsatz et al., 2015) and their onset of differentiation occurred earlier as measured by the fusion index (Stuelsatz et al., 2015).

Of note, the discrepancy in these results can be due to differences in the methods used for transgenic Nestin-GFP mouse line [START_REF] Mignone | Neural stem and progenitor cells in nestin-GFP transgenic mice[END_REF]. Therefore, it cannot be excluded that the isolated populations for each study represented different subpopulations of MuSCs with distinct proliferative capacities.

Another distinguishing feature of diaphragm MuSCs is their reported ability to contribute to myofibres throughout life. Genetic labelling of MuSC with a fluorescent reporter allowed assessment of the amount of MuSC fusion with myofibres (Keefe et al., 2015;Pawlikowski et al., 2015). In adulthood, MuSCs ceased to contribute to myofibres in most hind limb muscles, however, the EOMs and the diaphragm showed continuous MuSC fusion in the absence of injury (Keefe et al., 2015;Pawlikowski et al., 2015).

Masseter:

The masseter is one of the muscles of the jaw that enables mastication. Adult masseter MuSCs are derived from the first and second pharyngeal arches which contain cranial paraxial mesoderm [START_REF] Kelly | The del22q11.2 candidate gene Tbx1 regulates branchiomeric myogenesis[END_REF][START_REF] Noden | The differentiation and morphogenesis of craniofacial muscles[END_REF]Sambasivan et al., 2009). An early study comparing the regenerative response of masseter and TA muscles observed that they differ greatly in their regenerative potential. In response to acute muscle injury, a normal muscle architecture could be observed after 14 days in the TA, with centrally located nuclei and similar fibre size to non-injured muscle; in contrast, masseter muscles displayed large areas with no evidence of regenerated myofibres [START_REF] Pavlath | Heterogeneity among muscle precursor cells in adult skeletal muscles with differing regenerative capacities[END_REF]. When directly assessing the proliferation and differentiation of masseter and TA-derived myoblasts, the latter ones outperformed masseter myoblasts in proliferation rate, suggesting that impaired masseter regeneration is due to reduced myoblast proliferation [START_REF] Pavlath | Heterogeneity among muscle precursor cells in adult skeletal muscles with differing regenerative capacities[END_REF].

On the other hand, more recent studies pointed towards a superior in vitro proliferation rate of masseter-derived myoblasts when compared to their limb counterparts [START_REF] Ippolito | Satellite cell heterogeneity revealed by G-Tool, an open algorithm to quantify myogenesis through colony-forming assays[END_REF]Ono et al., 2010). Masseter derived myoblasts committed to differentiation later than those from the extensor digitorum longus (EDL), after 72h of culture in isolated single myofibres, only 10% of masseter myoblasts were positive for MYOG, whereas ~50% of cells in limb-derived fibres were MYOG + . In vitro clonal analysis also confirmed their higher clonogenic potential, after 10 days in culture the mean clone size was ~3000 cells for masseter derived myoblasts whereas it was around 900 cells in the case of EDL. However, despite the increased yield of masseter myoblasts, no differences were observed in contribution to host limb muscle in transplantation experiments (Ono et al., 2010). Therefore, the in vitro phenotype of masseter myogenic progenitors could not be translated to an improved in vivo contribution.

Interestingly, the distinctive in vitro proliferative properties of masseter-derived cells were lost upon aging as no differences were detected between EDL and masseter clone size (Ono et al., 2010).

Pharyngeal muscles:

Pharyngeal muscles are a group of seven muscles that allow swallowing, they are thought to arise from the cranial mesoderm of the third and fourth arches [START_REF] Noden | The differentiation and morphogenesis of craniofacial muscles[END_REF]. The pharynx is differentially affected in muscle dystrophies such as oculopharyngeal muscular dystrophy (Table 1). Interestingly, cultures of myoblasts isolated from cricopharyngeal muscles of oculopharyngeal muscular dystrophy patients exhibited reduced percentage of DESMIN expression and a decreased proliferative capacity when compared to control samples [START_REF] Périé | Premature proliferative arrest of cricopharyngeal myoblasts in oculo-pharyngeal muscular dystrophy: Therapeutic perspectives of autologous myoblast transplantation[END_REF], suggesting that MuSC defects could contribute to the pathologic muscle phenotype.

A recent study reported in some detail the characteristics of pharyngeal MuSCs compared with their limb counterparts (Randolph et al., 2015). First, using the Myf5 nlacZ reporter [START_REF] Tajbakhsh | Muscle progenitor cells failing to respond to positional cues adopt non-myogenic fates in myf-5 null mice[END_REF] Subsequent isolation and clonal plating of MuSCs confirmed that over 20% of pharyngeal MuSCs generated clones with more than 300 cells whereas this percentage was decreased to half in the case of limb-derived cells, indicating that this high proliferative capacity is an intrinsic property of pharyngeal MuSCs (Randolph et al., 2015). Finally, microarray analysis of pharyngeal and limb MuSCs revealed an enrichment of transcripts involved in cell proliferation in pharyngeal cells, as well as a distinct cytokine and chemokine expression pattern (Randolph et al., 2015).

Lower limb muscles:

The lower limb features a considerable number of muscles that enable different types of movements and contribute to postural support (Figure 13). They have been extensively studied in the muscle field because of their accessibility and, despite their common somitic origin, differences between MuSCs of different muscles have been reported.

A wealth of information on these muscles and their relative in vitro and in vivo performances has been obtained from comparisons with other muscle groups discussed above (diaphragm, masseter and pharyngeal muscles) and below (EOMs). MuSCs isolated from the limb are less active in homeostatic conditions in vivo, as measured by the incorporation of MuSC population was fluorescently labelled assessed their contribution to myofibres in homeostasis. A high percentage of MuSC contribution was observed within the first month after birth (postnatal), decreasing to basal levels and reaching a plateau around 3 months post-natal for most limb muscles. On the other hand, as mentioned earlier, the EOM and diaphragm experience a continuous MuSC contribution to their fibres throughout adult life, maintaining almost similar fusion levels as those of the first postnatal month (Keefe et al., 2015;Pawlikowski et al., 2015). Upon administration of a nucleotide analogue, it was observed that most of the myoblasts that had fused with a fibre had done so without undergoing cell division (Pawlikowski et al., 2015), suggesting that further studies are needed to address the dynamics and modes of division of EOM MuSCs in vivo.

EOMs were shown to contain a higher number of MuSCs (normalised by total tissue mass) when compared to the TA muscle [START_REF] Kallestad | Sparing of extraocular muscle in aging and muscular dystrophies: A myogenic precursor cell hypothesis[END_REF]Keefe et al., 2015;[START_REF] Pacheco-Pinedo | Transcriptional and functional differences in stem cell populations isolated from extraocular and limb muscles[END_REF]. In addition, Kallestad et al. defined a novel subpopulation on the basis of CD34 expression that was present in a significantly higher percentage in EOMs and showed myogenic potential in vitro. The numbers of CD34 + cells peaked at neonatal stages, while virtually disappearing from adult and aged TA muscle; nonetheless, this population was still present in EOMs throughout life [START_REF] Kallestad | Sparing of extraocular muscle in aging and muscular dystrophies: A myogenic precursor cell hypothesis[END_REF]. These EOM CD34 + cells proliferated more than those of the TA and a great proportion of them was found to express PITX2 both in vitro and in vivo [START_REF] Hebert | The Role of Pitx2 in Maintaining the Phenotype of Myogenic Precursor Cells in the Extraocular Muscles[END_REF]. The PITX2 + cells were found in an interstitial position between myofibres and also in a position typical of MuSCs, but unexpectedly they did not express PAX7 [START_REF] Hebert | The Role of Pitx2 in Maintaining the Phenotype of Myogenic Precursor Cells in the Extraocular Muscles[END_REF] in human EOM tissues [START_REF] Hebert | The Role of Pitx2 in Maintaining the Phenotype of Myogenic Precursor Cells in the Extraocular Muscles[END_REF]. While this finding suggests that the EOM harbours a specific myogenic population involved in the maintenance of muscle homeostasis, lineage tracing studies should be carried out in the mouse to assess whether PITX2 + PAX7 -cells have a history of Pax7 expression.

Other comparisons between MuSCs isolated from hindlimb, diaphragm and EOM using a Nestin-GFP mouse line underscored the unique expansion capacity and engraftment properties of EOM myoblasts. The in vitro proliferation and clonal capacity of EOM MuSCs were significantly superior to other muscles, and this was accompanied by an increased number of reserve (self-renewed) cells. In line with these findings, EOM MuSCs outperformed their hindlimb counterparts when transplanted into limb muscle of a mouse model for muscular dystrophy (Mdx, [START_REF] Bulfield | X chromosome-linked muscular dystrophy (mdx) in the mouse[END_REF]), indicating that their in vitro clonogenic capacity could be responsible for their higher engraftment potential (Stuelsatz et al., 2015). Interestingly, EOM MuSCs from Mdx mice retained their high in vitro proliferation capacity when compared with wild-type myoblasts, whereas the expansion of limb and diaphragm MuSCs isolated from Mdx mice was severely compromised when compared to wild-type cells (Stuelsatz et al., 2015).

Taken together, these studies highlight the unique characteristics of EOM MuSCs in homeostatic muscle as well as in in vitro and transplantation conditions. These features might have a bearing on the underlying cause of the EOM resistance to certain pathologies such as DMD or ageing where the MuSC pool is continuously solicited to regenerate damaged myofibers. It is currently unclear whether the extraordinary expansion capacity of EOM stem cells and/or whether unique properties of their muscle fibres are responsible for the sparing of EOMs in a wide range of muscle diseases. Given the unique gene regulatory networks and developmental programs of this muscle group, it is tempting to speculate that the properties of the MuSCs are transmitted to the myofibres they generate upon fusion.

The MuSC niche could also be a key factor in the selective sparing of EOMs. MuSCs in vivo are embedded in a highly complex microenvironment, where constant cross-talk between the MuSC and its niche is needed to regulate all major aspects of MuSC biology.

Therefore, it is likely that some of these functional differences highlighted above can be influenced by the environment, whose components will be discussed in the following chapter.

Single cell RNA sequencing: a new tool for investigating cell heterogeneity

scRNA-seq has emerged in the last years as a powerful tool to assess cell heterogeneity with a high level of resolution. scRNA-seq data allows study of individual cell function and complex lineage relationships, leading to the identification of novel cell populations and refining the trajectories of cell lineages in development, regeneration and disease contexts.

Since the first report describing the sequencing of a single mouse blastomere [START_REF] Tang | mRNA-Seq whole-transcriptome analysis of a single cell[END_REF] there has been an exponential increase in the use of scRNA-seq, accompanied by the development of multiple technologies and computational tools to obtain and process the resulting high-throughput data. The typical workflow of a scRNA-seq experiment is based on single-cell dissociation, single-cell isolation, library construction and sequencing. Raw sequencing data are processed and aligned to the chosen genome, resulting in count matrices that represent gene expression. The count data then undergoes pre-processing and downstream analysis using a variety of algorithms (Figure 15).

In the muscle field, many efforts have been directed to the investigation of subpopulations within the MuSC compartment (and their lineage relationships). The first study profiling MuSCs only captured 40 cells and managed to obtain 21 cDNA libraries [START_REF] Cho | Single cell transcriptome analysis of muscle satellite cells reveals widespread transcriptional heterogeneity[END_REF], which did not cluster into any relevant subpopulations. Shortly after, van de Brink et al. sequenced 235 MuSCs and showed that isolation by FACS induced transcriptome-wide changes in a subpopulation of MuSCs [START_REF] Brink | Single-cell sequencing reveals dissociation-induced gene expression in tissue subpopulations[END_REF].

Subsequent studies using high-throughput capture methods managed to isolate much higher numbers of cells and succeeded in identifying novel populations at the level of the MuSC pool and within the whole muscle tissue (Table 2).

It is also relevant here to discuss reports that have addressed MuSC heterogeneity during quiescence and activation. Although distinct metabolic pathways had been associated with different cell states at the whole population level [START_REF] Pala | Distinct metabolic states govern skeletal muscle stem cell fates during prenatal and postnatal myogenesis[END_REF], scRNA-seq of quiescent, in vitro activated and in vivo activated MuSCs identified the dynamic remodelling of metabolic gene expression during lineage progression (Dell'Orso et al., 2019). Recent studies have studied the gene expression of distinct MuSC subpopulations and its functional consequences, showing the link between Notch2 expression and self-renewal (Yartseva et al., 2020), Caveolin1 and engraftment capacity [START_REF] Barruet | Functionally heterogeneous human satellite cells identified by single cell RNA sequencing[END_REF] and different Syndecan isoforms and proliferation [START_REF] Micheli | Single-Cell Analysis of the Muscle Stem Cell Hierarchy Identifies Heterotypic Communication Signals Involved in Skeletal Muscle Regeneration[END_REF] (Table 2).

Additionally, whole muscle scRNA-seq has allowed a thorough characterisation of muscle resident cells in homeostatic conditions and during regeneration, including the identification of novel subpopulations of immune cells and interstitial cells [START_REF] Giordani | High-Dimensional Single-Cell Cartography Reveals Novel Skeletal Muscle-Resident Cell Populations[END_REF][START_REF] Micheli | Single-Cell Analysis of the Muscle Stem Cell Hierarchy Identifies Heterotypic Communication Signals Involved in Skeletal Muscle Regeneration[END_REF]Rubenstein et al., 2020;[START_REF] Zhang | Agerelated decline of interferon-gamma responses in macrophage impairs satellite cell proliferation and regeneration[END_REF]. Finally, scRNA-seq has proven to be a powerful approach to study cell heterogeneity and transition state kinetics in disease contexts such as ageing (Hernando-Herraez et al., 2019;[START_REF] Kimmel | Aging induces aberrant state transition kinetics in murine muscle stem cells[END_REF], muscular dystrophies [START_REF] Heuvel | Single-cell RNA sequencing in facioscapulohumeral muscular dystrophy disease etiology and development[END_REF] and sepsis [START_REF] Cho | Singlecell deconstruction of post-sepsis skeletal muscle and adipose tissue microenvironments[END_REF].

In summary, the recent advances in scRNA-seq technology and the development of novel downstream analysis pipelines have enabled the identification of variations among MuSCs and characterisation of different cell types within muscle tissue, as well as prospective markers for their isolation. However, as summarised in Table 2, single-cell studies for craniofacial muscles have been lagging behind as similar profiling of MuSCs and whole muscle tissue from this specific subset of muscles is lacking.

Pericytes

Pericytes are periendothelial mesenchymal cells that reside within the microvasculature.

They share a basal lamina with the vasculature endothelial cells and express markers such as chondroitin sulfate proteoglycan 4 (NG2) and platelet derived growth factor receptor β (PDGFRβ). In skeletal muscle they regulate microvascular function and angiogenesis by promoting endothelial cell survival and migration [START_REF] Raza | Pericytes and vessel maturation during tumor angiogenesis and metastasis[END_REF]. Additionally, pericytes play an important role in MuSC function, where in vitro co-culture of human myoblasts and pericytes showed that pericytes inhibit MuSC growth and promote their differentiation while preserving a pool of reserve cells that express Pax7 [START_REF] Kostallari | Pericytes in the myovascular niche promote post-natal myofiber growth and satellite cell quiescence[END_REF]. The mechanism proposed for MuSC regulation involves the secretion of insulin-like growth factor 1 (IGF1) that stimulates differentiation and angiopoietin 1 (ANGPT1) that promotes entry into quiescence [START_REF] Kostallari | Pericytes in the myovascular niche promote post-natal myofiber growth and satellite cell quiescence[END_REF]. In keeping with these findings, depletion of pericytes resulted in myofibre hypotrophy and an increase in the number of PAX7 + cycling cells, supporting the hypothesis that pericytes play a key role in the MuSC niche [START_REF] Kostallari | Pericytes in the myovascular niche promote post-natal myofiber growth and satellite cell quiescence[END_REF].

Pericytes were also found to contribute to skeletal muscle fibres in the context of muscle regeneration and muscle dystrophies [START_REF] Dellavalle | Pericytes of human skeletal muscle are myogenic precursors distinct from satellite cells[END_REF][START_REF] Dellavalle | Pericytes resident in postnatal skeletal muscle differentiate into muscle fibres and generate satellite cells[END_REF]. Pericytes isolated from microvessels of human muscle, expressing smooth muscle actin (SMA), PDGFRβ and alkaline phosphatase amongst other markers, could differentiate in vitro into skeletal muscle. Unlike lineage progression of MuSC, these cells did not express myogenic markers until late stages of in vitro differentiation; however, when injected in the mouse femoral artery, human pericyte-derived cells were able to colonise muscle tissue. Moreover, a small population of these cells was found under the basal lamina expressing M-Cadherin, suggesting that they are able to colonise the MuSC niche [START_REF] Dellavalle | Pericytes of human skeletal muscle are myogenic precursors distinct from satellite cells[END_REF].

Lineage-tracing studies labelling the pericyte population based on alkaline phosphatase (Alpl) expression with an inducible mouse model showed that endogenous pericytes contribute to skeletal muscle fibres in homeostatic and disease conditions [START_REF] Dellavalle | Pericytes resident in postnatal skeletal muscle differentiate into muscle fibres and generate satellite cells[END_REF]. The extent of contribution to skeletal muscle was increased during muscle regeneration and in a dystrophic context. Additionally, pericyte-derived cells were found underneath the basal lamina expressing PAX7, suggesting that they were able to enter the MuSC pool [START_REF] Dellavalle | Pericytes resident in postnatal skeletal muscle differentiate into muscle fibres and generate satellite cells[END_REF]. Nonetheless, this phenomenon was muscle-dependant and it is mainly restricted during the first weeks of postnatal growth [START_REF] Dellavalle | Pericytes resident in postnatal skeletal muscle differentiate into muscle fibres and generate satellite cells[END_REF]. In contrast with these findings, follow-up studies using different markers (Tbx18) to label the pericyte population did not find any contribution of endogenous pericytes to skeletal muscle even upon muscle injury [START_REF] Guimarães-Camboa | Pericytes of Multiple Organs Do Not Behave as Mesenchymal Stem Cells In Vivo[END_REF]. Since there are no markers that unambiguously label pericytes, further studies are required to clarify these discrepancies.

Different skeletal muscle pericyte subtypes have been identified based on their Nestin expression where type-1 is NESTIN -/NG2 + and type-2 is NESTIN + /NG2 + ; additionally, Pdfgrα is only expressed by type-1 pericytes (Birbrair et al., 2013a). Upon isolation and in vitro differentiation, only type-2 were reported to form myotubes, whereas type-1 differentiated into adipocytes. Recapitulating the in vitro phenotype, only type-1 pericytes gave rise to fat during muscle-induced fatty degeneration. On the other hand, during acute chemical muscle injury only type-2 cells were found to contribute to the muscle fibres, whereas type-1 pericytes were located in the interstitial tissue (Birbrair et al., 2013b). Additionally, a subpopulation of PDGFRα + stromal cells contributing to collagen overproduction during scarring was identified based on ADAM12 expression [START_REF] Dulauroy | Lineage tracing and genetic ablation of ADAM12+ perivascular cells identify a major source of profibrotic cells during acute tissue injury[END_REF]. ADAM12 + cells were activated following muscle injury and they gave rise to the majority of myofibroblasts present in muscle tissue after injury. Genetic ablation of this population or downregulation of Adam12 reduced collagen production and overall reduction of fibrosis [START_REF] Dulauroy | Lineage tracing and genetic ablation of ADAM12+ perivascular cells identify a major source of profibrotic cells during acute tissue injury[END_REF]. ADAM12 + cells isolated from regenerating muscle we positive for PDGFRβ and NG2, suggesting that they are a subset of pericytes contributing to tissue scarring.

Therefore, maintaining a balance between pericyte populations may be required for successful muscle regeneration while dysregulation could contribute to muscle pathologies where aberrant adipocyte infiltration and fibrosis can occur.

Fibro-adipogenic progenitors

Fibro-adipogenic progenitors (FAPs) are a muscle interstitial mesenchymal cell population supporting MuSC function during tissue regeneration. Although they localise close to blood capillaries, unlike pericytes they are found outside the basement membrane of the vessel and they do not express Ng2 (Joe et al., 2010;Uezumi et al., 2010).

FAPs were first identified by using the SCA1 receptor to differentially sort CD34 + (ITGa7 + )SCA1 -cells (MuSCs) that give rise to myofibres and CD34 + (ITGa7 -)SCA1 + cells, which could differentiate into adipocytes and fibroblasts in vitro and thus were named FAPs (Joe et al., 2010). In line with the in vitro experiments, FAPs cannot give rise to muscle in vivo, as they showed no contribution to regenerating myofibres upon transplantation into injured muscle. Nonetheless, the fate of the transplanted FAPs was controlled by the environment of the host tissue; transplantation into healthy muscle did not promote fibroblastic engraftment or adipogenic differentiation but adipocytes were detected upon transplantation into a glycerol injected muscle (which induces fatty degeneration of the injured muscle). During acute muscle injury, FAPs are activated and proliferated extensively, promoting myoblast differentiation through the generation of a transient differentiation niche for myogenic progenitors. Finally, the origin of these cells was proven to be independent of the myogenic lineage, as lineage tracing experiments using the Myf5 Cre mouse line showed that FAPs do not derive from myogenic MYF5 + progenitors (Joe et al., 2010).

A parallel study by Uezumi and colleagues came to a similar conclusion using different cell markers. They showed that CD31 -CD45 -PDGFRα + cells, located in the muscle interstitial tissue, can differentiate into adipocytes but not myotubes in vitro. Upon transplantation, only the PDGFRα + fraction gave rise to adipocytes and their fate was also shown to be controlled by the muscle environment. Cardiotoxin-induced muscle regeneration was accompanied by an increased number of PDGFRα + cells during the first days of regeneration albeit no adipocyte differentiation was observed; conversely, transplantation into glycerol-injured muscle resulted in adipocyte differentiation. Therefore, the fate of FAPs is intrinsically regulated by their microenvironment (Uezumi et al., 2010).

Interaction between fibroblasts and MuSCs is crucial for successful muscle regeneration. During muscle regeneration, fibroblasts expressing high levels of TCF4 (and positive for PDGFRα and SMA) expanded in a similar spatiotemporal pattern as the MuSCs.

Depletion of TCF4 + cells led to premature MuSC differentiation resulting in exhaustion of the stem cell pool and smaller regenerated myofibres (Murphy et al., 2011). A second study ablated PDGFRα + FAPs locally, confirming that they are necessary for effective muscle regeneration and long-term homeostatic maintenance of skeletal muscle [START_REF] Wosczyna | Mesenchymal Stromal Cells Are Required for Regeneration and Homeostatic Maintenance of Skeletal Muscle[END_REF].

Finally, insights into the specific role of FAPs on remodelling of the ECM has come from developmental studies of the transcription factor OSR1. In the embryo, Osr1 is expressed in limb muscle connective tissue fibroblasts, in a partially overlapping pattern with Tcf4

( [START_REF] Vallecillo-García | Odd skipped-related 1 identifies a population of embryonic fibro-adipogenic progenitors regulating myogenesis during limb development[END_REF]. Lineage tracing has explicitly shown that embryonic OSR1 + cells give rise to FAPs and genetic ablation of Osr1 results in reduced myogenic progenitor proliferation and survival leading to muscle patterning defects [START_REF] Vallecillo-García | Odd skipped-related 1 identifies a population of embryonic fibro-adipogenic progenitors regulating myogenesis during limb development[END_REF].

Moreover, in the adult, Osr1 is expressed in activated muscle connective tissue fibroblasts following muscle injury [START_REF] Stumm | Odd skippedrelated 1 (Osr1) identifies muscle-interstitial fibro-adipogenic progenitors (FAPs) activated by acute injury[END_REF]. Therefore, FAPs create a niche essential for myogenic progenitor function during development and adult muscle regeneration.

Despite their beneficial and necessary role during early stages of muscle regeneration, excessive fibroblast accumulation is a hallmark of different muscle pathologies [START_REF] Uezumi | Fibrosis and adipogenesis originate from a common mesenchymal progenitor in skeletal muscle[END_REF]. One of the cell types that regulate the survival of FAPs during regeneration are infiltrating monocytes, which induce the apoptosis FAPs via TNF signalling, thus preventing excessive fibrogenesis. In disease conditions, TNF-mediated reduction of FAPs is not sufficient to prevent fibrosis, and macrophages further contribute to this pathology by expression of TGFβ1, resulting in the differentiation of FAPs and increased matrix production [START_REF] Lemos | Nilotinib reduces muscle fibrosis in chronic muscle injury by promoting TNF-mediated apoptosis of fibro/adipogenic progenitors[END_REF].

Two important mediators of FAP signalling to MuSCs are follistatin and WNT1

inducible signalling pathway protein 1 (WISP1). Follistatin is a soluble pro-myogenic factor that antagonises Myostatin and Activin A, two cytokines implicated in the inhibition of muscle growth [START_REF] Nakatani | Transgenic expression of a myostatin inhibitor derived from follistatin increases skeletal muscle mass and ameliorates dystrophic pathology in mdx mice[END_REF][START_REF] Winbanks | Follistatinmediated skeletal muscle hypertrophy is regulated by Smad3 and mTOR independently of myostatin[END_REF]. Follistatin is expressed during the early stages of the regenerative process and its expression levels by FAPs are 10-fold higher than by MuSCs. Importantly, follistatin production by FAPs is a major player in the pro-fusogenic effects observed after histone deacetylase inhibitor treatment of muscle dystrophies [START_REF] Iezzi | Deacetylase Inhibitors Increase Muscle Cell Size by Promoting Myoblast Recruitment and Fusion through Induction of Follistatin[END_REF][START_REF] Mozzetta | Fibroadipogenic progenitors mediate the ability of HDAC inhibitors to promote regeneration in dystrophic muscles of young, but not old Mdx mice[END_REF]. A recent study identified WISP1 secretion by FAPs as a positive regulator supporting MuSC function by stimulating asymmetric cell division through activation of the AKT pathway. The loss of WISP1 resulted in reduced expression of myogenic markers and impaired muscle regeneration. This phenotype was recapitulated in ageing conditions, where there is a decreased WISP1 production by FAPs, and this phenotype could be rescued by systemic WISP1 treatment [START_REF] Lukjanenko | Aging Disrupts Muscle Stem Cell Function by Impairing Matricellular WISP1 Secretion from Fibro-Adipogenic Progenitors[END_REF].

Altogether, these studies have highlighted that FAPs are a crucial player in the multistep process of muscle regeneration, but they have also been identified as the major source of infiltrating fibroblasts in pathologic conditions. Therefore, the fine-tuning of their function is vital to maintain a healthy muscle function.

Immune cells

Despite being present in small numbers in homeostatic muscle tissue, immune cells are quickly recruited upon injury and they exert multiple effects during regeneration.

MuSCs recruit monocytes upon release from quiescence through secretion of proinflammatory cytokines (IL-1, IL-6 and TNF-α) that induce monocyte migration to the sites of injury [START_REF] Chazaud | Satellite cells attract monocytes and use macrophages as a support to escape apoptosis and enhance muscle growth[END_REF][START_REF] Robertson | The Role of Macrophages in Skeletal Muscle Regeneration with Particular Reference to Chemotaxis[END_REF]. In turn, monocytes/macrophages stimulate myoblast growth by producing factors that promote proliferation [START_REF] Cantini | Macrophages Regulate Proliferation and Differentiation of Satellite Cells[END_REF][START_REF] Massimino | ED2+ Macrophages Increase Selectively Myoblast Proliferation in Muscle Cultures[END_REF] and inhibit myogenic progenitor apoptosis by direct cell contact [START_REF] Chazaud | Satellite cells attract monocytes and use macrophages as a support to escape apoptosis and enhance muscle growth[END_REF][START_REF] Sonnet | Human macrophages rescue myoblasts and myotubes from apoptosis through a set of adhesion molecular systems[END_REF]. In an in vivo injury model, the presence of monocyte/macrophages correlated with a decrease in myoblast apoptosis, and this effect was mediated through multiple pathways involving cell-cell adhesion molecules (Such as VCAM-1, ICAM-1, PECAM-1) [START_REF] Sonnet | Human macrophages rescue myoblasts and myotubes from apoptosis through a set of adhesion molecular systems[END_REF].

Immune cell signalling to other muscle cell types also plays an important role during muscle regeneration [START_REF] Heredia | Type 2 Innate Signals Stimulate Fibro/Adipogenic Progenitors to Facilitate Muscle Regeneration[END_REF]. In addition to macrophages, muscle damage results in recruitment of eosinophils, which signal to FAPs through secretion of IL-4. This factor was found to control the switch between fibroblastic and adipocytic fates of FAPs. In the presence of IL-4, they differentiate as fibroblasts and facilitate clearance of cellular debris. Conversely, depletion of eosinophils or IL-4 signalling prompt them to differentiate as adipocytes, failing to clear the necrotic debris and contributing to skeletal muscle fatty degeneration [START_REF] Heredia | Type 2 Innate Signals Stimulate Fibro/Adipogenic Progenitors to Facilitate Muscle Regeneration[END_REF].

Therefore, the orchestrated function of multiple cell types is required to maintain muscle homeostasis and ensure regeneration. These cells can communicate with MuSCs by direct cellcell contact or secretion of signalling factors, but they can also indirectly contribute to the extra cellular milieu of the stem cell, which in turn will impinge on MuSC function.

One predominant mononuclear cell type in the homeostatic muscle ECM are fibroblasts, which are responsible for the production and secretion of the majority of ECM components previously described [START_REF] Gatchalian | Fibroblasts that proliferate near denervated synaptic sites in skeletal muscle synthesize the adhesive molecules tenascin(J1), N-CAM, fibronectin, and a heparan sulfate proteoglycan[END_REF]Kühl et al., 1984). Nonetheless, recent studies have shown that MuSCs have an important role in production of ECM components as well.

During development, foetal MuSCs express a characteristic pattern of ECM proteins that enable them to remodel the local microenvironment. Tenascin-C (TnC), fibronectin 1 and collagen VI played a key role in the enhanced proliferation of foetal MuSCs when compared to adult MuSCs. Additionally, transplantation experiments pointed to TnC as an important regulator of foetal MuSC regenerative potential, whilst its expression is not detected in adult MuSCs (Tierney et al., 2016). Adult MuSCs continue to contribute to the maintenance of their niche and regulation of quiescence by secreting ECM components. Notch signalling reinforces the MuSC quiescent state by transcriptional regulation of collagen V, a critical component of the quiescent niche, which in turn signals back to the MuSC through the calcitonin receptor (Baghdadi et al., 2018a).

Maintenance of MuSC homeostasis is an active process regulated at different levels by the structural components of the niche and by the MuSC itself, through the selective expression of ECM proteins to remodel their local microenvironment.

ECM remodelling during muscle regeneration

As a consequence of muscle injury, degeneration of muscle fibres causes a dramatic change in the MuSC niche and in the ECM, which is remodelled to accompany MuSC activation, proliferation and differentiation. Although most of our knowledge on ECM regulation of MuSCs comes from in vitro studies and will be discussed in the following section, some in vivo studies have shed light on its important role during muscle regeneration, with a particular focus on MuSC function (Figure 18).

Matrix metalloproteinases (MMPs):

MMPs, a family of zinc-dependent enzymes, can degrade many of the components of the ECM and they have a pleiotropic role during muscle regeneration. Upon injury, their expression is induced in a protein-specific manner; whilst MMP2 is already expressed in quiescent muscle and is upregulated for several days in response to injury, MMP9 is preferentially induced during the acute regeneration process [START_REF] Kherif | Expression of Matrix Metalloproteinases 2 and 9 in Regenerating Skeletal Muscle: A Study in Experimentally Injured andmdxMuscles[END_REF]). An early role of these proteases is to facilitate MuSC migration to the sites of injury by degrading components of the ECM such as COLIV [START_REF] Eble | The Recognition Sites of the Integrins α1β1and α2β1within Collagen IV Are Protected against Gelatinase A Attack in the Native Protein[END_REF][START_REF] Lewis | Gelatinase-B (Matrix Metalloproteinase-9; MMP-9) secretion is involved in the migratory phase of human and murine muscle cell cultures[END_REF][START_REF] Machado | Skeletal Muscle Tissue Damage Leads to a Conserved Stress Response and Stem Cell-Specific Adaptive Transitions[END_REF][START_REF] Nishimura | Inhibition of matrix metalloproteinases suppresses the migration of skeletal muscle cells[END_REF]. Given that COLIV is a key component of the muscle basal lamina and thus of the MuSC niche, MMP2 secretion by MuSCs and myofibres and MMP9 secretion by immune cells [START_REF] Li | Matrix metalloproteinase-9 inhibition ameliorates pathogenesis and improves skeletal muscle regeneration in muscular dystrophy[END_REF] result in degradation of the MuSC niche, thus allowing MuSC activation and migration.

As mentioned above, the ECM can act as a reservoir of growth factors that are sequestered in homeostatic conditions and released upon injury to stimulate MuSC activation and proliferation. Several studies have implicated the MMP family in the release of HGF from the ECM [START_REF] Filippin | Nitric oxide regulates the repair of injured skeletal muscle[END_REF][START_REF] Yamada | Matrix metalloproteinase-2 mediates stretch-induced activation of skeletal muscle satellite cells in a nitric oxide-dependent manner[END_REF]. Muscle injury triggers an inflammatory process that results in increased nitric oxide production [START_REF] Rubinstein | Involvement of nitric oxide system in experimental muscle crush injury[END_REF], which in turn indirectly regulates the transcription and availability of HGF [START_REF] Filippin | Nitric oxide regulates the repair of injured skeletal muscle[END_REF]. In vitro studies suggested that nitric oxide can activate MMP2, mediating its conversion from a pro-MMP2 to its active form, resulting in ECM remodelling and release of HGF to the local milieu, ultimately leading to MuSC activation [START_REF] Yamada | Matrix metalloproteinase-2 mediates stretch-induced activation of skeletal muscle satellite cells in a nitric oxide-dependent manner[END_REF]. (Rayagiri et al., 2018). MuSC expansion and self-renewal defects were also observed in vivo after depletion of laminin-α1.

Laminins

The modulation of symmetric cell expansion by extra-cellular components is thought to be mediated by integrin-α6 in MuSCs (Rayagiri et al., 2018). Therefore, the expression of MMPs allows MuSCs to pro-actively modify their environment through the deposition of laminins, which in turn impinges on MuSC function.

Collagens: While collagen is an important component of the MuSC quiescent niche, it was also found to have a role in muscle regeneration regulating MuSC activity. COLVI production is significantly increased during the initial phases of muscle regeneration, forming a thick network that encloses myogenic cells and although previous studies showed that COLVI was only produced by endomysial fibroblasts (Zou et al., 2008), Urciuolo et al. identified MuSCs as an additional source of COLVI. Depletion of collagen VI resulted in abnormal MuSC proliferation and apoptosis, leading to impaired muscle regeneration and eventual exhaustion of the stem cell pool [START_REF] Urciuolo | Collagen VI regulates satellite cell self-renewal and muscle regeneration[END_REF]. COLVI was found to be indispensable to maintain Fibronectin: In regenerating but not quiescent muscle, MuSCs are a source of fibronectin, which accumulates in the immediate MuSC surroundings. Fibronectin was suggested to be required in a cell autonomous manner, in particular by the less differentiated Pax7 + /Myf5 -population, to regulate cell expansion though Wnt7a-Fzd7 signalling (Bentzinger et al., 2013a). The secretion of fibronectin by committed myoblast precursors (Pax7 + /Myf5 + ) contributes to activate Wnt7a signalling in the more stem population, which has been shown to drive its symmetric cell expansion [START_REF] Grand | Wnt7a Activates the Planar Cell Polarity Pathway to Drive the Symmetric Expansion of Satellite Stem Cells[END_REF].

The extensive ECM remodelling that takes place during muscle regeneration creates a transitory "regenerative" niche that promotes MuSC activation and differentiation, and it also ensures their self-renewal to maintain the stem cell pool. In addition to ECM contribution by the muscle fibre of FAPs, MuSCs secrete ECM components that regulate their activation and expansion. Therefore, a feed-forward mechanism is established by which cells secrete and remodel ECM to modify its composition and structure and in turn, the ECM signals back to the cells to influence cell activity.

Insights from in vitro studies

To study in more detail cell-matrix interactions, many in vitro studies have manipulated ECM components to assess their impact on MuSC function. The main challenge of in vitro experiments is studying the impact on the quiescent state, since MuSCs immediately activate and differentiate upon isolation from their endogenous niche [START_REF] Machado | In Situ Fixation Redefines Quiescence and Early Activation of Skeletal Muscle Stem Cells[END_REF].

Investigation of MuSC proliferation and differentiation in 2D cultures coated with different ECM proteins showed that myoblasts cultured on Matrigel or laminin have a superior proliferation and differentiation capacity compared to cells cultured on COLI, fibronectin or gelatin [START_REF] Grefte | Matrigel, but not collagen I, maintains the differentiation capacity of muscle derived cells in vitro[END_REF][START_REF] Wilschut | Extracellular matrix components direct porcine muscle stem cell behavior[END_REF]. The self-renewal and maintenance of the stem population, measured by the expression of Pax7, was also increased under these conditions [START_REF] Grefte | Matrigel, but not collagen I, maintains the differentiation capacity of muscle derived cells in vitro[END_REF][START_REF] Wilschut | Extracellular matrix components direct porcine muscle stem cell behavior[END_REF]. When assessing differentiation and fusion in vitro, the highest Myog expression and fusion into myotubes was also observed when cells were cultured on Matrigel, and impaired differentiation was observed when cells were plated on COLI [START_REF] Grefte | Matrigel, but not collagen I, maintains the differentiation capacity of muscle derived cells in vitro[END_REF][START_REF] Maley | Extracellular Matrix, Growth Factors, Genetics: Their Influence on Cell Proliferation and Myotube Formation in Primary Cultures of Adult Mouse Skeletal Muscle[END_REF][START_REF] Wilschut | Extracellular matrix components direct porcine muscle stem cell behavior[END_REF]. Matrigel is an ECM protein mixture extracted from Englebreth-Holm-Swarm tumors in mice and it primarily consists of laminin, COLIV, nidogen, perlecan and entactin [START_REF] Kleinman | Isolation and characterization of type IV procollagen, laminin, and heparan sulfate proteoglycan from the EHS sarcoma[END_REF][START_REF] Orkin | A murine tumor producing a matrix of basement membrane[END_REF].

Although its exact composition is not fully known, the fact that its major components are those of the basal lamina underscores the importance of this matrix in regulating MuSC biology.

In addition to ECM signalling, matrix stiffness is also an important regulator of MuSC quiescence and differentiation. MuSCs have a decreased engraftment potential upon in vitro culturing when compared to freshly isolated cells [START_REF] Ikemoto | Autologous Transplantation of SM/C-2.6+ Satellite Cells Transduced with Micro-dystrophin CS1 cDNA by Lentiviral Vector into mdx Mice[END_REF][START_REF] Montarras | Direct isolation of satellite cells for skeletal muscle regeneration[END_REF].

Gilbert et al. showed that modification of substrate rigidity can increase MuSC self-renewal in vitro. Culture on soft hydrogels mimicking muscle stiffness (~12kPa) increased cell survival and delayed Myog expression, leading to an overall increase in myoblast numbers when compared to cells cultured on stiffer substrates [START_REF] Gilbert | Substrate elasticity regulates skeletal muscle stem cell self-renewal in culture[END_REF]. Moreover, transplantation of cells cultured in different substrate stiffness showed that the highest engraftment capacity can be achieved when myogenic cells are cultured cultured on soft substrates, comparable to that of freshly isolated cells [START_REF] Gilbert | Substrate elasticity regulates skeletal muscle stem cell self-renewal in culture[END_REF]. The increased survival and delayed differentiation were found to be accompanied by an increased self-renewal, demonstrating how the biophysical properties of the muscle environment can regulate stem cell fate [START_REF] Gilbert | Substrate elasticity regulates skeletal muscle stem cell self-renewal in culture[END_REF].

Physiological substrate stiffness also plays a role in myotube function. While fusion of myoblasts into myotubes can occur independent of substrate flexibility, myosin/actin striations characteristic of functional muscle contractility are only observed in soft gels mimicking the normal muscle stiffness [START_REF] Engler | Myotubes differentiate optimally on substrates with tissue-like stiffness[END_REF][START_REF] Urciuolo | Engineering a 3D in vitro model of human skeletal muscle at the single fiber scale[END_REF]. Importantly, pathologies such as muscle dystrophies have been shown to alter muscle elasticity likely due to presence of fibrotic tissue, increasing its stiffness [START_REF] Engler | Myotubes differentiate optimally on substrates with tissue-like stiffness[END_REF] and thus likely affecting the MuSCs and myofibre formation.

Finally, one study combined ECM signalling and mechanotransduction, creating artificial fibres that, coupled with maintenance on media, specifically developed to promote quiescence and resulted in enhanced MuSC self-renewal in vitro [START_REF] Quarta | An artificial niche preserves the quiescence of muscle stem cells and enhances their therapeutic efficacy[END_REF]. The artificial scaffolds were made of COLI and their elasticity was tuned to around 1.3 kPa to maintain a MuSC undifferentiated state. Furthermore, the artificial fibres were coated with ECM proteins integrin α4β1, which bind the MuSC receptors VCAM and laminin, important components of the endogenous stem cell microenvironment. The artificial niche was completed with the quiescent media, a serum-free formulation containing molecules with the strongest ability to prevent quiescent MuSC from proliferating. The ability of the artificial niche to maintain MuSC function was tested by transplantation into regenerating muscles. MuSCs associated to the artificial fibres had a higher engraftment capacity than isolated MuSCs and almost comparable to that of MuSCs associated with their native fibres, demonstrating the importance of a niche-like environment in vitro for maintaining MuSC potency [START_REF] Quarta | An artificial niche preserves the quiescence of muscle stem cells and enhances their therapeutic efficacy[END_REF].

The study of ECM-MuSC interactions in vitro has not informed on the contribution of individual ECM components to MuSC activation and proliferation, but these investigations have resulted in significant developments regarding the culture of MuSCs in artificial niches.

Maintenance of MuSCs as engraftment-competent and obtaining an abundant number of cells are two important requirements when evaluating MuSC potential as a therapeutic agent [START_REF] Briggs | Recent progress in satellite cell/myoblast engraftmentrelevance for therapy[END_REF].

In conclusion, MuSCs reside in a highly specialised niche that reinforces their quiescent state in homeostatic conditions. Upon muscle injury, this environment dramatically changes to promote cell proliferation and subsequent muscle regeneration. The plasticity of the niche is regulated by the MuSCs themselves and the other muscle-resident populations, and its coordinated action is needed to ensure a fine control of niche composition. (Comai and Tajbakhsh, 2014). Notably, Myog-null homozygous animals die at birth due to major skeletal muscle defects (Hasty et al., 1993;Nabeshima et al., 1993) and myoblasts lacking this gene do not fuse to form fibres in vivo, thus accumulating in the muscle-forming areas throughout the body. The residual fibres observed in some areas appear to be the result of primary myogenesis in dorsal muscles, but they are also severely disorganized (Nabeshima et al., 1993;Venuti et al., 1995). These and other studies have underscored the critical role that Myog plays in myogenic differentiation.

RESULTS

INTRODUCTION

Adult muscle regeneration depends on muscle stem cells (MuSCs) and is characterised by the expression of Pax7 (Lepper et al., 2011;Murphy et al., 2011;Oustanina et al., 2004;Sambasivan et al., 2011a;Seale et al., 2000). Upon muscle injury, MuSCs activate the expression of Myod, proliferate to generate myoblasts that will differentiate and fuse to form myofibres. Terminal myoblast differentiation is characterised by the expression of Myog and cell cycle withdrawal (Andrés and Walsh, 1996;Guo et al., 1995;Zhang et al., 1999).

Unexpectedly, ablation of Myog at late fetal and postnatal stages does not impair muscle homeostasis, as conditional knock-out of Myog at birth resulted in normal skeletal muscle development, suggesting that Myog -/-myoblasts can contribute to muscle growth and homeostasis (Knapp et al., 2006;Meadows et al., 2008). As myoblasts differentiate, they lose their proliferative capacity and exit the cell cycle. It is known that Myog expression precedes that of p21, a cyclin-dependent kinase inhibitor that regulates cell cycle exit (Andrés and Walsh, 1996;Guo et al., 1995). Experiments using the nucleotide analogue BrdU have shown that MYOG positive cells can undergo DNA replication (Andrés and Walsh, 1996), but it is not known how many divisions they can execute before definitively leaving the cell cycle.

Different reporter mouse lines have been generated to fluorescently label the Pax7 + muscle progenitor population, either from the endogenous locus (Kitajima and Ono, 2018;Sambasivan et al., 2009) or as transgenes (Bosnakovski et al., 2008;Sambasivan et al., 2009;Tichy et al., 2018) thereby allowing imaging and isolation of Pax7-expressing cells. Additionally, inducible reporters in which expression of the Cre recombinase under the control of the Pax7 promoter recombines a membrane or cytoplasmic fluorophore (Lepper et al., 2009;Mourikis et al., 2012;Murphy et al., 2011) have been used for permanent marking the myogenic lineage (Addicks et al., 2019;[START_REF] Baghdadi | Notch-Induced miR-708 Antagonizes Satellite Cell Migration and Maintains Quiescence[END_REF]Evano et al., 2020a) and for live imaging (Webster et al., 2016).

Although several reporter mouse lines have been generated to identify differentiating myoblasts based on expression of Myosin light chain (Kelly et al., 1995), Myog (Edmondson et al., 1992;Grieshammer et al., 1998;Yee and Rigby, 1993) and Muscle creatine kinase (Johnson et al., 1989)), they are based on lacZ (β-galactosidase activity, (Jacob and Monod, 1961)) or cat (chloramphenicol acetyltransferase, (Gorman et al., 1982)) expression and thus only allow endpoint measurements of fixed samples. Therefore, to investigate events dynamically leading to myogenic differentiation and cell cycle withdrawal by live imaging in vitro and in vivo, a fluorescent reporter line is needed. Here, we generated a homozygous viable mouse line expressing a nuclear localised tandem-dimer Tomato (tdTOMATO) protein under the control of the endogenous Myog locus, while expressing MYOG protein. We show that heterozygous

Myog ntdTom mice exhibit robust reporter gene expression in fixed and live myogenic cells thus allowing in vitro and intravital microscopy studies of the dynamics of muscle differentiation.

RESULTS

Generation and characterisation of Myog ntdTom mouse

Using the CRISPR-Cas9 system, a sgRNA was designed to target the region of the STOP codon of the Myog gene for homologous recombination. The recombination template consisted of two homology arms corresponding to Myog sequences flanking the STOP codon, a tdTomato coding sequence and a Neo resistance cassette flanked by frt sites (Figure 1A). The tdTOMATO protein was preceded by a T2A peptide sequence (Ryan et al., 1991) to allow cleavage from the MYOG protein following translation, and a triple NLS sequence (Kalderon et al., 1984) to ensure nuclear localisation.

Endogenous fluorescence of tdTOMATO in heterozygous Myog ntdTom embryos was detected at different embryonic stages in the somites, which are transient embryonic structures arising from the segmentation of the paraxial mesoderm, and followed a similar expression pattern to that of Myog transcripts (Cheng et al., 1992) (Figure 1B). To assess the embryonic co-expression of MYOG and tdTOMATO at the single cell level, cryosections from extraocular, tongue, masseter, limb and back muscles were examined during primary (E12.5) and secondary (E14.5) myogenesis where small oligo-nucleated and larger multi-nucleated myofibres are generated, respectively. Quantification of protein expression in different muscles confirmed an average co-localisation of both proteins in 97% and 95% of the cells at E12.5 (Figure 2A) and E14.5

(Figure S1A), respectively.

To investigate the expression of the targeted allele in more detail, we assessed the temporal expression dynamics of MYOG and tdTOMATO proteins by whole mount immunostaining at E10.5 and compared the somitic expression of MYOG and tdTOMATO in wild-type, heterozygous and homozygous embryos (Figure 2B, Supplementary Videos 1-3). We confirmed that tdTOMATO followed the expression pattern of MYOG in all somites, indicating that both proteins have similar spatiotemporal expression dynamics.

The majority of adult MuSCs are quiescent during homeostasis, therefore virtually no MYOG + mono-nucleated cells are detectable in the adult muscle (Gattazzo et al., 2020). To assess the fidelity of the reporter mouse in adult myoblasts, Myog ntdTom animals were crossed with Tg:Pax7-nGFP mice, where GFP marks all MuSCs (Sambasivan et al., 2009) and allows their isolation for in vitro differentiation studies. MuSCs were isolated by FACS based on GFP expression, then differentiated in vitro for 5 days. In agreement with our results in the embryo, MYOG and tdTOMATO expression were co-localised in about 95% of the cells (Figure 2C).

We then collected tissue samples from E14.5 fetuses and adult myoblasts that were activated in vitro and performed RT-qPCR and Western blot analysis to confirm that Myog mRNA and protein levels were similar in wild-type, heterozygous and homozygous animals. Primer pairs were designed to amplify specifically the wild-type allele or the tdTomato allele, and one primer set amplified both (Figure S2B). This analysis showed that Myog heterozygous and homozygous KI embryos expressed similar levels of Myog mRNA, and confirmed that no Myog wild-type transcript could be detected in the homozygous embryos. As expected, the levels of Myog ntdTom mRNA were the highest in homozygous samples, decreased to roughly 50% in the case of the heterozygous, and was not detected in wild-type embryos (Figure 2D). Similar results were obtained with adult samples, where no significant differences were observed in total Myog expression between wild-type, heterozygous and homozygous animals (Figure 2E).

At the protein level, we noted similar expression levels of MYOG in embryos from all three genotypes, whereas the tdTOMATO protein was absent in wild-type samples (Figure 2F).

Therefore, we conclude that MYOG protein was generated from transcripts that originated from both alleles.

As indicated above, the knock-in (KI) strategy was designed to be non-disruptive and allow normal MYOG protein expression from the recombined alleles. Given that Myog null mice are lethal at birth, and our Myog ntdTom/ntdTom knock-in mice were viable, we propose that sufficient levels of MYOG are produced from the targeted allele. Nonetheless, a decrease in MYOG intensity was detected by immunofluorescence in homozygous Myog ntdTom/ntdTom embryos and in vitro myoblast cultures from homozygous animals (Figure 2C, Figure S1C). This decrease was not observed in heterozygous samples, thus we decided to use heterozygous animals in our subsequent experiments.

In summary, tdTOMATO faithfully recapitulates the expression of MYOG protein in embryonic and adult muscle, and its insertion at the Myog locus does not impair significantly the expression of this gene at the mRNA and protein level.

Myog ntdTom mice allow isolation of differentiating myoblasts at different stages

To assess the expression of tdTOMATO in homeostatic conditions by flow cytometry, we isolated the mononuclear population from limb muscles at E18.5, p21 and p70. tdTOMATO fluorescent cells were detected at embryonic and post-natal stages where myogenesis was still taking place. Expectedly, only a low number of tdTOMATO + cells was present in adult muscle (Figure 3A).

During muscle regeneration, muscle stem cells activate and proliferate to give rise to myoblasts that will differentiate and fuse to form new fibres. To determine if tdTOMATO followed the expression dynamics of MYOG during adult muscle regeneration and tdTOMATO + cells could be isolated by FACS, an injury was induced in the Tibialis anterior (TA) of Tg:Pax7-nGFP;

Myog ntdTom/+ mice by an intramuscular injection of snake venom toxin (cardiotoxin) (Gayraud-Morel et al., 2009). For each mouse, one TA muscle was cryopreserved for sectioning and staining whereas the contralateral muscle was enzymatically digested to isolate the total mononuclear population from the muscle.

Hematoxylin and eosin staining of muscle cryosections showed a very similar regeneration phenotype between Myog ntdTom/+ and Myog +/+ mice (Figure S2A). Further analysis of TA sections at 5 days post injury (dpi) showed that endogenous tdTOMATO fluorescence could be detected without antibody staining (Figure S2B). Immunofluorescence for tdTOMATO and MYOG at 5 dpi indicated that the expression of these two proteins overlaps during adult muscle regeneration (Figure S2C), albeit tdTOMATO has a longer half-life than MYOG and persists for longer in the nuclei of regenerated myofibres (Figure S2C).

FACS analysis of samples from the timecourse following injury showed that as expected only a few tdTOMATO + cells were detected at the early 3 dpi time point, when myogenic cells are known to be maximally proliferating (Hardy et al., 2016;Webster et al., 2016) (Figure 3B).

tdTOMATO + cells were most abundant at 5 and 10 dpi, corresponding to a shift to differentiation of the myoblast population. As the major features of the regeneration process are completed by 3-4 weeks, the proportion of tdTOMATO + cells at 21 dpi was expectedly relatively low, corresponding to the progressive return to quiescence of the myogenic cells (Figure 3B).

To verify that the tdTOMATO + cells isolated by FACS corresponded to myoblasts that expressed MYOG, we isolated the tdTOMATO + population from a 5 dpi regenerating TA muscle. Fixation of cells immediately after sorting and staining for MYOG and tdTOMATO showed that 95% of isolated cells were positive for MYOG (Figure 3C), thereby confirming that tdTOMATO expression allows isolation of MYOG + cells by FACS.

Taken together, our results show that the Myog ntdTom KI mouse allows efficient isolation of the MYOG + population at different stages during development as well as from regenerating muscle.

Dynamics of Myog expression during terminal differentiation

To address the proliferative ability of Myog-expressing myoblasts, we took advantage of the tdTOMATO reporter to monitor Myog expression by live videomicroscopy of primary myoblasts in vitro. MuSCs from Myog ntdTom/+ ; Tg:Pax7-nGFP mice were isolated by FACS and plated for in vitro differentiation. After 80h of culture, live-imaging was started and images were acquired every 12 min until extensive myoblast fusion was observed.

By manually tracking individual cells and monitoring their differentiation status based on tdTOMATO fluorescence (Figure 4B), we observed that up to 35% of MYOG + cells underwent cell division during the imaging period (Figure 4A, Supplementary Video 4), indicating that some MYOG + cells remain competent for cell-division (Figure 4C). Having established that MYOG + cells can proliferate, we sought to quantify the number of divisions that they performed. Amongst all the MYOG + cells tracked, none of them divided more than once. In contrast, all MYOG -cells divided during the imaging period and performed 1.5 divisions on average during this time (Figure 4C). Therefore, using the Myog ntdTom reporter mouse, we show that a significant proportion of MYOG + cells can undergo one more cell division after turning on Myog.

Finally, to assess the potential of the Myog ntdTom mouse to monitor the dynamics of myogenic cells by intravital imaging, we made use of a combinatorial Pax7 CreERT2 ;R26 YFP ;Myog ntdTom mouse model which enables permanent labelling of Pax7-expressing cells following tamoxifen administration. We induced muscle regeneration by cardiotoxin injection in the upper hind limb and monitored the regeneration process by intravital imaging at different time points (Figure 4D). In accordance with the flow cytometry analysis, few MYOG + cells were detected at 3 dpi (upper panels), whereas an extensive proliferation of YFP + cells was taking place. Two days later, the population of tdTOMATO + myoblasts had significantly expanded, with some of these cells deriving from YFP-labelled myogenic cells (Figure 4D, middle panels, white arrows).

Finally, at 10 dpi, there was a sharp decrease in tdTOMATO + cells and YFP + cells were located in typical MuSC-position along the periphery of myofibres (Figure 4D, lower panels, white arrows).

We then sought to image the events taking place when MYOG was detectable using the Tg:Pax7-nGFP;Myog ntdTom double reporter mouse line to dynamically monitor muscle regeneration at 4 dpi. The two distinct progenitor and differentiated cell populations were identified by the GFP and tdTOMATO fluorescence respectively (Figure 4E, Supplementary Video 5). Cell migration along the fibre could be followed temporally (white arrows) and no significant bleaching was observed during the imaging period (~13h), thus confirming the robustness of the tdTOMATO reporter for live imaging experiments.

In summary, by combining the Myog ntdTom reporter mouse with different mouse models to label the progenitor population and their progeny, we were able to detect spatiotemporal tdTOMATO expression in vivo during muscle regeneration, thereby demonstrating its potential for monitoring the function and behaviour of the myogenic population during the regeneration process.

DISCUSSION

MYOG is a critical regulator of myoblast differentiation and fusion, being an essential factor for embryonic muscle development. In the present study we generated and characterised a novel mouse line to fluorescently label MYOG + cells by co-expression of the robust nuclear localised tdTOMATO protein from the endogenous Myog locus.

To characterise the properties of tdTOMATO + cells, we assessed its co-localization with MYOG during embryonic and fetal development, in adult primary myogenic cells by in vitro differentiation, and during adult muscle regeneration. Given that in all conditions virtually all cells we positive for both markers (<95% cells), we conclude that tdTOMATO marks MYOG + cells from development to adulthood. Furthermore, Myog levels from Myog ntdTom/+ animals were comparable to that of the WT. Expression of tdTOMATO allowed us to isolate the MYOG + population from developing embryos as well as adult regenerating muscle indicating the utility of this reporter mouse in isolating living myogenic cells that were previously inaccessible.

In addition, we demonstrated that the Myog ntdTom mouse reporter line can be used for studying the dynamics of myogenic differentiation in vitro. Single-cell tracking of differentiating primary myoblasts confirmed that about one third of MYOG + cells can divide in vitro and that they only undergo a maximum of one cell division during the tracking period. We note that we might have underscored the percentage of Myog-expressing cells that divided, as we are limited by the fluorophore maturation time. Reference measurements of maturation times have been performed in E. coli, where tdTomato was shown to have a t0.5 maturation of 1h at 37°C (Shaner et al., 2004).

Finally, we carried out preliminary proof of concept intravital imaging experiments on adult regenerating muscle and showed that tdTOMATO fluorescence is sufficient to follow MYOG + cells throughout the regeneration process. Several studies have performed intravital imaging of muscle tissue (Konagaya et al., 2020;Lau et al., 2016;Petkova et al., 2020;Webster et al., 2016), however, only two of them dynamically monitored the process of muscle regeneration (Konagaya et al., 2020;Webster et al., 2016). These two studies focused on the progenitor population by labelling PAX7 + cells, but they did not report on the dynamics of differentiation.

The Myog ntdTom described here allows the investigator to follow the dynamics of MYOG + cells during muscle regeneration in vivo, thus providing new possibilities for monitoring dynamic events involving differentiating cells.

MATERIALS AND METHODS

Mouse maintenance

Animals were handled according to national and European Community guidelines and an ethics committee of the Institut Pasteur (CETEA) in France approved protocols. Except when indicated otherwise, males and females of 2-4 months were used. Oligos containing a T2A (primers 5 and 6) (Ryan et al., 1991) peptide and a triple NLS sequence from SV40 large T (Kalderon et al., 1984) were annealed and sub cloned into a blunt pBluescript SK (+) plasmid. This plasmid was subsequently digested with NotI and KpnI and the T2A-NLS fragment was cloned into the AGS plasmid.

Generation of the

tdTomato was amplified by PCR from the initial AGS plasmid (primers 7 and 8) adding KpnI and FseI sites and subcloned into the AGS vector after the 3xNLS sequence.

An FNF cassette containing two FRT sites, and the NeoR/KanR gene under the control of the PGK promoter was amplified by PCR (primers 9 and 10) adding FseI and PacI sites. This fragment was subcloned into the AGS vector.

The highest scoring sgRNA sequence to target the Myog STOP codon region was determined using the guide design tool from crispr.mit.edu (Zhang Lab). Primers containing this targeting sequence (primers 11 and 12) were annealed and subcloned into the pU6-(BbsI) CBh-Cas9-T2A-mCherry vector (Addgene #64324) digested with BbsI.

Targeting of mES cells

The AGS-Myog-ntdTomato construct (linearized with PvuI) and the pU6 vector were electroporated in C57BL/6J mouse ESC. Following G418 (300 µg/mL) selection, positive clones were determined by PCR using primers 13, 14 and 15, yielding a 1.7 kb band for the WT and 1.2 kb for the mutant. Two positive clones were expanded and injected into C57BL/6J

blastocysts to generate chimeric mice in the Mouse Genetics Engineering Facility at the Institut Pasteur. Germline transmission was verified by PCR as previously described and F1 mice were crossed to Tg(ACTFLPe)9205Dym (Rodríguez et al., 2000) animals to excise the FNF cassette.

Excision of the FNF cassette and presence of the Myog-ntdTomato allele was verified by PCR using primers 16, 17 and 18 (Flp-recombined Myog-ntdTomato allele, 236 bp and WT allele 600 bp, Figure S3) and these primers were subsequently used for genotyping. F2 animals were backcrossed to C57BL/6J animals and Myog ntdTom/+ ; Tg(ACTFLPe) +/+ animals were selected for further characterisation.

Muscle injury

Mice were anesthetized with 0.5% Imalgene/2% Rompun and the TA muscle was injected with 50 µl of Cardiotoxin (10mM; Latoxan, L8102) diluted in 0.9% NaCl. Cells were plated onto Matrigel ® (Corning, 354248) coated dishes for 30 min at 37°C and cultured in growth media at 3% O2, 5% CO2, 37°C for the indicated time.

Isolation and culture of MuSCs

For immunostaining, cells were fixed in 4% paraformaldehyde (PFA, Electron Microscopy Sciences), permeabilised in 0.5% Triton X-100 (Merck, T8787) and blocked with 10% goat serum (GIBCO). Cells were incubated with the indicated primary antibodies overnight following by 45 min incubation with secondary antibodies and Hoechst (ThermoFisher, H1399).

Embryo immunofluorescence

For tissue immunofluorescence, embryos were collected in PBS and fixed in 4% paraformaldehyde (PFA, Electron Microscopy Sciences) 0.1% Triton X-100 (Merck, T8787)

for 2 h at 4°C. After 3 PBS washes, embryos were cryopreserved in 30% sucrose in PBS and embedded in tissue freezing media (Leica, 14020108926) for cryosectioning. Cryosections were allowed to dry for 30 min at room temperature and washed once with PBS. Tissue samples were blocked in 3%BSA, 10% goat serum, 0.5% Triton X-100(Merck, T8787) for 1 h at room temperature. Primary antibodies were diluted in blocking solution and incubated overnight at 4°C. After three PBS 0.1% Tween 20 (Sigma Aldrich, P1379) washes, secondary antibodies were diluted in blocking solution and incubated for 45 min at room temperature. Finally, samples were incubated with Hoechst 33342 (ThermoFisher, H1399) for 5 min at room temperature, washed three times in PBS and mounted in 70% glycerol for imaging.

For whole mount immunofluorescence, embryos were collected in PBS and fixed in 4% PFA (Electron Microscopy Sciences) 0.1% Triton X-100 (Merck, T8787) for 2 h at 4°C. After two PBS washes, samples were dehydrated in 50% methanol in PBS, 100% methanol, then cleared with BABB and mounted for imaging as described (Yokomizo et al., 2012). 
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Myogenin

Adult muscle histology and immunofluorescence

Injured TA muscles were processed for histology as described (Pawlikowski et al., 2015).

Briefly, tissues were fixed upon harvesting in 4% PFA (Electron Microscopy Sciences) for 2h at 4°C and incubated with 30% sucrose overnight. Samples were mounted for cryosection in tissue freezing media (Leica, 14020108926) and sectioned between 8-12 µm.

Tissue sections were post-fixed in 4% PFA for 10 min at RT and washed with PBS prior to immunostaining. Heat-induced epitope retrieval was performed in a citrate solution pH 6.0 during 6 min in a pressure cooker. Sections were then incubated with 30% H2O2 for 5 min at RT. Samples were then permealibilised with 0.2% Triton-X100 (Merck, T8787), washed in PBS and blocked in 5% BSA. Primary antibodies were incubated overnight at 4°C. After washing with PBS, appropriate secondary antibodies were incubated for 45 min at RT.

Western Blot

Embryos were collected in ice cold PBS and subsequently snap frozen in dry ice. Embryonic tissues were ground to a fine powder using a mortar and pestle on dry ice and lysed in RIPA 

RNA extraction

RNA from cells isolated by FACS was extracted using a Trizol-based kit (Zymo Research, R2061) and reverse transcribed using SuperScriptIII (Invitrogen, 18080093). RT-qPCR to assess for mRNA relative expression performed with SYBR green master mix (Roche, 04913914001) in Applied biosciences machine. Data analysis was performed using the 2 -ΔΔCT method (Livak and Schmittgen, 2001) and mRNA expression was normalized with Rpl13.

In vitro videomicroscopy

MuSCs were plated on a microscopy culture chamber (IBIDI, 80826) and cultured in growth media without phenol red (ThermoFisher, 21041025). The plate was incubated at 37°C, 5%

CO2, and 3% O2 (Zeiss, Pecon). A Zeiss Observer.Z1 connected to a Plan-Apochromat 20x/0.8 M27 objective and Hamamatsu Orca Flash 4 camera piloted with Zen (Zeiss) was used.

Static imaging

The following systems were used for image acquisition: Zeiss SteREO Discovery V20 microscope for whole embryos and LSM 780 laser-scanning confocal microscope for tissue sections and whole mount immunostaining of cleared embryos. In vitro culture samples were imaged with a Zeiss Observer.Z1. 

Intravital microscopy

Intravital imaging of

INTRODUCTION

MuSCs are essential for postnatal growth and repair of the skeletal muscle system (Lepper, 2011;Murphy, 2011;Sambasivan, 2011). In response to muscle tissue damage or growth factors in culture media, MuSCs activate, proliferate and undergo cell fate decisions to either self-renew to replenish the MuSC pool (expressing Pax7), or commit to the myogenic program and differentiate into myoblasts and fusion-competent myocytes (expressing Myod and Myog) (Zammit et al., 2006).

Several genetic and transcriptomic studies have shown that the MuSC population is heterogeneous. Certain subsets display phenotypic differences including being more prone to self-renewal or differentiation, or resistant to stress upon activation (Dell'Orso et al., 2019;Dumont et al., 2015;Morree et al., 2019;Rocheteau et al., 2012;Scaramozza et al., 2019;Tierney et al., 2016;Vartanian et al., 2019;Velthoven et al., 2017;Yartseva et al., 2020;Yennek et al., 2014). These studies have been limited to limb and trunk muscle groups, so it is currently unclear if these behavioural properties are shared among all the muscles groups along the body axis.

EOMs are derived from unsegmented cranial mesoderm and they are regulated by distinct transcriptional factors and signalling molecules when compared to the limb and trunk muscle groups that are derived from the segmented paraxial mesoderm (somites) (Michailovici et al., 2015;[START_REF] Sambasivan | An eye on the head: the development and evolution of craniofacial muscles[END_REF]. When the transcription factor Pax3 is inactivated, no limb muscles develop, yet cranial muscles including the EOMs are present (Sambasivan et al., 2009;Tajbakhsh et al., 1997). Conversely, mice lacking the transcription factor Pitx2 do not form EOMs whereas other cranial and somite derived muscles are unaffected (Zacharias et al., 2011).

Additionally, some muscle subsets, like the EOMs, are differentially affected in muscular dystrophies and during ageing, thus exposing another level of differential response in the context of disease (Emery, 2002;Formicola et al., 2014;Verma et al., 2017). Although single fibre proteomics and whole muscle transcriptional profiling revealed an extraordinary diversity amongst adult skeletal muscle groups (Murgia et al., 2015;Terry et al., 2018), the extent to which heterogeneities in gene-expression profiles of upstream MuSC populations confer the reported phenotypic differences has not been fully explored.

Similar to MuSCs derived from other craniofacial muscles (Ono et al., 2010), EOM stem cells have a greater proliferative capacity in culture when compared to those in the limb, with this property being conserved in EOM MuSCs derived from Mdx (mouse model of Duchenne muscular dystrohpy) and aged mice (Stuelsatz et al., 2015). Additionally, EOM stem cells have a higher engraftment capacity than limb MuSCs (Stuelsatz et al., 2015) and were shown to continuously contribute to myofibres in homeostatic conditions, suggesting a higher level of basal activation of the MuSC population (Keefe et al., 2015;Pawlikowski et al., 2015). Finally, recent work has investigated changes in the transcriptomic prolife of EOM stem cells after transplantation into limb muscle (Evano et al., 2020b). In spite of a large transcriptional reprogramming after transplantation, 10% of EOM specific genes persisted in a heterotypic niche environment, suggesting that cell autonomous regulation of MuSC properties predominates to a certain extent in EOM stem cells (Evano et al., 2020b). However, whether deeply-rooted gene regulatory networks exist within MuSCs subsets, and contribute to the maintenance of anatomically-distinct MuSC phenotypes remains largely unexplored.

Here, we used droplet-based scRNA-seq to investigate the transcriptional states that govern the outperformance of MuSC subsets during activation. By integrating genome-wide analysis with cell biology approaches using mouse reporter lines, we identified key regulators that confer distinct mesenchymal-like features to activated EOM stem cells. We validated the expression of extracellular matrix (ECM) components and isolated a subset of EOM activated MuSCs that displayed a high proliferative potential in vitro based on the expression of platelet-derived growth factor receptor beta (Pdgfrβ). Finally, computational analyses showed that this pool of EOM cells displays features of a more stem-like state, and it is actively maintained during in vitro activation through a specific set of transcription factors forming a co-regulatory module.

RESULTS

Functional differences among MuSCs are accompanied by heterogeneity in myogenic gene expression dynamics

To investigate the cellular basis for the outperformance of MuSC subsets upon exit from quiescence, we performed clonal and live imaging analysis in vitro. First, MuSCs from EOM and Tibialis anterior (TA) muscle were isolated by FACS using Tg:Pax7-nGFP mice (Sambasivan et al., 2009) and plated at clonal density in 96-well plates. In parallel, a fraction of the isolated cells was plated as a bulk culture, allowed to activate for 2 days in vitro, and reisolated and plated at clonal density (Figure 1A). The total cellular output in both cases was quantified two weeks after seeding. In accordance with a previous study (Stuelsatz et al., 2015), EOM MuSCs displayed a markedly higher clonal capacity than those from the TA muscle, with a mean of 1315 cells/clone and 186 cells/clone respectively (7-fold difference; Figure 1A,T1).

Surprisingly, the clonogenic properties of EOM stem cells were enhanced after 2 days of activation in vitro where they yielded 3656 cells/clone compared to 297 cells/clone for activated TA MuSCs (12-fold difference; Figure 1A,T2).

We then monitored their differentiation dynamics in vitro by live imaging using a novel Tg:Pax7-nGFP;Myog ntdTom mouse line (Benavente-Diaz et al., in preparation; Sambasivan et al., 2009) to isolate MuSCs by FACS and then monitor Myog expression appearance using a nuclear localised tdTOMATO fluorescent reporter. After activation for 3 days in vitro, EOM and TA cells were imaged every 12 min for ~48h. Individual cells were tracked and tdTOMATO intensity was scored at selected time points (Figure 1B). EOM and TA MuSCs displayed distinct profiles of lineage progression, where TA myogenic cells initiated reporter gene expression earlier than EOM cells (Figure 1B). The percentage of Myog-expressing cells sharply increased in the TA from 5% at 80h post-plating to 40% at 96h. In stark contrast, only ~7% of EOM cells were tdTOMATO + by 96h in vitro (Figure 1C). Since Myog expression is followed by cell-cycle withdrawal and terminal differentiation (Andrés and Walsh, 1996;Guo et al., 1995), a delay in its expression could allow for sustained proliferation of EOM MuSCs. We performed RT-qPCR at 48h post-plating and assessed the expression of key myogenic transcription factors and the cell cycle inhibitor p21, which regulates cell cycle exit during myoblast differentiation (Guo et al., 1995;Zhang et al., 1999).

In agreement with our live imaging data, Myog mRNA was significantly upregulated in TA activated MuSCs compared to EOM, concomitant with an increase in p21 mRNA (Figure 1D). No significant differences were found in Pax7 nor Myod expression (Figure 1D). Interestingly, activated EOM MuSCs from E18.5 and P21 stages (when extensive muscle growth is taking place) recapitulated this phenotype (Figure S1A). Therefore, our results suggest that a delay in the differentiation of EOM MuSCs might contribute to the higher number of myogenic cells produced compared to TA cells, and this property is conserved from development to adulthood.

Activated EOM cells include a large progenitor pool that harbours a mesenchymal signature

To gain insights into the potential mechanisms that regulate the phenotypic differences and cell fate decisions between EOM and TA MuSCs, we performed scRNA-seq of in vitro activated MuSCs using the 10x Chromium platform. We first isolated EOM and TA MuSCs by FACS from Tg:Pax7-nGFP mice and cultured them in vitro for 4 days. Cell cultures were subsequently trypsinized, cell-sorted and processed for scRNA-seq (Figure 2A). Unsupervised clustering divided cells into 2 clusters per sample (Figure 2B) that were annotated as progenitors (Prog) or differentiating (Diff) based on the expression of known myogenic makers, such as Pax7/Myf5 and Myod/Myog (Figure 2B, Figure 2C). Notably, Myod expression was not uniformly distributed between EOM and TA subpopulations, where the EOM progenitor fraction expressed Myod at lower levels and in a lower fraction of cells compared with the TA myogenic cells (Figure 2B, Figure 2C).

Analysis of differentially expressed genes (DEGs) across these clusters showed that each cell state had a distinct transcriptional pattern (Figure 2D). However, TA progenitors shared some markers with the TA differentiating cells (Acta1, Tnnt2, Mylpf), suggesting that these two clusters are closer at a transcriptional level than their EOM counterparts (Figure 2D). Similarly, EOM and TA differentiating cells shared part of their signature (Myog, Mymx, Myh3).

Reactome pathway analysis of the DEGs provided insights into the prospective functional heterogeneity associated with each transcriptomic signature (Figure 2E, Figure S2A). Multiple pathways involved in ECM organisation were characteristic of EOM progenitors (ECM proteoglycans, crosslinking of collagen fibrils, integrin cell surface interactions). On the other hand, EOM and TA differentiating cells were enriched in pathways involved in striated muscle contraction and creatinine metabolism, which are associated with maturation of skeletal muscle. Also, as suggested by the DEG heatmap, TA progenitors shared common pathways with the differentiating clusters.

Analysing the molecular function of the DEGs revealed that EOM progenitors were also specifically enriched in different transmembrane proteins such as receptors for platelet-derived growth factor (Pdgfrβ), insulin like growth factor (Ilgf) and integrins (Figure 2F, Figure S2B).

Thus, the combination of the two analyses uncovered a mesenchymal-like ontology enrichment in EOM progenitors.

EOM stem cell activation involves extensive ECM remodelling

Given the well-established role of ECM synthesis and remodelling on MuSC proliferation and self-renewal (Baghdadi et al., 2018a;Rayagiri et al., 2018;Tierney et al., 2016;Yin et al., 2013), we sought to further characterise the EOM and TA signatures using the Matrisome database (Matrisome DB) (Naba et al., 2015), which compiles in silico and experimental data on ECM constituents. We first identified the components of the Matrisome DB present in our single-cell dataset and created a global score for ECM component expression (Figure 3A) (see Material and Methods). Significantly, the EOM progenitor cluster had the highest matrisome score, while no major differences where observed within the other clusters (Figure 3A).

Next, we identified the matrisome components that were differentially expressed in each cluster (Prog or Diff) and divided them into core matrisome and matrisome-associated factors (Figure S3A-B). Again, the EOM progenitor cluster expressed the highest number of genes for each category when compared to the other clusters (Figure S3A-B).

We then validated some of the matrisome candidate genes (Figure 3B) at the protein level in activated MuSCs. EOM and TA MuSCs were isolated by FACS, cultured in vitro for 4 days and protein expression was assessed by immunofluorescence or Western blot (Figure 3C).

Quantification of protein expression by

Western blot confirmed that EOM stem cells produce higher levels of MGP (Figure 3D). This factor has been described in C2C12 to increase during in vitro differentiation and promote myotube formation through regulation of myostatin (Ahmad et al., 2016). However, Mgp expression was not detected in TA MuSCs at the mRNA nor protein level and its exclusive expression in EOM progenitors (Figure 3B) suggests that it might play a different role in MuSC activation. Interestingly, MGP has been described to promote proliferation in several tissues (Kuronuma et al., 2020;Li et al., 2020a). SPARC was also found to be upregulated in EOM cells by Western blot, although the differences in expression by immunofluorescence were less striking, likely due to the fact that this technique can only detect the intracellular protein pool (Figure 3E). Sparc activity is context dependent and has been shown to promote or suppress proliferation in different cell types (Cho et al., 2000;Jing et al., 2019;Melouane et al., 2018;Said et al., 2013). Therefore, its specific function in EOM progenitors remains to be elucidated. Immunostaining for Fibronectin 1 (FN1) showed a marked difference in fluorescence intensity between EOM and TA cells, confirming that EOM cells express higher levels of this protein (Figure 3E). Given that Fn1 secretion by MuSCs promotes MuSC expansion in a cell autonomous manner (Bentzinger et al., 2013b), the distinct expression of Fn1 might contribute to maintenance of the progenitor population during EOM stem cell activation. EOM cells also had higher levels of COLIV, a key component of the MuSC in vivo niche (Fox et al., 1991). Although fibroblasts are known to be the major source of this secreted protein (Zou et al., 2008), MuSCs were reported to contribute to COLIV secretion as well (Baghdadi et al., 2018a;Kühl et al., 1984).

Altogether, this analysis showed that EOM progenitors express a wide range of ECM-related factors that may endow them with a higher remodelling capacity of their immediate niche and promotion of an undifferentiated state.

PDGFRβ expression marks a highly-proliferative EOM MuSC subpopulation

Different studies have reported that ECM secretion and receptor ligand interactions can direct MuSC behaviour in a cell-autonomous manner (Baghdadi et al., 2018a;Tierney et al., 2016).

From the analysis in Figure 2F, PDGF signalling, was selected for further analysis. Pdgfrβ is a tyrosine-kinase receptor commonly expressed by pericytes (Hellström et al., 1999;Soriano, 1994) and it is involved in multiple signalling pathways that regulate cell migration, proliferation and differentiation (Heldin and Westermark, 1999). Since Pdgfrβ had not been described in MuSCs to-date, and Pdgfrβ is differentially expressed in EOM progenitors (Figure 4A), we investigated its expression dynamics at different timepoints following activation (Figure 4B). PDGFRβ was first detected at D3 in a few EOM cells (Figure 4B, Figure 4C).

The percentage of PDGFRβ expressing cells steadily increased at D4 (13%) and D6 (75%) (Figure 4B, Figure 4C). In contrast, PDGFRβ was not expressed in TA cells at any timepoint.

To assess the phenotypic properties of PDGFRβ + cells, we isolated this subpopulation by FACS from in vitro activated EOM cells using a PDGFRβ antibody. The flow cytometry analysis corroborated the scRNA-seq and immunofluorescence data, where PDGFRβ was exclusively detected in EOM samples (Figure S4A).

To distinguish the functional properties of PDGFRβ + and PDGFRβ -EOM cells, we sorted both subpopulations from EOM cultures at D4 and cultured them in growth promoting conditions for additional 24h (Figure 4D). Cells were treated with the thymidine analogue 5-Ethynyl-2'deoxyuridine (EdU) for 2h prior to fixation to monitor cell proliferation. PDGFRβ + cells had a significantly higher proliferative capacity as measured by the total nuclear output and incorporation of EdU compared to PDGFRβ -cells (Figure 4D). Although the percentage of MYOD-expressing cells was not overtly different between the two populations, MYOG was expressed by over 50% of PDGFRβ -cells, whilst being detected in only 7% of PDGFRβ + cells (Figure 4D). Therefore, the PDGFRβ + myoblast subpopulation is characterised by a higher proliferative potential and decreased differentiation status.

The EOM transcriptomic signature is maintained through a unique transcription factor network To identify the underlying programs of myoblast heterogeneity between the two muscle groups, we inferred single cell regulatory networks using pySCENIC (Aibar et al., 2017;Sande et al., 2020). SCENIC uses co-expression patterns and transcription factor binding motifs to expose 'regulons" (transcription factors and their putative targets). This pipeline generates a new matrix comprising the activity of each regulon, in each cell (Figure 5A). As expected, regulons associated with myoblast differentiation such as Myod, Myog and Mef2 family were found to be specifically active in differentiated cells of both EOM and TA (Figure 5B). It is worth noting that the top 5 regulons of the TA progenitors were also found to be active in EOM progenitors, whereas the top 5 regulons of EOM progenitors were unique to this cluster (Figure 5B). EOM progenitors were characterised by a unique signature of regulons involved in connective tissue/ECM remodelling (Egr1 (Havis and Duprez, 2020)), cell proliferation, vascular and smooth muscle formation (Foxc1 (Han et al., 2017;Whitesell et al., 2019;Yang et al., 2017).

To visualise the potential interactions between these regulons, we built a network restricted to transcription factors. To do so, target genes that were not at the head of regulons themselves were removed (Grimaldi et al. in preparation) (see Material and methods) (Figure 5B). This results in a visual representation where each node is an active transcription factor and each edge is an inferred regulation between two transcription factors. When placed in a force-directed environment, these nodes aggregate based on the number of shared edges. Thus, we were able to highlight associated and co-regulating transcription factor modules. Strikingly, the transcription factors of the most specific regulons of each cluster preferentially organised as tightly related modules (Figure 5C). In agreement with our previous analyses, the known coregulating transcription factors found in differentiated cells (Myod,Myog,Mef2a,Mef2c,Myf6) formed a tight module in this visualisation (Figure 5C, common differentiating category).

Interestingly, the TA muscle progenitor module was composed of genes that were reported to be required for limb embryonic development (Hox genes, Lbx1) (Gross et al., 2000;Pineault and Wellik, 2014;Swinehart et al., 2013). Notably, Hoxa10, a determinant for limb axial identity during embryonic development, was also found to be required for proper adult MuSC function in the adult muscle (Yoshioka et al., 2020). Within the EOM progenitor module, apart from the previously described Foxc1 and Egr1 transcription factors, the presence of Pax7 and Hes1 (a readout for Notch activity) suggested that this local network might promote their activity and thus support the maintenance of quiescence (Baghdadi et al., 2018a;Mourikis et al., 2012;Olguin and Olwin, 2004;[START_REF] Relaix | A Pax3/Pax7dependent population of skeletal muscle progenitor cells[END_REF].

Further, we investigated the regulation of EOM top DEGs by its transcription factor module, and generated a new network displaying the regulatory relationships between EOM top regulons and EOM top DEGs (see Material and methods) (Figure 5D). The size of the green circles refers to the node degree, i.e. the number of regulations it harbours. In this analysis, Egr1 was one of the most active regulons of the EOM regulating a large number of top DEGs. This transcription factor has been reported to promote the expression of multiple ECM-related genes in various tissue types such as tendons (Gaut et al., 2016;Guerquin et al., 2013;Wu et al., 2017) and adipose tissue (Milet et al., 2017). Amongst the targets of the top regulons, we observed several candidates that we have validated at the protein level such as Sparc, Mgp, Fn1, Col4a1 and Pdgfrβ (Figure 3D-E, Figure 4B). Fos and Egr1 appeared as important regulators in EOM progenitors and have been reported as part of a stress signature following tissue dissociation (Machado et al., 2020b). The authors showed that the dissociation procedure downregulated expression of quiescent markers, upregulated Myod and induced the expression of early response genes, including Egr1/2/3, a number of oncogenes, like c-myc and members of the AP-1 transcription factor family, like c-Fos and c-Jun. In our dataset, the expression of these genes (i.e. the StressIndex) was correlated with the expression of Pax7 and anti-correlated with the expression Myod (Figure S5A-B).

However, when we applied a regression of the StressIndex and removed these genes from the count matrix, the general aspect of the data did not change (Figure S5). In addition, Fos and Egr1 were specifically found as active regulons in EOM progenitors, pointing at a role of these genes in the EOM independently of the stress response.

Taken together, these analyses revealed a unique regulatory network in the EOM progenitors, tightly associated with the regulation of quiescence genes such as Pax7 and Hes1, as well as ECM components (Col4a1, Fn1, Sparc) and membrane receptors (ex. Pdgfrβ).

Transcription dynamics reveal EOM and TA disparities in progenitor-state maintenance

From the analysis above, it appears clear that EOM MuSCs possess an unusual transcriptomic state that may repress myogenic commitment and maintain a more "stem-like" state. To assess the dynamic control of the balance between committed cells and progenitors through activation, we inferred RNA velocity using scvelo (Bergen et al., 2020). RNA velocity refers to the local changes in the relative amount of unspliced and spliced variants, which depend on the rates of transcription, degradation and splicing [START_REF] Manno | RNA velocity of single cells[END_REF]. Such methods allow to impartially reveal the directional trajectories of scRNAseq data. In addition, scvelo (Bergen et al., 2020) provides major improvements from previous methods [START_REF] Manno | RNA velocity of single cells[END_REF] in accuracy and quality control and allows the identification of "driver genes". This term refers to the most transcriptomically dynamic genes in a given cluster that are responsible for most of the inferred RNA velocity, and thus underlie its transitional trajectory.

We applied the scvelo pipeline to EOM and TA datasets independently, and examined the directional trajectories underlying commitment and progenitor maintenance (Figure 6A-B).

Two distinct velocity streams stood out in both datasets, towards differentiation (Myog High ) and towards a progenitor-state (Pax7 High ). Strikingly, larger fraction of EOM cells appeared to transition towards a progenitor state compared with the TA (Figure 6A-B). Conversely, most cells in the TA appeared to be directed towards differentiation, consistent with an overlapping transcriptomic profile with differentiating cells, shown as top DEGs (Figure 2B) and regulatory networks (Figure 5C). These trajectories did not appear to be specifically correlated with cell cycle phases (Figure S6A-B), which was shown to influence transcriptomic data in some cases (McDavid et al., 2016). Hence, the velocity streams observed are most likely to reflect transitions between distinct cell states instead of the cell cycle progression of a homogeneous cell state.

Using scvelo built-in functions, we extracted the top driver genes underlying the velocity towards the progenitor state in both datasets (Figure 6C-D). Out of the top 100 driver genes, 30 were common to both datasets, including ColV, which was described to play a role in maintenance of quiescence (Baghdadi et al., 2018a) (Figure 6E). We assessed the GO molecular functions associated with these driver genes to expose the unique and shared pathways employed by both datasets during myogenic progenitor maintenance (Figure 6F). In agreement with our previous results, this transition was characterised by the active upregulation of ECM components specifically in the EOM. Interestingly, EOM unique driver genes included Igfbp7 (Insulin growth factor binding protein 7), a negative regulator of insulin growth factor (IGF) intake, which has been shown to promote differentiation notably in the EOMs (Allen and Boxhorn, 1989a;Willoughby et al., 2012). By binding IGFs, IGFBPs regulate their action and repress myogenic differentiation (Damon et al., 1997;JONES and CLEMMONS, 1995;Li et al., 2020b). Igfbp7 and Igfbp2 were found to be specific to the EOM progenitors, complementary to the expression of Igf1 from differentiating cells, while Igf1r and Igf2r are expressed throughout both datasets (Figure S7). Additionally, Igfbp7 has been found to be a specific marker of quiescent MuSCs that is downregulated upon activation (Fukada et al., 2007). This suggests a unique mode of repression of myogenesis through the regulation of IGF intake in EOM progenitors. Myog were absent from both populations (Figure S8A). When performing differential gene expression analysis, we found several common genes between the quiescent and activated states (Figure S8B). Amongst these genes was Pitx2, a major upstream regulator of EOM development (Gage et al., 1999) and Egr1, one of the most active regulons in EOM progenitors regulating the expression of multiple ECM components (Figure S8B). Additionally, Igfbp7 was differentially expressed in EOM MuSCs (Figure S8B), underscoring the similarities between the EOM progenitors in vitro and EOM quiescent MuSCs in vivo.

Taken together, these results highlight an active maintenance of a progenitor pool that partially overlaps with the quiescent state during EOM MuSC activation, possibly through the steady induction of inhibitory signalling cues.

DISCUSSION

One of the fundamental, yet unanswered questions in stem cell and regenerative biology regards the mechanisms that allow an orchestrated balance between proliferation, differentiation and self-renewal. Most studies to date on adult and developmental myogenesis have focused on trunk and limb muscles and only a handful of transcription factors and signalling pathways have been identified as hallmarks of specific muscle groups. In this study we performed scRNA-seq accompanied by in vitro experiments to characterise the GRN underlying the functional heterogeneity of MuSCs derived from different muscles, taking as EOM and TA MuSCs as archetypes for high and low performing subpopulations.

EOM MuSCs are refractory to in vitro differentiation

Although cranial derived MuSCs were previously described to be more proliferative and to have a higher engraftment capacity than trunk MuSCs (Ono et al., 2010;Randolph and Pavlath, 2015;Stuelsatz et al., 2015), the mechanisms responsible for these phenotypic differences remained elusive. As these features depend on the balance between proliferation and differentiation, one possibility is that different upstream regulators define the pace at which MuSCs progress in the lineage in diverse anatomical positions.

Here, by monitoring Myog expression, we showed that EOM MuSCs have a lower propensity to differentiate following activation and thus persist as a proliferating population. As foetal and early postnatal EOM MuSCs are also refractory to differentiation, we propose that this property might be hardwired to some extent by unique GRN that are retained throughout development and adulthood. In addition, a recent study showed that limb MuSCs cells isolated at birth displayed a delayed progression in the differentiation program compared with their postnatal counterparts (Gattazzo et al., 2020). Therefore, is tempting to speculate that EOM MuSC may retain features of the respective foetal precursor cells.

EOM progenitors exhibit a mesenchymal genetic signature upon activation

Recent scRNA-seq analyses have provided some insights into the transcriptional landscape regulating MuSC quiescence, activation and self-renewal on somite-derived muscles (Dell'Orso et al., 2019;Hernando-Herraez et al., 2019;Machado et al., 2020a;Yartseva et al., 2020). To characterise these processes in cranial MuSCs, we performed scRNA-seq analysis of activated EOM and TA MuSCs. Distinct transcriptional profiles divided the myoblast pool into two subpopulations: those that resembled progenitors and those that were differentiating. The EOM progenitor population was characterised by a higher Pax7 and lower Myod expression that was reminiscent of in vitro reserve cells (Laumonier et al., 2017;Yoshida et al., 1998) and ontology analysis of its DEGs revealed a surprising enrichment in ECM organisation processes and Pdgf signalling. In addition to Pdgfrβ, which is a well-known pericyte marker (Lindahl et al., 1997), EOM cells express Acta2 (alpha smooth muscle actin) which is involved in the contractile apparatus of smooth muscle and also used as a FAPs marker (Joe et al., 2010;Uezumi et al., 2010). However, while the EOM progenitor fraction expressed Fbn1 and Loxl1, which are markers of a new subtype of FAPs identified by scRNA-seq of whole muscle (Rubenstein et al., 2020), they were negative for canonical FAPs and pericyte markers such as Pdgfrα (Joe et al., 2010;Uezumi et al., 2010) and Cspg4 (Ng2) (Birbrair et al., 2013a), respectively. This mesenchymal-like signature was validated in vitro, confirming the higher ECM secretion capacities of EOM MuSCs. Isolation of EOM cells by FACS based on PDGFRβ expression allowed us to investigate the characteristics of this subpopulation. Interestingly, PDGFRβ + cells were less differentiated and had a higher proliferation capacity than PDGFRβ - cells. PDGFRβ expression appeared in confluent EOM cultures suggesting that it might be regulated by cell density and/or factors secreted by differentiated cells.

Different studies have suggested that PDGFRβ is induced upon NOTCH signalling (Gerli et al., 2019;Jin et al., 2008). In MuSCs, treatment with the NOTCH and PDGFRβ ligands (DLL4 and PDGF-BB respectively) enhanced migration, expression of stem cell markers and perivascularlike features in MuSCs (Gerli et al., 2019), as reported in embryonic myoblasts (Cappellari et al., 2013). Given that PDGFRβ and several Notch pathway components are co-expressed in EOM progenitors, cross-talk between these pathways might be taking place in this subpopulation.

A unique network of transcription factors maintains the EOM progenitor pool

Analysis of single cell regulatory networks (SCENIC) revealed a unique set of regulons whose activity was restricted to EOM progenitors. Two of the most active regulons in this cluster were Foxc1, which has been described as a pro-mitogenic factor in the cancer field (Yang et al., 2017) and Egr1, which was shown to promote the expression of many ECM-related genes in different tissues (Gaut et al., 2016;Guerquin et al., 2013;Milet et al., 2017;Wu et al., 2017).

Interestingly, Foxc1 and Ebf1 were found to underlie EOM non-myogenic cell fate during embryonic development (Grimaldi et al. in preparation). Both of these transcription factors were found to be active in our study, suggesting that they might be continuously active from development to adulthood specifically in the EOM. It is tempting to speculate that a common regulatory module allows the establishment and maintenance of a MuSC subpopulation in the EOMs that retains mesenchymal features.

When assessing the interactions between these transcription factors, the regulons of EOM progenitors clustered together in a regulatory module including Pax7 and the Notch target Hes1, supporting our hypothesis that these cells are in a more stem/progenitor state. Visualisation of the top DEGs with the top regulons showed that Egr1 regulates a large number of transcripts including experimentally validated ECM components and Pdgfrβ.

Finally, to investigate the maintenance of this stem state during EOM activation we used RNA velocity to infer the different directional trajectories and their driver genes. The proportion of cells transitioning to a more progenitor state was higher in the EOM when compared to TA, and this progenitor stream was driven by a specific gene set. Amongst these genes there was an enrichment of ECM-related factors, underscoring its active role in the maintenance of a less differentiated state. Additionally, we hypothesize that Igfbp7, a unique EOM driver gene, contributed to the maintenance of the progenitor pool by negatively regulating IGF-dependent myogenic differentiation. The similarity of the EOM progenitor population to quiescent MuSCs was confirmed by scRNA-seq profiling of the latter population. Similar to the EOM progenitors, quiescent MuSCs expressed a higher number of ECM-related factors amongst which we could find Igfbp7.

CONCLUSION

Using in vitro and in silico approaches, we propose a model where the outperformance of EOM MuSCs depends on the expression of a tightly associated module of transcription factors regulating a characteristic and distinct pattern of ECM-remodelling factors, cell receptors and growth factor binding proteins. These components define the pace at which EOM stem cells progress through the myogenic lineage and maintenance a stem-like population. As such, our study lays the groundwork for elucidating the mechanisms of selective sparing of muscle groups in dystrophic disease by providing information on core gene regulatory networks.

MATERIALS AND METHODS

Animal care

Animals were handled according to national and European Community guidelines and an ethics committee of the Institut Pasteur (CETEA) in France approved protocols. Except when indicated otherwise, males and females of 2-4 months were used. Tg:Pax7-nGFP (Sambasivan et al., 2009) and Myog ntdTom (Benavente-Diaz et al., in preparation) mouse lines were maintained in a C57Bl/6JRj background.

MuSC isolation by FACS and cell culture

Muscles were dissected and minced in ice-cold DMEM. Samples were then incubated in DMEM (Fisher Scientific, 11594446), 0.08% Collagenase D (Sigma, 11088882001), 0.2% Trypsin (ThermoFisher,15090) and 10 µg/mL of DNAseI (Sigma, 11284932) for 25 min at 37°C under gentle agitation for 5 rounds of digestion. After each round, samples were allowed to precipitate for 5 min, the supernatant was collected on 4ml of Foetal Bovine Serum (FBS) on ice and fresh digestion buffer was added to the remaining muscle pellet. The collected supernatants were centrifuged for 15 min at 550 g at 4°C, resuspended in DMEM 2% FBS and filtered through a 40µm strainer (Corning, 352235) before cell sorting.

For myoblast isolation based on PDGFRβ expression, cells were washed with PBS prior to trypsinization. Cells were subsequently incubated with α-PDGFRβ antibody in HBSS (Fisher Scientific, 11560616) media with 2% FBS for 30 min on ice. After two washes with HBSS 2% FBS, cells were incubated with streptavidin-coupled BV786 and incubated on ice for 25 min.

After one wash with HBSS 2% FBS, the cell suspension filtered through a 40µm strainer (Corning, 352235) before cell sorting.

Cells were isolated based on size, granulosity and GFP or BV786 fluorescence on using an Aria III (BD Biosciences) machine. Cells were collected directly in MuSC growth media (DMEM: F12 (1:1, GIBCO), 20% FBS (ThermoFisher, #10270), 2% Ultroser (Pall, 15950-017), 1% Penicillin/Streptomycin (GIBCO, 15140-122).

Cells were plated onto Matrigel® (Corning, 354248) coated dishes for 30 min at 37°C and cultured in growth media at 3% O2, 5% CO2, 37°C for the indicated time.

To assess proliferation, cells were pulsed with 10 -6 M of EdU (ThermoFisher, C10640) in cell culture media.

Time lapse microscopy

MuSC were plated on a microscopy culture chamber (IBIDI, 80826) and cultured in growth media. The plate was incubated at 37°C, 5% CO2, and 3% O2 (Zeiss, Pecon). A Zeiss Observer.Z1 connected to a Plan-Apochromat 20x/0.8 M27 objective and Hamamatsu Orca Flash 4 camera piloted with Zen (Zeiss) was used.

Image analysis

Cell tracking was performed using the Manual Tracking feature of the TrackMate plug-in (Tinevez et al., 2017) in Fiji (Schindelin et al., 2012). Fiji (Schindelin et al., 2012) and Harmony (Perkin Elmer) used for image analysis. Figures were assembled in Adobe Photoshop and Illustrator (Adobe Systems).

Data analysis and statistics

Data analysis and statistics were performed using R (R Team, 2014) and figures were produced using the package ggplot2 (Wickham, 2009). For comparison between two groups, two tailed paired and unpaired Student's t-tests were performed to calculate p values and to determine statistically significant differences (see Figure Legends).

scRNAseq data generation

MuSCs were isolated on BD FACSAria™ III based on GFP fluorescence and cell viability from

Tg:Pax7-nGFP mice (Sambasivan et al., 2009). Quiescent MuSCs were manually counted using a hemocytometer and immediately processed for scRNA-seq. For activated samples, MuSCs were cultured in vitro as described above for four days. Activated MuSCs were subsequently trypsinized and washed in DMEM/F12 2% FBS. Live cells were re-sorted, manually counted using a hemocytometer and processed for scRNA-seq.

Prior to scRNAseq, RNA integrity was assessed using Agilent Bioanalyzer 2100 to validate the isolation protocol (RIN>8 was considered acceptable). 10X Genomics Chromium microfluidic chips were loaded with around 9000 and cDNA libraries were generated following manufacturer's protocol. Concentrations and fragment sizes were determined using Agilent Bioanalyzer and Invitrogen Qubit. cDNA libraries were sequenced using NextSeq 500 and High Output v2.5 (75 cycles) kits. Count matrices were subsequently generated following 10X Genomics Cell Ranger pipeline.

Following normalisation and quality control, we obtained an average of 5792 ± 1415 cells/condition.

Seurat preprocessing

scRNAseq datasets were processed using Seurat (https://satijalab.org/seurat/) (Butler et al., 2018a). Cells with more than 10% of mitochondrial gene fraction were discarded. 4000-5000 genes were detected on average across all 4 datasets. Dimensionality reduction and UMAPs were generated following Seurat workflow. The top 100 DEGs were determined using Seurat "FindAllMarkers" function with default parameters. When processed independently (scvelo), the datasets were first regressed on cell cycle genes, mitochondrial fraction, number of genes, number of UMI following Seurat dedicated vignette, and doublets were removed using DoubletFinder v3 (McGinnis et al., 2019). A "StressIndex" score was generated for each cell based on the list of stress genes previously reported (Machado et al., 2020b). 94 out of 98 genes were detected in the combined datasets. UMAPs were generated after StressIndex regression, and after removal of the detected stress genes from the count matrix. In both cases, the overall aspect of the UMAP did not change significantly (Figure S5). We decided to use the nonregressed complete datasets for downstream analyses.

Matrisome analysis

After subsetting for the features of the Matrisome database (Naba et al., 2015) present in our single-cell dataset, the matrisome score was calculated by assessing the overall expression of its constituents using the "AddModuleScore" function from Seurat (Butler et al., 2018b).

RNA velocity and driver genes

Scvelo was used to calculate RNA velocities (Bergen et al., 2020). Unspliced and spliced transcript matrices were generated using velocyto [START_REF] Manno | RNA velocity of single cells[END_REF] command line function.

Seurat-generated filtering, annotations and cell-embeddings (UMAP, tSNE, PCA) were then added to the outputted objects. These datasets were then processed following scvelo online guide and documentation. Velocity was calculated based on the dynamical model (using scv.tl.recover_dynamics(adata), and scv.tl.velocity(adata, mode='dynamical')) and differential kinetics calculations were added to the model (using scv.tl.velocity(adata, diff_kinetics=True)).

Specific driver genes were identified by determining the top likelihood genes in the selected cluster. The lists of top 100 drivers for each stage are given in Table 1.

Gene regulatory network inference and transcription factor modules

Gene regulatory networks were inferred using pySCENIC (Aibar et al., 2017;Sande et al., 2020). This algorithm regroups sets of correlated genes into regulons (i.e. a transcription factor and its targets) based on binding motifs and co-expression patterns. The top 35 regulons for each cluster was determined using scanpy "scanpy.tl.rank_genes_groups" function (method=ttest). Note that this function can yield less than 35 results depending on the cluster. UMAP and heatmap were generated using regulon AUC matrix (Area Under Curve) which refers to the activity level of each regulon in a given cell. Visualizations were performed using scanpy (Wolf et al., 2018). The outputted list of each regulon and their targets was subsequently used to create a transcription factor network. To do so, only genes that are regulons themselves were kept.

This results in a visual representation where each node is an active transcription factor and each edge is an inferred regulation between 2 transcription factors. When placed in a force-directed environment, these nodes aggregate based on the number of shared edges. This operation greatly reduced the number of genes involved, while highlighting co-regulating transcriptional modules. Visualization of this network was performed in a force-directed graph using Gephi "Force-Atlas2" algorithm (https://gephi.org/).

Gene ontology analysis

Gene ontology analyses were performed on top 100 markers (obtained from Seurat function FindAllMarkers) or on top 100 driver genes (obtained from scvelo), using Cluego (Bindea et al., 2009). "GO Molecular Pathway", and "Reactome pathways" were used independently to identify common and unique pathways involved in each dataset. In all analyses, an enrichment/depletion two-sided hypergeometric test was performed and p-values were corrected using the Bonferroni step down method. Only the pathways with a p-value lower than 0.05 were displayed. Table 1. Top 100 driver genes of progenitor and differentiating velocity streams of EOM and TA.

Context and aims

Despite the rapid advances in single cell transcriptomics, standardisation of single-cell or low-cell number proteomics has proven to be more challenging. Few methods allow for protein quantitation at high resolution such as mass cytometry (CYTOF) [START_REF] Bandura | Mass cytometry: technique for real time single cell multitarget immunoassay based on inductively coupled plasma time-offlight mass spectrometry[END_REF] and single cell Western blots [START_REF] Hughes | Single-cell western blotting[END_REF] but their reliance on antibodies results in several limitations: availability of highly specific antibodies, cellular permeability and epitope accessibility.

On the other hand, mass spectrometry (MS) is a highly sensitive method for protein detection, although it requires a substantial number of cells as a starting material (typically in the order of millions), which limits its application to biological samples such as tissue biopsies or rare cell populations, where only few thousands of cells are available [START_REF] Marx | A dream of single-cell proteomics[END_REF].

Therefore, considerable efforts have been directed to adapt MS protocols to analyse low-cell number samples.

One of the methods developed to tackle this issue, Single Cell ProtEomics by Mass Spectrometry (SCoPE-MS), succeeded in analysing the proteome of single mammalian cells [START_REF] Budnik | SCoPE-MS: mass spectrometry of single mammalian cells quantifies proteome heterogeneity during cell differentiation[END_REF]. Two key features were optimisation of cell lysis to avoid loss of material and individual labelling of cell samples to multiplex them in a MS run, in a similar fashion to a scRNA-seq workflow. Individual cells were labelled with tandem mass tags (TMT), which allowed the identification of the protein sequence from the total peptide amount of the pool samples while tracing back its levels to each individual sample [START_REF] Budnik | SCoPE-MS: mass spectrometry of single mammalian cells quantifies proteome heterogeneity during cell differentiation[END_REF]. A sample with a higher number of cells (carrier) was also added to the pooled single-cell samples. The high peptide abundance of the carrier sample increased the signal for reliable peptide identification and thus increased the number of proteins identified [START_REF] Budnik | SCoPE-MS: mass spectrometry of single mammalian cells quantifies proteome heterogeneity during cell differentiation[END_REF] (Figure 19).

Using this protocol Budnik et al. quantified proteome heterogeneity during mouse embryonic stem cell differentiation. Nonetheless, single cell proteomics struggles with proteome coverage, reproducibility and correlation with transcript abundance. A compromise between standard and single-cell MS protocols was developed by Vitrinel et al. (unpublished) termed Minimal Input (MinPut). Taking advantage of TMT labelling and using as little as 1000 identified in both studies was relatively low, thus limiting the biological interpretation of the data.

Therefore, we decided to establish a collaboration with the Vogel laboratory to perform minimal-input (MinPut) proteomics [START_REF] Vitrinel | A simple method to quantify proteins from one thousand cells[END_REF] on quiescent and activated EOM and TA MuSCs. The importance of obtaining proteomic information from a sample with reduced cell numbers is of paramount importance when dealing with EOM MuSCs, since only around 10,000 MuSCs can be isolated by FACS per mouse (from both EOMs based on GFP fluorescence using the Tg:Pax7-nGFP mouse line). In this way, we were able to obtain a proteomic profile of a unique MuSC population that to date has not been comprehensively investigated, and this can complement our single cell transcriptomic data.

MinPut protocol and optimisation of MuSCs processing for proteomics pipeline

When comparing the number of quantified protein groups obtained from 1000 cells using the MinPut protocol against a standard protocol (around 10^6 cells as a starting material), a similar number of proteins was detected when a sample carrier of 10,000 -60,000 cells was added [START_REF] Vitrinel | A simple method to quantify proteins from one thousand cells[END_REF] (Figure 20A). The minimal input protocol was optimised at key steps to deal with low-cell number samples (Figure 20B); however, we observed a reduced cell viability when MuSCs were directly collected in PBS following sorting. To ensure cell survival MuSCs were collected in PBS with 2% foetal bovine serum (FBS). The presence of FBS on the collection media presents several drawbacks as the abundant proteins from serum might confound the identification of cellular proteins, and serum proteins might be difficult to discriminate from the MuSCs proteins due to the shared peptide sequences between species [START_REF] Nonnis | Effect of fetal bovine serum in culture media on MS analysis of mesenchymal stromal cells secretome[END_REF]. To minimise the presence of FBS proteins, samples were centrifuged, the supernatant was removed and PBS was added just before snap freezing the sample.

As a pilot experiment, in the same manner as for the scRNA-seq experiment, we divided the isolated MuSCs from EOM and TA into two groups: the first group of samples were snapfrozen immediately (Quiescent dataset), and the other half were cultured in vitro for 4 days (Activated dataset) (Figure 20C). Two biological replicates of 5000 cells from each sample were sent for processing to the Vogel laboratory.

Proteomic data can be obtained from low numbers of MuSCs

For this pilot experiment the samples were not TMT-labelled and they were run as individual, label free samples (implications of this will be discussed later). After MS data processing 3120 unique proteins were detected in at least one sample. Because of the semistochastic nature of MS and since our samples were run separately, not all of the proteins were detected in all experimental conditions. After discarding the features that were not detected in all conditions, 1080 proteins remained for further analysis. Therefore, using the MinPut protocol we were able to identify over 1000 proteins from 5000 MuSCs.

Differential protein expression clusters samples according to activation status

Following data processing and normalisation, samples were clustered based on principal component analysis (PCA). As shown in Figure 21A, the first principal component clearly separates the quiescent and activated samples into two groups. This is expected, as there are significant differences at the transcriptional, proteomic and functional level between these two cell states (Dell'Orso et al., 2019;[START_REF] Pala | Distinct metabolic states govern skeletal muscle stem cell fates during prenatal and postnatal myogenesis[END_REF][START_REF] Pietrosemoli | Comparison of multiple transcriptomes exposes unified and divergent features of quiescent and activated skeletal muscle stem cells[END_REF]. Similar separation of clusters was observed when performing PCA on our scRNA-seq data. In that case, the scRNA-seq samples were pooled to obtain a pseudobulk dataset that would be more comparable to the proteomic data (Figure 21B).

Detailed analysis of the first eight principal components showed a subclustering between EOM and TA samples within a same cell state (with the exception of the EOM quiescent 2 sample) (Figure 21C). PC1 clusters the samples based on their activation status and subsequent PC subcluster the samples based on muscle type. Thus, although the proteomic differences are dominated by the strong activation phenotype, some differences related to the muscle of origin are observed.

Dataset integration with scRNA-seq

Proteomic data was then analysed for differential expression, Student's t-test with permutation based false-discovery-rate found that 876 proteins were differentially expressed between quiescent and activated conditions (Figure 22A). This observation confirms the important remodelling of myogenic cells between the quiescent and activated cell states.

Unfortunately, very few differentially expressed proteins were found between EOM and TA in both states, therefore we compared quiescent versus activated conditions.

To assess the overlap of our proteomic analysis with the RNA-seq pseudobulk data, we first intersected both datasets and subset them to keep genes and proteins present in all samples (Figure 22B). After performing differential gene expression analysis on the RNA-seq pseudobulk data, we found some common features differentially expressed at the RNA and protein level in quiescent and activated samples (Figure 22C). In the case of quiescent samples, the number of common differentially expressed features was relatively low when compared to the activated ones, suggesting that the RNA-protein correlation is weaker in these cells. It is not clear if this is due to sample variations, sensitivities of detection, or other technical issues.

Finally we performed gene ontology (GO) term analysis on the common differentially expressed features in quiescence and activation. In quiescent MuSCs, genes related to fatty acid oxidation were differentially expressed at the mRNA and protein level (Figure 22D). Previous reports showed that there is a metabolic switch from quiescence to activation [START_REF] Pala | Distinct metabolic states govern skeletal muscle stem cell fates during prenatal and postnatal myogenesis[END_REF][START_REF] Ryall | The NAD+-Dependent SIRT1 Deacetylase Translates a Metabolic Switch into Regulatory Epigenetics in Skeletal Muscle Stem Cells[END_REF], specifically involving a transition from fatty acid oxidation to glycolysis [START_REF] Ryall | The NAD+-Dependent SIRT1 Deacetylase Translates a Metabolic Switch into Regulatory Epigenetics in Skeletal Muscle Stem Cells[END_REF]. Regarding the activated datasets, many GO terms were related to RNA processing and protein synthesis, confirming the increased transcription and translation taking place upon MuSC activation (Figure 22D).

Discussion and perspectives

Several studies have addressed transcriptomic heterogeneity within the MuSC pool at the single-cell level, showing that distinct transcriptomic profiles are associated with functional differences during activation, regeneration or transplantation [START_REF] Barruet | Functionally heterogeneous human satellite cells identified by single cell RNA sequencing[END_REF][START_REF] Brink | Single-cell sequencing reveals dissociation-induced gene expression in tissue subpopulations[END_REF]Dell'Orso et al., 2019;Yartseva et al., 2020). However, the inference of protein levels from cellular mRNA levels has been proven to be complex as there are multiple mechanisms of post-transcriptional and translational regulation than can affect RNA-protein correlation. For example, in a study comparing the proteomic and transcriptomic response to exercise at the whole muscle level, it was found that different regulatory mechanisms operated at different levels depending on protein function [START_REF] Makhnovskii | Regulation of Proteins in Human Skeletal Muscle: The Role of Transcription[END_REF]. While exercise-induced increase in ECM-related proteins was tightly regulated at the transcriptional level, the increase in mitochondrial proteins was not and it depended mostly on the presence of chaperones for protein stability and reduced proteolysis [START_REF] Makhnovskii | Regulation of Proteins in Human Skeletal Muscle: The Role of Transcription[END_REF]. Thus, multi-omic analyses have become a valuable tool not only to measure RNA-protein correlations but also to investigate the post-transcriptional mechanisms involved in protein regulation.

On the other hand, despite the availability of new techniques developed to perform single-cell proteomics [START_REF] Budnik | SCoPE-MS: mass spectrometry of single mammalian cells quantifies proteome heterogeneity during cell differentiation[END_REF][START_REF] Zhu | Proteomic Analysis of Single Mammalian Cells Enabled by Microfluidic Nanodroplet Sample Preparation and Ultrasensitive NanoLC-MS[END_REF], issues remain regarding reproducibility and proteome coverage that need to be addressed [START_REF] Marx | A dream of single-cell proteomics[END_REF]. To solve these problems, Vitrinel et al. adapted the SCoPE-MS protocol to enable processing of low-cell number samples, thereby harnessing the best of single-cell and bulk proteomic strategies. In the present study in collaboration with the Vogel laboratory, we show that the MinPut protocol [START_REF] Vitrinel | A simple method to quantify proteins from one thousand cells[END_REF] can be used to obtain proteomic information from as little as 5000 MuSCs.

As a pilot experiment, we isolated MuSCs cells from two different muscles in different activation states and identified around 1000 proteins, of which over 800 were differentially expressed between activated and quiescent conditions. In the activated dataset, most of the differentially expressed proteins were involved in translation. The most abundant proteins were the different isoforms of the eukaryotic initiation factors (eIFs), which form part of protein complexes mediating the recruitment of mRNAs to ribosomes [START_REF] Pestova | Molecular mechanisms of translation initiation in eukaryotes[END_REF] and the ribosomal protein L (RPL) family, essential for the assembly of ribosomes [START_REF] Peña | Eukaryotic ribosome assembly, transport and quality control[END_REF].

The quiescent samples were enriched in proteins involved in metabolic processes such as the tricarboxylic acid cycle (ACO1-2, IDH1, OGDH, SUCLA2) [START_REF] Krebs | Metabolism of ketonic acids in animal tissues[END_REF] and fatty acid β-oxidation (ACADL, ACADVL, ACADM) (Lehner and Quiroga, 2016). Moreover, integration with our scRNA-seq dataset showed that there was an overlap of differentially expressed features from both datasets.

One of our objectives was to identify differentially expressed features between EOM and TA MuSCs. In this first analysis only a very low number of differentially expressed proteins were identified when comparing these different muscle groups. We believe that several points can be improved to address this issue. First, we decided to send a comprehensive sample collection including quiescent and activated MuSCs from both muscles. In this pilot only 8 samples plus the carrier could be processed, which resulted in only two replicates per sample.

That pilot study confirmed that with the MinPut protocol proteomic data can be obtained from all of these conditions. As a next step, a new batch of samples containing 4 replicates per condition will be processed. This will allow us to obtain more robust data and strengthen the subtle differences that we obtained in our pilot experiment regarding muscle-type differences.

In addition, for this pilot experiment our samples were not TMT-labelled, which did not allow sample multiplexing for mass spectrometry. Both the SCoPE-MS and the MinPut protocols rely on sample multiplexing to increase the number of proteins identified. Our label-free samples were run individually, thus sufficient signal had to be generated from the processed 5000 cells for a protein to be identified. Because of the semi-stochastic nature of mass spectrometry [START_REF] Li | Analysis of the stochastic variation in LTQ single scan mass spectra[END_REF][START_REF] Tabb | Repeatability and reproducibility in proteomic identifications by liquid chromatographytandem mass spectrometry[END_REF], from the 3000 proteins detected in total, only ~1000 were present in all the samples. For example, MYOD which is a marker of activated MuSCs, was detected in only one of the activated samples and PAX7, a well-known marker of MuSCs, was only detected in two out of the four quiescent samples. In follow-up experiments, samples will be TMT-labelled and multiplexed, which will likely result in less missing values thereby increasing the number of proteins detected across all samples.

In summary, the encouraging results of first pilot have confirmed that a reasonable number of proteins can be identified from MuSC samples containing a relatively low number of cells, thus overcoming a major hurdle. This technological step will provide new opportunities to explore the proteomic signature of samples that contain limited numbers of cells, such as the EOM. In experiments already underway, we expect that the increased number of replicates and the TMT-labelling will allow us to explore in detail the differences between EOM and TA MuSCs and correlate the proteomic results with our scRNA-seq dataset.

Context and aims

Symmetric (SCD) and asymmetric (ACD) cell divisions are evolutionary conserved mechanisms employed by different tissues to control cell fate and generate cell diversity [START_REF] Knoblich | Mechanisms of Asymmetric Stem Cell Division[END_REF]. These modes of cell division assure a fine balance and control of stem and differentiating cell populations during tissue homeostasis and regeneration. Initial work done in yeast and Drosophila showed that intrinsic and extrinsic cues can impact on the type of division that is chosen [START_REF] Horvitz | Mechanisms of asymmetric cell division: Two Bs or not two Bs, that is the question[END_REF]. For ACD, intrinsic mechanisms involve the asymmetric distribution of intracellular cell fate determinants during mitosis, so that they are preferentially inherited by one of the daughter cells. Alternatively, extrinsic cues from the stem cell niche can orient the mitotic spindle and create an asymmetric environment for cell division, where only one of the two daughter cells will remain in contact with the niche, and this results in differential cell fates following mitosis [START_REF] Neumüller | Dividing cellular asymmetry: asymmetric cell division and its implications for stem cells and cancer[END_REF].

In the past years, MuSCs have emerged as relevant paradigm to study the different modes of division during tissue regeneration. Several studies have addressed the intrinsic and extrinsic mechanisms regulating ACD in MuSCs such as NUMB localisation [START_REF] Conboy | The Regulation of Notch Signaling Controls Satellite Cell Activation and Cell Fate Determination in Postnatal Myogenesis[END_REF][START_REF] Shinin | Asymmetric division and cosegregation of template DNA strands in adult muscle satellite cells[END_REF], TF distribution (Evano et al., 2020a;Yennek et al., 2014), non-random DNA segregation [START_REF] Conboy | High Incidence of Non-Random Template Strand Segregation and Asymmetric Fate Determination In Dividing Stem Cells and their Progeny[END_REF]Evano et al., 2020a;Rocheteau et al., 2012;[START_REF] Shinin | Asymmetric division and cosegregation of template DNA strands in adult muscle satellite cells[END_REF]Yennek et al., 2014), orientation with respect to the stem cell niche [START_REF] Kuang | Niche Regulation of Muscle Satellite Cell Self-Renewal and Differentiation[END_REF] and p38 signalling [START_REF] Chang | The Dystrophin Glycoprotein Complex Regulates the Epigenetic Activation of Muscle Stem Cell Commitment[END_REF]Dumont et al., 2015;[START_REF] Kawabe | Carm1 Regulates Pax7 Transcriptional Activity through MLL1/2 Recruitment during Asymmetric Satellite Stem Cell Divisions[END_REF].

In the muscle field, different read-outs have been used to assess modes of cell division.

On the one hand, ACD at early timepoints during MuSC activation can be monitored by the expression of Cre-recombinase expressed by Myf5, in combination of a reporter gene. Within the PAX7 + MuSCs pool, expression of Myf5 has been proposed to distinguish between more committed (Myf5 + ) and more stem-like (Myf5 -) MuSCs subpopulations [START_REF] Kuang | Niche Regulation of Muscle Satellite Cell Self-Renewal and Differentiation[END_REF]. Asymmetric Myf5 expression was observed during oriented divisions of MuSCs with respect to the myofibre, whereas planar divisions resulted in symmetric expression of Myf5 [START_REF] Kuang | Niche Regulation of Muscle Satellite Cell Self-Renewal and Differentiation[END_REF]. Another read-out for ACD is the expression of Myog (Evano et al., 2020a;Yennek et al., 2014), a TF expressed during terminal myoblasts differentiation. In these experiments, more stem cells retained Pax7 expression whereas differentiated cells expressed Myog.

Recently, the asymmetric distribution of Pax7 and Myog was shown for the first time in vivo during muscle regeneration (Evano et al., 2020a). A clonogenic cell tracking method allowed to identify sister cell pairs during muscle regeneration in vivo (at 5 days post injury) and demonstrated that up to 23% of scored cell pairs had undergone ACD as measured by PAX7 and MYOG expression (Evano et al., 2020a).

However, in some cases activation of MuSCs by direct muscle injury is not feasible, as in the case of the EOMs. Therefore, ex-vivo approaches have to be used to assess ACD following MuSC activation. An efficient method to confine individual MuSCs and thus ensure clonality of analysed cell pairs are micropatterns (Evano et al., 2020a;Yennek et al., 2014).

Micropatterns act as artificial niches and their shape and coating can influence cell shape, adhesion and division [START_REF] Théry | The extracellular matrix guides the orientation of the cell division axis[END_REF]. Previous studies in our laboratory have shown that micropattern shape can influence the frequency of SCD and ACD of myogenic cells (Yennek et al., 2014). Additionally, MuSCs on micropatterns were shown to switch from ACDs to SCDs during consecutive divisions, suggesting that MuSCs are not engaged in an obligate mode of cell division (Evano et al., 2020a).

We and others have shown that during in vitro activation, MuSCs from EOM and TA have different proliferative potentials resulting in an increased cellular output in the case of EOM MuSCs (Stuelsatz et al., 2015). To assess if they also differ in their modes of cell division, we took advantage of the micropattern system to assess ACD by monitoring the expression of Pax7 and Myog.

Micropatterning protocol

First, we adapted previously described micropatterning protocols (Evano et al., 2020a;Yennek et al., 2014) to the IBIDI sticky slide system. This system allows printing of micropatterns on a glass coverslip that can be mounted to a bottomless cell culture device with a self-adhesive underside (IBIDI sticky slide). The micropatterning protocol (Figure 23A) involves coating of a UV-activated coverslip with a non-adhesive substrate like PLL-PEG (poly(L-lysine)-poly(ethylene glycol)). Coverslips are then placed on an optical mask containing transparent shapes and UV-illuminated. The UV treatment will result in removal of the PLL-PEG in the transparent areas of the mask, which upon coating with an ECM substrate like fibronectin, will allow cell attachment. The micropatterned coverslip is then mounted on an IBIDI sticky slide. This is a simple and efficient protocol that generates eight different wells on each micropatterned coverslip, allowing the testing of multiple conditions per slide (collaboration with B. Evano).

Several types of micropatterns were designed on the optical mask with different shapes and areas (Figure 23B), and these parameters have been shown to influence cell attachment and division [START_REF] Théry | The extracellular matrix guides the orientation of the cell division axis[END_REF]Yennek et al., 2014). Therefore, we compared different micropattern shapes and assessed occupancy, clonality, cell division and detachment during immunofluorescence (Figure 23C). The highest micropattern occupancy was observed in rounded micropatterns, where at the end of the movie 15% of the micropatterns contained at least one cell. On the asymmetric and symmetric patterns occupancy was about 5% (Figure 23C). This difference is likely due to the increased area of the rounded micropatterns which would facilitate cell attachment, compared to the other two pattern designs. Micropattern occupancy needs to be high enough to quantify a reasonable number of events, yet very high occupancy should be avoided as this can result in cell detachment and translocation to another pattern. In this case, higher occupancy of the rounded micropatterns did not result in loss of clonality, as assessed by single-cell tracking (Figure 23C); in all the conditions analysed, about 80% of daughter cells in one micropattern had a clonal origin. Regarding cell divisions, about 80% of the seeded cells divided on the rounded micropatterns; lower percentages, albeit not significant, were scored on the other two shapes (Figure 23C). Finally, the micropattern shape also influenced whether the cells remained attached throughout the staining protocol. Once again, cell attachment was stronger on the rounded micropatterns, where only 3% of the cells detached compared to symmetric micropatterns, where up to 15% of the cells were lost following the staining protocol (Figure 23C).

Therefore, we decided to use rounded micropatterns for subsequent experiments as they enable us to score a high number of events due to their high occupancy and decreased detachment during immunofluorescence while still maintaining cell clonality.

Modes of division of EOM and TA MuSCs

To study the different modes of cell division in MuSCs from EOM and TA, we activated cells in vitro for 4 days to mimic the 5 days post-injury timepoint in vivo (Evano et al., 2020a;[START_REF] Shinin | Asymmetric division and cosegregation of template DNA strands in adult muscle satellite cells[END_REF]. Quiescent MuSCs from EOM and TA were isolated by FACS from Tg:Pax7-nGFP; Myog ntdTom mice. Following in vitro activation, cells were trypsinised to obtain single-cell suspensions that were directly plated on micropatterns. Cells were allowed to proliferate for 16h followed by fixation and immunostaining (Figure 24A).

Types of cell division were scored based on MYOG (monitored by tdTOMATO staining) and PAX7 expression and only micropatterns containing two cells were analysed (Figure 24B). A cell division was considered asymmetric when one of the daughter cells expressed PAX7 and the other MYOG, and symmetric when both cells expressed the same transcription factor (Figure 24B). MuSCs from both muscles divided preferentially in a symmetric manner (Figure 24C) as reported before (Evano et al., 2020a;Yennek et al., 2014); however, some differences were observed in the frequencies of each division mode. Around 20% of TA MuSCs performed ACD in contrast to only 10% of the EOM MuSCs (Figure 24C).

When analysing the result of the symmetric divisions for each population, TA MuSCs had an increased percentage of divisions resulting in two MYOG + daughters when compared to EOM MuSCs (19.8% vs 11.7%) (Figure 24C). In summary, these preliminary results showed that although both EOM and TA MuSCs favour symmetric PAX7/PAX7 divisions, TA MuSCs exhibited a higher frequency of ACD, with a two-fold increase compared to EOM cells. 

Conclusion and perspectives

We adapted the micropatterning protocol to directly mount the coverslip on adhesive cell culture wells and used rounded micropatterns to assess modes of cell division on in vitro activated MuSCs.

When monitoring the modes of cell division based on PAX7 and MYOG expression, the ACD frequencies observed in TA MuSCs were in accordance with our previous reports in vitro and in vivo (Evano et al., 2020a;Yennek et al., 2014) but ACD frequencies were decreased to half that frequency in the case of EOM MuSCs. It is interesting to correlate these findings with our results on in vitro lineage progression for these two populations. Myog expression was delayed in EOM myoblasts with respect to TA cells in vitro (see Results Section II), which is in line with our current findings. The causal relationship between these two events remains to be investigated. It could be that due to their delayed lineage progression, EOM MuSCs are at an earlier timepoint compared to TA cells where the frequencies of ACD are lower (analogous to the day 3 vs. day 5 in in vivo muscle regeneration (Yennek, unpublished). It is therefore necessary to assess the frequency of ACD from EOM at a later timepoint which would be more comparable to the 4 days in vitro TA activation. On the other hand, if the frequencies of ACD do not increase even at later timepoints, the preference of SCD throughout the activation period of EOM MuSCs could be one of the factors contributing to its high expansion capacity in vitro (Stuelsatz et al., 2015). In the case of the TA, the increased ACD and the MYOG/MYOG SCD frequencies could explain the presence of an increased percentage of MYOG + cells at early timepoints during in vitro activation.

Thus, assessing the changes in ACD of activated EOM MuSCs at different timepoints will allow us to determine whether it follows the same dynamics of TA cells or whether EOM MuSCs are intrinsically biased towards SCD.

Context of the thesis project

Skeletal muscles retain a robust capacity to regenerate throughout life [START_REF] Almada | Molecular circuitry of stem cell fate in skeletal muscle regeneration, ageing and disease[END_REF]. Tissue homeostasis and regeneration following muscle damage depend critically on the function of MuSCs, which exit their quiescent state and activate to proliferate, differentiate and fuse to give rise to myofibres (Zammit et al., 2006). This highly orchestrated process relies on the subsequent expression of different myogenic TFs coordinating lineage progression from the progenitor to the terminally differentiated cell (Comai and Tajbakhsh, 2014).

The results presented in this thesis have shed light on lineage progression of activated MuSCs at different levels. First, we generated a Myog mouse fluorescent reporter, which allows isolation and dynamic live imaging of differentiating myogenic cells that to date was not accessible. Using this model, we demonstrated that MYOG + cells do not exit the cell cycle immediately, as a significant percentage can undergo cell division. Secondly, we investigated the differential activation patterns of MuSCs from different muscle groups, which are likely to play a role in the distinct proliferation and engraftment abilities. Using a scRNA-seq approach, we characterised distinct gene regulatory networks operating in EOM and TA MuSCs which result in differential expression of ECM components and membrane receptors. Additionally, preliminary results point to different frequencies in cell division modes. We hope to complement this data with proteomic information obtained with a novel MS-based protocol specifically tailored to low-cell number samples.

Development of a novel Myogenin fluorescent reporter line

Fluorescent reporter lines are widely used in biomedical research because of their ease of use for observation of cell behaviour and lack of toxicity. They are the perfect tool for live cell imaging, cell lineage tracing and isolation of cells by FACS [START_REF] Li | Overview of the reporter genes and reporter mouse models[END_REF].

In the muscle field, several fluorescent mouse reporters were developed to monitor the MuSC population marked by the expression of Pax7 (Oustanina et al., 2004;Seale et al., 2000).

The availability of different transgenic (Bosnakovski et al., 2008;Sambasivan et al., 2009;Tichy et al., 2018) and knock-in (Kitajima and Ono, 2018;[START_REF] Sampath | Induction of muscle stem cell quiescence by the secreted niche factor Oncostatin M[END_REF] reporters has allowed to isolate PAX7 + cells for in vitro studies, transplantation experiments and high throughput analyses [START_REF] Brink | Single-cell sequencing reveals dissociation-induced gene expression in tissue subpopulations[END_REF]Sambasivan et al., 2009;[START_REF] Sampath | Induction of muscle stem cell quiescence by the secreted niche factor Oncostatin M[END_REF].

Studies for intravital imaging have relied on lineage tracing lines where an inducible

Cre recombinase is expressed under the control of a selected marker and upon tamoxifeninduced translocation to the nucleus recombines the locus harbouring a fluorescent reporter enabling its expression [START_REF] Hsu | Theory and Practice of Lineage Tracing[END_REF]. In the muscle field, Webster et al. were the first to publish a study on intravital imaging during muscle regeneration using the Pax7 Cre/ERT2 ;R26 YFP mouse line (Lepper et al., 2009;[START_REF] Srinivas | Cre reporter strains produced by targeted insertion of EYFP and ECFP into the ROSA26 locus[END_REF]. They characterised MuSC migration and division at different timepoints during regeneration and described the role of ghost fibres in guiding MuSCs behaviour (Webster et al., 2016). To complement this and other studies and comprehensively characterise the dynamics of MuSCs activation in vitro and in vivo, a fluorescent reporter labelling the differentiated MuSC progeny is needed. To date, there is no mouse line available that allows dynamic monitoring of MYOG + cells spatiotemporaly.

Here, we took advantage of the precision and efficiency of the CRISPR-Cas9 system [START_REF] Ran | Genome engineering using the CRISPR-Cas9 system[END_REF] to replace the STOP codon of the Myog locus by a tdTomato coding sequence.

In this way, both genes are transcribed and translated concomitantly. The two proteins are separated at the protein level by a T2A peptide (Ryan et al., 1991) and tdTOMATO is targeted to the nucleus by a triple NLS sequence (Kalderon et al., 1984) on its N-terminal region.

We showed that tdTOMATO recapitulates the expression of MYOG during development, adult MuSC activation in vitro and muscle regeneration. Additionally, we isolated by FACS the tdTOMATO + population and verified that it was composed by MYOG + cells. Thus, the Myog ntdTom reporter is a valuable tool to prospectively isolate the differentiating myoblast population.

Myoblast terminal differentiation is characterised by the expression of Myog, cell cycle exit, and fusion to another myoblast/myofibre (Guo et al., 1995;[START_REF] Millay | Myomaker is a membrane activator of myoblast fusion and muscle formation[END_REF]Zhang et al., 1999). The interdependence of Myog expression and cell cycle exit, marked by the expression of p21 has been studied in vitro. MYOG + cells can incorporate BrdU, therefore they can proceed through S phase (Andrés and Walsh, 1996), however their replicative potential was not thoroughly assessed. Taking advantage of our Myog ntdTom mouse model we monitored the dynamics of in vitro differentiation, measuring Myog expression and cell division. Analysis of single cell tracking correlated with tdTOMATO intensity and showed that about 30% of MYOG + cells can divide in vitro but they did not perform a second division. On the other hand, all of the MYOG -cells divided, with most of them performing more than one division.

Therefore, there seems to be a short window of time after Myog expression during which myoblasts can divide, after that, probable due to p21 and p57 expression (Zhang et al., 1999), cell division does not occur.

Additionally, we showed that our reporter can be used for in vivo tracking of myogenic cells by intravital imaging. In combination with two different reporters (Pax7 lineage tracing or Pax7 contemporary expression), tdTOMATO + cells were observed at discrete timepoints during regeneration. Similar to the quantifications by FACS, the amount of tdTOMATO + cells at 3 dpi in regenerating muscle was relatively low. Two days later, at 5 dpi, the tdTOMATO + population had steadily increased and some positive nuclei were found inside newly-formed fibres. At 10 dpi the percentage of tdTOMATO + cells observed was quite low compared to the FACS analysis, however, in this set up we are only able to observe a limited area of the muscle, therefore we cannot exclude the possibility that this area was only mildly injured and thus recovered faster. This time course allowed us to determine the optimal timepoint to image MYOG + cell appearance and cell division, which is likely to happen shortly after Myog expression based on our in vitro data. We thus decided to perform time-lapse imaging at 4 dpi to monitor these events in the mouse. tdTOMATO enabled tracking of MYOG + cells over time without bleaching, confirming its suitability as a live imaging reporter. Nonetheless, the absence of a membrane or cytoplasmic marker does not permit cell tracking and evaluation of cell divisions is a reliable manner. Thus, we are now optimising the conditions to perform time-lapse imaging using the Pax7 CreERT2 ;R26 YFP ;Myog ntdTom mouse line and validate our in vitro data regarding cell divisions following differentiation.

We intend to use our Myog ntdTom mouse line to address different questions in the muscle field such as how fusion and symmetric and asymmetric divisions take place during growth and regeneration in vivo. It would be interesting to assess the status of Myog in cells that undergoing the fusion process in vitro and in vivo. In preliminary experiments with isolated MuSCs we observed that cells with different levels of Myog (Myog ntdTom -Hi and Myog ntdTom -Low) can fuse to one another. Extensive monitoring of tdTOMATO fluorescence at the time of fusion will allow us to determine the minimal threshold of expression necessary for fusion and whether this threshold has to be attained in both cells. These findings would be validated in vivo during muscle regeneration with the Pax7 CreERT2 ;R26 YFP ;Myog ntdTom mouse line, which allows us to monitor the fusion event using cytoplasmic YFP expression.

In addition, our laboratory is focused on studying the mechanisms of ACD using the expression of Pax7 and Myog as a readout (Evano et al., 2020a;Yennek et al., 2014). The Myog ntdTom mouse line will enable us for the first time to perform dynamic imaging of ACD in different contexts. We will investigate how long after cell division the identities of the daughter cells derived from an ACD are established, i.e. how long it takes after division for Myog to be expressed. We are currently optimising the intravital imaging settings to image ACD during muscle regeneration using the Pax7 CreERT2 ;R26 YFP ;Myog ntdTom mouse line.

Molecular properties defining MuSC heterogeneity

In spite of the universal expression of Pax7 in MuSCs, different levels of heterogeneity have been reported within this population. On the one hand, several studies have addressed the issue of heterogeneity within a single muscle. For example, it was shown that differences in the expression of TFs such as Pax3, Myf5 and Pax7 (Pax7 Hi vs. Pax7 Low ) reflect distinct properties such as metabolic status, proliferation capacity, modes of cell division, and resistance to stress [START_REF] Kuang | Asymmetric Self-Renewal and Commitment of Satellite Stem Cells in Muscle[END_REF]Rocheteau et al., 2012;Scaramozza et al., 2019;Vartanian et al., 2019;Yennek et al., 2014). On the other hand, MuSCs from different muscles were described to differ in their proliferation, differentiation and regeneration abilities (Ono et al., 2010;Randolph et al., 2015;Stuelsatz et al., 2015) which might in some way contribute to the selective sparing or targeting of certain muscle groups in different muscular dystrophies (Emery, 2002). To investigate the transcriptional networks underlying the functional heterogeneity of MuSCs from different embryological origins and that are targeted or spared in DMD, we performed singlecell transcriptomic and functional analyses of MuSCs derived from EOM and TA muscle.

In agreement with a previous report (Stuelsatz et al., 2015), we have found that EOM MuSCs gave rise to larger clones when cultured in vitro compared to those from the TA muscle.

Additionally, we showed that the clonal and proliferative capacity of EOM MuSCs was enhanced after 2 days of in vitro activation. Using a novel Myog ntdTom reporter we characterised lineage progression following in vitro activation and found that EOM cells are more refractory to differentiation than TA myoblasts. Since Myog expression is followed by cell cycle exit (Andrés and Walsh, 1996;Guo et al., 1995), a delay in Myog expression would allow EOM myoblasts to proliferate for a longer period. This phenomenon had been reported previously when assessing MuSC activation in isolated single myofibres between masseter and trunk muscles (Ono et al., 2010). In keeping with our results, a lower percentage of masseter cells expressed Myog when compared to EDL myoblasts and clonal plating of masseter MuSCs gave rise to bigger clones than EDL MuSCs (Ono et al., 2010). Therefore, it appears that delayed lineage progression correlates with high proliferative capacity in MuSCs derived from cranial muscles.

Other studies have assessed the proliferative capacities of MuSCs at different developmental stages. For example, foetal myoblasts were found to resist myogenic lineage progression in vitro compared to those from adult muscle. Foetal MuSCs delayed Myog upregulation upon in vitro activation (Tierney et al., 2016), a phenotype that is reminiscent to what we have observed in EOM stem cell cultures. Nonetheless, foetal MuSCs did not form bigger clones upon clonal plating when compared to their postnatal counterparts (Tierney et al., 2016), uncoupling myogenic lineage progression from cell proliferation in this case. These differences between EOM and foetal MuSC proliferative capacities could be a result of the different Myod expression, which is expressed upon cell activation and proliferation [START_REF] Cornelison | Single-Cell Analysis of Regulatory Gene Expression in Quiescent and Activated Mouse Skeletal Muscle Satellite Cells[END_REF][START_REF] Yablonka-Reuveni | Temporal expression of regulatory and structural muscle proteins during myogenesis of satellite cells on isolated adult rat fibers[END_REF]. While foetal MuSCs resisted Myod upregulation in vitro (Tierney et al., 2016), EOM MuSCs did not show any significant differences in Myod expression compared to those from the TA at early timepoints in culture. In this context, the expression of Myod and the absence of Myog could allow extensive proliferation of adult EOM MuSCs whereas the absence of Myod expression in foetal MuSCs might compromise extensive proliferation in favour of self-renewal. A recent study has monitored lineage progression and cell proliferation across multiple stages (Gattazzo et al., 2020) where MuSCs isolated at an early postnatal timepoint (P0), maintained Pax7 expression in vitro for longer when compared to adult MuSCs (Gattazzo et al., 2020). Also, while most of the MuSCs derived from late postnatal timepoints (P7, P15 and P56) experienced a sharp increase in Myog expression at 4 days in culture, P0 myoblasts did not do so until one day later, at which time they achieved a similar percentage of MYOG + cells as the other conditions (Gattazzo et al., 2020), concomitant with an increased mononuclear cellular output in vitro.

Although all of these experiments were performed on trunk MuSCs, there is a striking similarity between the foetal or early postnatal in vitro phenotype and adult EOM MuSCs. It would be interesting to assess whether foetal or postnatal EOM MuSCs present an increased proliferation capacity compared to adult EOM MuSCs. We have compared the TF expression at E18.5 and p21 after 48h in culture and found a decreased Myog expression in EOM cultures when compared to TA. Of note, the fold difference between EOM and TA Myog expression was the highest at foetal and postnatal stages (compared to adult), suggesting that an even bigger delay in Myog expression at these stages might result in a higher nuclear output. Nonetheless, caution should be taken when comparing results of a semi-quantitative method such as RT-qPCR across experiments, and the total cellular output from EOM at different developmental stages should be assessed using colony formation assays. Another option could be that foetal and postnatal EOM MuSCs present a similar proliferative capacity as those from adult. This would mean that the EOM MuSCs do not experience the rewiring that trunk MuSCs undergo, which results in an increased ability to progress in the differentiation program as development proceeds (Gattazzo et al., 2020;Tierney et al., 2016).

Several studies have investigated the status of the EOM MuSCs at different postnatal stages by monitoring fusion to myofibres (Keefe et al., 2015;Pawlikowski et al., 2015). In most trunk muscles extensive fusion of MuSCs to myofibres is limited to the first weeks of post-natal development whereas in the EOM (and diaphragm) there is no decline in the contribution of MuSCs to myofibre as development proceeds (Keefe et al., 2015;Pawlikowski et al., 2015).

Therefore, the level of quiescence of EOM MuSCs in adult muscle might not be the same as the one of MuSCs from somitic muscles.

EOM quiescent adult muscles were found to contain a MYOD + population [START_REF] Mcdonald | Sparing of the extraocular muscles in mdx mice with absent or reduced utrophin expression: A life span analysis[END_REF][START_REF] Mcloon | Activated Satellite Cells in Extraocular Muscles of Normal Adult Monkeys and Humans[END_REF], suggesting that there is a basal level of activation within the MuSCs pool in the EOM. In our scRNA-seq results we did not observe a Myod + population at the RNA level in quiescent EOM MuSCs. However, it is not clear whether the cells reported to be MYOD + express Pax7 and if they are bona fide satellite cells under the basal lamina. We would not have captured those cells in this case as we isolated MuSCs based on GFP expression from Tg:Pax7-nGFP mice (Sambasivan et al., 2009). A novel myoblast subpopulation was described based on CD34 expression [START_REF] Kallestad | Sparing of extraocular muscle in aging and muscular dystrophies: A myogenic precursor cell hypothesis[END_REF]. This population was more abundant in EOM muscles when compared to TA and a high percentage of EOM CD34 + cells also expressed Pitx2 [START_REF] Hebert | The Role of Pitx2 in Maintaining the Phenotype of Myogenic Precursor Cells in the Extraocular Muscles[END_REF]. The EOM CD34 + cells remained in a proliferative state for longer when compared to TA cells in vitro, similar to the experiments performed with PAX7 + MuSCs. A small percentage of PITX2 + cells were found in the satellite cell position in EOMs, in between the basal lamina and the myofibre, but they did not express Pax7 [START_REF] Hebert | The Role of Pitx2 in Maintaining the Phenotype of Myogenic Precursor Cells in the Extraocular Muscles[END_REF]. The lineage relationship between this suggested progenitor pool and the MuSC pool has not been addressed and further studies should be aimed at clarifying whether these CD34 + PITX2 + cells have a history of Pax7 expression.

To characterise the gene regulatory networks underlying the delayed differentiation and increased proliferative capacity of EOM when compared with TA MuSCs we performed scRNA-seq. Unsupervised clustering divided the activated dataset into a progenitor and a differentiated population for each muscle. Interestingly, EOM MuSC activation was accompanied by the expression of genes involved in ECM processes. Genes for different ECM secreted (collagens, Fn1, Sparc) and associated proteins (Timp1, Loxl1) were upregulated in the EOM progenitor cluster, suggesting that increased ECM deposition and remodelling is taking place. Moreover, some of these targets were validated at the protein level.

Different reports have underscored the importance of ECM components for MuSCs function. Although a large part of the ECM deposition is carried out by fibroblasts [START_REF] Urciuolo | Collagen VI regulates satellite cell self-renewal and muscle regeneration[END_REF]Zou et al., 2008) (Tierney et al., 2016). Regarding adult MuSCs, our laboratory described ColV as a Notch target gene that mediated maintenance of quiescence in homeostasis (Baghdadi et al., 2018a).

Thus, the differential ECM remodelling activity of EOM myoblasts might be involved in cell proliferation or maintenance of a less differentiated population that would continuously contribute to myoblast production.

Additionally, Fn1 has been shown to regulate MuSC expansion via Wnt7a signalling.

Transient remodelling of the MuSCs niche during regeneration resulted in increased FN1 production, which was found to bind SCD4 and regulated MuSCs SCD through WNT7A signalling (Bentzinger et al., 2013a;[START_REF] Grand | Wnt7a Activates the Planar Cell Polarity Pathway to Drive the Symmetric Expansion of Satellite Stem Cells[END_REF]. In these studies, investigation of modes of cell division was done at early timepoints during activation of MuSCs in single myofibre assays and was based on Myf5 expression monitored by the Myf5 Cre ;R26 YFP lineage tracing mouse line [START_REF] Kuang | Asymmetric Self-Renewal and Commitment of Satellite Stem Cells in Muscle[END_REF]. Since we have shown that EOM cells express multiple ECM components, it would be interesting to assess their contribution to the different modes of cell division and expansion capacity of EOM MuSCs. In our micropattern assay we did not fully capture the contribution of ECM components since cells were detached from their in vitro niche and plated on micropatterns for only 16 h. However, we have shown that EOM MuSCs performed more SCDs resulting in Pax7 + expressing cells when compared to those from TA muscle, suggesting that intrinsic mechanisms could be responsible for this phenotype. Further studies should assess whether this frequency is altered when EOM cells are cultured in their secreted in vitro niche.

When analysing the receptors that could mediate the transduction of niche signals, we identified Pdgfrβ as differentially expressed in the EOM at the mRNA and protein level. Interestingly, Pdgfrβ is not expressed in quiescent MuSCs and its expression in the EOM is induced de novo around day 4 in vitro. Subsequent analyses showed that this population was less differentiated and retained a high proliferative capacity, leading us to hypothesise that Pdgfrβ might characterise a population that arises in a similar fashion as reserve cells, which are quiescent undifferentiated cells that arise in myoblast cultures [START_REF] Baroffio | Identification of self-renewing myoblasts in the progeny of single human muscle satellite cells[END_REF]Yoshida et al., 1998). In agreement with our hypothesis, Pdgfrβ has been described as a Notch target gene (Gerli et al., 2019;Jin et al., 2008), which is one of the most important pathways regulating MuSC quiescence [START_REF] Bjornson | Notch Signaling Is Necessary to Maintain Quiescence in Adult Muscle Stem Cells[END_REF]Mourikis et al., 2012). Further studies are needed to characterise the proliferative and regenerative capacity of this population in comparison with the Pdgfrβ -populations from the EOM and TA. Some clues can be extracted from studies stimulating Pdgfrβ signalling in MuSCs by treatment with NOTCH and PDGFRβ ligands (Cappellari et al., 2013;Gerli et al., 2019). As a result of PDGFB and DLL4 treatment, MuSCs exhibited a decreased proliferation and differentiation capacity, concomitant with an increase in the number of PAX7 + MYOD -cells (Gerli et al., 2019). Additional to the increase in self-renewing cells, PDGFB and DLL4 treatment induced expression of perivascular features and improved the engraftment upon transplantation. Nonetheless, the final contribution to myofibres was not significantly different compared to untreated cells (Gerli et al., 2019), suggesting that the effects of treatment with PDGFB and DLL4 are only temporary or are not sufficient to maintain the phenotype in vivo.

The observation that EOM MuSCs spontaneously express Pdgfrβ, together with other characteristic genes of FAPs (ColIV, Wisp1 (Kuhl, 1984;[START_REF] Lukjanenko | Aging Disrupts Muscle Stem Cell Function by Impairing Matricellular WISP1 Secretion from Fibro-Adipogenic Progenitors[END_REF]) suggests that these cells adopt a mesenchymal-like signature upon activation. The impact of this signature, which had not been described in adult MuSCs before, in disease resistance remains to be identified.

Computational analyses allowed us to identify the GRN operating in EOM progenitors.

Regulons such as Pax7 and Hes1 that are characteristic of a stem-like state [START_REF] Bjornson | Notch Signaling Is Necessary to Maintain Quiescence in Adult Muscle Stem Cells[END_REF]Mourikis et al., 2012;Seale et al., 2000) and Egr1, which was shown to regulate transcription of multiple ECM genes (Havis and Duprez, 2020), form a tightly co-regulating module in this population. Moreover, they were predicted to regulate the expression of the experimentally validated ECM genes and Pdgfrβ amongst other DEG. Study of the EOM progenitor population using RNA velocity showed that a higher proportion of cells were transitioning to a more progenitor state compared to those isolated from the TA muscle, and that this transition depended on the expression of an exclusive set of driver genes including some ECM-related factors and the differentiation inhibitor Igfbp7 (Allen and Boxhorn, 1989b;Fukada et al., 2007).

We plan to address the engraftment potential of the Pdgfrβ + and Pdgfrβ -EOM subpopulations by transplantation into injured muscles of immunocompromised mice. This will allow us to determine whether the Pdgfrβ + cells that show a higher proliferation capacity in vitro maintain this feature in vivo. One scRNA-seq study identified distinct MuSC subpopulations based on the expression of Caveolin, and they appear to have different engraftment capacities. These cells were also characterised by increased expression of quiescence markers such as Sprouty or Hey1 [START_REF] Barruet | Functionally heterogeneous human satellite cells identified by single cell RNA sequencing[END_REF]. On the other hand, the transplantation of foetal MuSCs, which showed an increased proliferative ability in vitro when compared to adult MuSCs, showed that they proliferate extensively upon transplantation but they are less efficient in colonising the MuSC niche when compared to adult myoblasts (Tierney et al., 2016). In the case of Pdgfrβ + cells, they are enriched in quiescence markers as the Caveolin + population, but they also have a high ECM-remodelling capacity as described for foetal MuSCs, so the transplantation experiments could allow us to uncouple their proliferative capacity from the self-renewal and niche colonisation abilities.

In addition to the cell-autonomous mechanisms that are the focus of this study, it would be interesting to profile the EOM stem cell microenvironment, as cues from the niche can direct function and fate of different cell types [START_REF] Bjornson | Notch Signaling Is Necessary to Maintain Quiescence in Adult Muscle Stem Cells[END_REF]Joe et al., 2010;Mourikis et al., 2012;Uezumi et al., 2010;Yennek et al., 2014). In homeostatic conditions, EOMs were reported to have a higher number of an interstitial population named PICs, characterised by PW1/Peg3 expression (Formicola et al., 2014). This population, considered to overlap with FAPs, secretes factors that promote myogenic activity and they are suggested to act as progenitor niche cells [START_REF] Mitchell | Identification and characterization of a non-satellite cell muscle resident progenitor during postnatal development[END_REF][START_REF] Mozzetta | Fibroadipogenic progenitors mediate the ability of HDAC inhibitors to promote regeneration in dystrophic muscles of young, but not old Mdx mice[END_REF][START_REF] Pannérec | Defining skeletal muscle resident progenitors and their cell fate potentials[END_REF].

During ageing, MuSCs and PICs experience a decline in their numbers in both muscles.

However, in the EOM, the ratio of MuSCs and PICs remains constant at all ages examined whereas in the TA, the numbers of PICs was markedly decreased with respect to MuSCs numbers (Formicola et al., 2014). The same trend was observed in the mouse DMD model, suggesting that the PIC population is uniquely regulated in the EOM and might contribute to EOM resistance to stress (Formicola et al., 2014). Additionally, studies from our laboratory have found that extensive transcriptome reprogramming takes place when engrafting EOM stem cells into TA (Evano et al., 2020b;Sambasivan et al., 2009). EOM stem cells failed to confer their original muscle phenotype to the fibres generated in a heterotopic location, as monitored by the expression of Myh13 (Sambasivan et al., 2009) and they adopted a limb-like transcriptome by upregulating TA-specific genes, including those from the Hox family (Evano et al., 2020b). Therefore, it will be interesting to complement our study with high-resolution profiling of the EOM niche and assess the interplay between intrinsic and extrinsic cues in the regulation of the EOM stem cell phenotype.

Low-cell number proteomics

Although extensive knowledge of the mRNA composition in different cell types is available due to recent advances in sequencing technologies, it has also become clear that for a full functional characterisation, determining the expression of the encoded proteins will be critical.

Most of the proteomic studies in (human and mouse) muscle were restricted to whole muscle samples from hindlimbs that focused on exercise-induced proteome remodelling [START_REF] Kleinert | Quantitative proteomic characterization of cellular pathways associated with altered insulin sensitivity in skeletal muscle following high-fat diet feeding and exercise training[END_REF][START_REF] Makhnovskii | Regulation of Proteins in Human Skeletal Muscle: The Role of Transcription[END_REF]Ubaida-Mohien et al., 2019a), or on the effect of ageing and other pathological conditions in proteome composition [START_REF] Dillon | Proteomic investigation of human skeletal muscle before and after 70 days of head down bed rest with or without exercise and testosterone countermeasures[END_REF][START_REF] Kleinert | Quantitative proteomic characterization of cellular pathways associated with altered insulin sensitivity in skeletal muscle following high-fat diet feeding and exercise training[END_REF][START_REF] Lang | Dynamic changes in the skeletal muscle proteome during denervation-induced atrophy[END_REF][START_REF] Ubaida-Mohien | Discovery proteomics in aging human skeletal muscle finds change in spliceosome, immunity, proteostasis and mitochondria[END_REF]. To date, only two studies have profiled the EOM proteomic signature [START_REF] Fraterman | Combination of peptide OFFGEL fractionation and label-free quantitation facilitated proteomics profiling of extraocular muscle[END_REF][START_REF] Lewis | Proteomic profiling of naturally protected extraocular muscles from the dystrophin-deficient mdx mouse[END_REF]. One of them compared EOM samples from control and Mdx mouse model analysed by fluorescence difference in-gel electrophoresis (DIGE) followed by mass spectroscopy.

However, the low-throughput nature of this technique conditioned the identification of only 9 proteins as differentially expressed between these two conditions [START_REF] Lewis | Proteomic profiling of naturally protected extraocular muscles from the dystrophin-deficient mdx mouse[END_REF]. Comparison of rat EOM and EDL muscles by electrophoresis fractionation and subsequent MS identified 474 proteins, of which 61 were differentially expressed [START_REF] Fraterman | Combination of peptide OFFGEL fractionation and label-free quantitation facilitated proteomics profiling of extraocular muscle[END_REF]. However, for both of these studies the initial low number of identified proteins conditioned the acquisition of biologically relevant data.

To complement our scRNA-seq findings and thus have a multi-omics approach to explore mechanisms of MuSC heterogeneity, we sought to adapt the MinPut pipeline [START_REF] Vitrinel | A simple method to quantify proteins from one thousand cells[END_REF] to obtain proteomic data from MuSCs. This technique embodied the perfect compromise between the great number of cells needed for bulk MS protocols [START_REF] Marx | A dream of single-cell proteomics[END_REF] and the low number of proteins detected and variability of single cell MS [START_REF] Budnik | SCoPE-MS: mass spectrometry of single mammalian cells quantifies proteome heterogeneity during cell differentiation[END_REF].

In collaboration with the Vogel laboratory, in a pilot experiment we identified over 1000 proteins starting from 5000-cell samples of EOM and TA MuSCs. A second round of experiments is underway, with key improvements such as TMT labelling and samples quadruplicates that will allow us to increase the number of detected proteins and increase the robustness of our analysis. In this way, we expect to complement our scRNA-seq analysis and have a detailed understanding of the transcriptional and proteomic landscapes of MuSCs from different muscles. We expect that this approach using some of the latest technologies will help us decipher the molecular mechanisms of MuSCs heterogeneity and its implications in resistance to certain pathologies.

Mice and muscle injuries

Animals were handled according to national and European Community guidelines and an ethics committee of the Institut Pasteur (CETEA) in France approved protocols. Except when indicated otherwise, males and females of 2-4 months were used. Tg:Pax7-nGFP (Sambasivan et al., 2009) and Myog ntdTom (Benavente-Diaz et al., in preparation) mouse lines were maintained in a C57Bl/6JRj background.

Muscle injuries were perfomed as described previously [START_REF] Gayraud-Morel | A role for the myogenic determination gene Myf5 in adult regenerative myogenesis[END_REF].

Mice anesthetised with 0.5% Imalgene/Rompun and the TA muscle was injected with 15 ml of 10 mM notexin (Latoxan, L8104) in NaCl 0.9% using a Hamilton micro-syringe.

MuSC isolation by FACS

Muscles were dissected and minced in ice-cold DMEM. Samples were then incubated in DMEM (Fisher Scientific, 11594446), 0.08% Collagenase D (Sigma, 11088882001), 0.2% Trypsin (ThermoFisher,15090) and 10 µg/ml of DNAseI (Sigma, 11284932) for 25 minutes at 37°C under gentle agitation for 5 rounds of digestion. After each round, samples were allowed to precipitate for 5 min, the supernatant was collected on 4ml of Foetal Bovine Serum (FBS) on ice and fresh digestion buffer was added to the remaining muscle pellet. The collected supernatants were centrifuged for 15 min at 550 g at 4°C, resuspended in DMEM 2% FBS and filtered through a 40µm strainer (Corning, 352235) before cell sorting.

MuSCs in culture were trypsinized for 4 min at 37°C. Trypsinization was blocked by adding 3 volumes of MuSC medium containing serum and cells were centrifuged at 500g for 6 min. The supernantant was removed and cells were resuspended in DMEM 2% FBS and filtered through a 40µm strainer (Corning, 352235) before cell sorting.

Cells were isolated based on size, granulosity and GFP fluorescence on using an Aria III (BD Biosciences) machine.

For mass-spectrometry experiments, quiescent and activated MuSCs were collected in PBS/2% FBS. Samples were centrifuged at 500 g for 6 min, the supernatant was removed and 20 µl of PBS was added. Samples were immediately frozen in dry ice.

Cell culture

Upon isolation by FACS, cells were collected directly in MuSC growth media (DMEM: F12 (1:1, GIBCO), 20% FBS (ThermoFisher, #10270), 2% Ultroser (Pall, 15950-017), 1% Penicillin/Streptomycin (GIBCO, 15140-122) and plated on fibronectin-coated micropatterns.

Cells were cultured in 3% O2, 5% CO2 at 37°C for the indicated time.

Immunostainings

Cells seeded in micropatterns were fixed in 4% paraformaldehyde (PFA, Electron Microscopy Sciences) in PBS 1X supplemented with calcium and magnesium (PBS ++ , ThermoFisher, 14040141) for 15 min and washed three times with PBS ++ . Cells were permeabilised in 0.5% Triton X-100 (Merck, T8787) for 5 min, washed three times in PBS ++ and blocked with 10% goat serum (GIBCO) for 30 min. To avoid cell detachment from micropatterns, only half of the well volume was removed at a time. Cells were incubated with the indicated primary antibodies overnight in a humid chamber and washed three times in PBS ++ . Samples were incubated with the appropriate secondary antibodies for 45 min, washed three times in PBS ++ and incubated with Hoechst (ThermoFisher, H1399) for 5 min 

Micropatterns

Micropatterns were manufactured essentially as described (Yennek et al., 2014).

Briefly, glass coverslips (IBIDI, 10812) were cleaned in H2O and ethanol and activated with deep UV light (Jelight). Activated coverslips were incubated with PLL-PEG (PLL(20)-g[3.5]-PEG(2), SuSoS) at 100mg/ml in 10 mM HEPES pH 7.4 at room temperature (RT) for 30 min and washed twice with H2O. PLL-PEG-coated slides were placed in contact with an optical mask containing transparent micropatterns (Toppan Photomask) using H2O (0.6ml/cm 2 ) to ensure tight contact between the mask and the coverslip and then exposed to deep UV light (Jelight). Micropatterned slides were subsequently incubated with 40mg/ml fibronectin (Sigma, F1141) and 5mg/ml fibrinogen Alexa Fluor 488 (ThermoFisher, F13191) in 100 mM NaHCO3 pH 8.3 for 25 min at RT, rinsed three times in NaHCO3 and three times in H2O. Coated micropatterns were allowed to briefly dry at RT before mounting them on IBIDI sticky-slide 8well (IBIDI, 80828) according to manufacturer's instructions. The system was equilibrated with MuSC medium before seeding. Cells in suspension were seeded with fresh medium and after 90 min non-attached cells were washed off.

Imaging and image analysis

For live imaging experiments, the cell culture plate was incubated at 37°C, 5% CO2, and 3% O2 (Zeiss, Pecon). Images were acquired with a Zeiss Observer.Z1 connected to a Plan-Apochromat 20x/0.8 M27 objective and Hamamatsu Orca Flash 4 camera piloted with Zen (Zeiss).

For static micropattern imaging the same system was used.

Cell tracking was performed using the Manual Tracking feature of the TrackMate plugin (Tinevez et al., 2017) in Fiji (Schindelin et al., 2012). Fiji was used for image analysis. 

scRNAseq data generation

MuSCs were isolated on BD FACSAria™ III based on GFP fluorescence and cell viability from Tg:Pax7-nGFP mice (Sambasivan et al., 2009). Quiescent MuSCs were manually counted using a hemocytometer and immediately processed for scRNA-seq. For activated samples, MuSCs were cultured in vitro as described above for four days. Activated MuSCs were subsequently trypsinized and washed in DMEM/F12 2% FBS. Live cells were re-sorted, manually counted using a hemocytometer and processed for scRNA-seq.

Prior to scRNAseq, RNA integrity was assessed using Agilent Bioanalyzer 2100 to validate the isolation protocol (RIN>8 was considered acceptable). 10X Genomics Chromium microfluidic chips were loaded with around 9000 and cDNA libraries were generated following manufacturer's protocol. Concentrations and fragment sizes were determined using Agilent Bioanalyzer and Invitrogen Qubit. cDNA libraries were sequenced using NextSeq 500 and High Output v2.5 (75 cycles) kits. Count matrices were subsequently generated following 10X

Genomics Cell Ranger pipeline.

Following normalisation and quality control, we obtained an average of 5792 ± 1415 cells/condition.

Pseudobulk dataset generation

scRNAseq datasets were processed using Seurat (https://satijalab.org/seurat/) (Butler et al., 2018b). The scRNA-seq count matrices were used as input to create a pseudobulk count matrix using "sumCountsAcrossCells" function of the scater package [START_REF] Mccarthy | Scater: preprocessing, quality control, normalization and visualization of single-cell RNA-seq data in R[END_REF].

The pseudobulk RNA-seq dataset was further processed with the DESeq2 package [START_REF] Love | Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2[END_REF]. The "DESeq" function was used to determine perform differential expression analysis.

Proteome analysis by mass-spectrometry

Mass spectrometry experiments were performed in the Vogel laboratory as in [START_REF] Vitrinel | A simple method to quantify proteins from one thousand cells[END_REF]. Briefly, cells were sonicated cells with Diagenode Bioruptor Pico (15 cycles 30s on 30s off) in a degassed water bath at 4 °C. After lysis, samples were heated for 15 min at 90°C to denature proteins. Proteins were digested at 37°C overnight after addition of 0.5 µg of mass spectrometry grade trypsin (Sigma Aldrich). Resulting peptide concentrations were measured with the Pierce Quantitative Fluorometric Peptide Assay (ThermoFisher) kit for standard samples.

The full MS scans were acquired with a resolution of 120,000, an AGC target (target ion population to accumulate in the mass analyser) of 3x10 6 , with a maximum ion time of 100 ms, and scan range of 375 to 1500 m/z. Following each full MS scan, data-dependent highresolution HCD MS/MS spectra were acquired with a resolution of 30,000, AGC target of 2 

Protein analysis of raw data

The RAW data files were processed by the Vogel laboratory as in Vitrinel et al.,using MaxQuant 20 (version 1.6.1.0) to identify and quantify protein and peptide abundances. The spectra were matched against the Mus musculus Uniprot database with standard settings for peptide and protein identification, which allowed for 10 ppm tolerance, a posterior global false discovery rate (FDR) of 1% based on the reverse sequence of the mouse FASTA file, and up to two missed trypsin cleavages. Protein abundance was estimated using iBAQ 21 for label-free experiments.

Proteomic data analysis

For proteomic data, Z-score normalisation and Student's t-test statistics were conducted using Perseus (version 1.5.3.0). Student's t-test analyses were done with permutation-based FDR using a cut-off of 0.05 with 250 randomisations. All further computational analyses were conducted in R.

Gene ontology analysis

Gene ontology analysis were performed on the common differentially expressed features from the proteomic and pseudobulk RNA-seq datasets using the topGO package [START_REF] Alexa | Improved scoring of functional groups from gene expression data by decorrelating GO graph structure[END_REF]. Enriched Biological Process terms were determined after performing Fisher's exact test, terms with a p value<0.01 were considered significant.

BIBLIOGRAPHY Étude de la diversité moléculaire définissant l'hétérogénéité des cellules souches musculaires

Le muscle squelettique adulte a une capacité de régénération remarquable, pouvant guérir après des traumatismes répétés. Cette propriété dépend de la présence de cellules souches musculaires (SCMu), qui sont pour la plupart quiescentes dans des conditions homéostatiques mais qui s'activent après une blessure, réintègrent le cycle cellulaire et prolifèrent pour donner naissance à des myoblastes qui fusionneront pour restaurer les fibres endommagées. De nombreuses études ont étudié les états transitoires que les SCMu empruntent de l'entrée du cycle cellulaire à la différenciation. Malgré le fait que plusieurs souris rapportrices génétiquement modifiées aient été générées pour examiner ces événements, l'initiation de la différenciation, qui est généralement définie par l'expression du facteur de régulation myogénique Myogenin, est difficilement appréciable à cause du manque de souris rapportrice fiable. Par conséquent, nous avons développé une nouvelle lignée rapportrice où la différenciation des cellules myogéniques exprimant le facteur de transcription Myogenin peut être marquée par l'expression d'une protéine fluorescente tdTomato. Cette nouvelle lignée de souris knock-in nous a permis d'analyser la cinétique de l'expression de Myogenin lors de la différenciation cellulaire in vitro et d'effectuer des expériences préliminaires in vivo par imagerie intravitale. De plus, bien que toutes les SCMu de souris soient caractérisées par l'expression du facteur de transcription Pax7, plusieurs études ont décrit des différences de prolifération, de capacité de transplantation et de sensibilité à la maladie entre les SCMu des muscles crâniens et des membres. Pour étudier les réseaux de régulation des gènes qui régissent cette hétérogénéité fonctionnelle, nous avons combiné des analyses transcriptomiques sur cellules uniques avec des approches de biologie cellulaire utilisant des lignées de souris rapportrices pour identifier les régulateurs clés qui confèrent des propriétés distinctes aux SCMu à haute-performance (extraoculaires) et à faibleperformance (tibialis antérieur) en quiescence et lors de l'activation. Nous avons identifié un retard dans la différenciation des SCMu extraoculaires en culture, accompagné par l'expression de facteurs de remodelage de la matrice extracellulaire et de récepteurs membranaires distincts et nous avons validé l'expression de certains de ces candidats au niveau protéique. Des analyses informatiques avancées ont mis en évidence la dynamique sousjacente au maintien d'une population de progéniteurs dans les SCMu extraoculaires, contrôlée par un réseau singulier de facteurs de transcription formant un module de molécules co-régulées. En conclusion, ces études apportent de nouvelles informations sur les mécanismes qui octroient des propriétés différentes des cellules souches musculaires venant d'emplacements anatomiques distincts. Mots clés : [Cellules souches musculaires -matrice extracellulaire -muscles extraoculaires -séquençage de cellule unique -protéomique -différenciation -hétérogénéité]

Investigation of molecular diversity defining muscle stem cell heterogeneity

Adult skeletal muscle has a remarkable regenerative capacity, being able to recover after repeated trauma. This property depends on the presence of muscle stem cells (MuSCs), which are mostly quiescent in homeostatic conditions, re-enter the cell cycle after injury and proliferate to give rise to committed myoblasts that will eventually fuse to restore the damaged fibres. Numerous studies have investigated the cell state transitions that MuSCs undergo from cell cycle entry to differentiation. Although several genetically modified reporter mice have been generated to study these events, detailed studies on the initiation of differentiation, which is generally defined by expression of the myogenic regulatory factor Myogenin, have been hampered by the lack of a reliable reporter mouse. Therefore, we developed a fluorescent reporter line where differentiating myogenic cells expressing Myogenin are marked by the expression of a tdTomato fluorescent protein. This novel knock-in mouse line allowed us to monitor the kinetics of Myogenin expression during cell differentiation in vitro, and perform preliminary experiments on the behaviour of myogenic cells in vivo by intravital imaging. Although all mouse MuSCs are characterised by the expression of the transcription factor Pax7 and they share several properties, some studies have reported differences in proliferation, engraftment ability, and sensitivity to disease of MuSCs from cranial and limb muscles. To investigate the gene regulatory networks that govern this functional heterogeneity, we have integrated single-cell transcriptomic analyses with cell biology approaches using mouse reporter lines to identify key regulators that confer distinct properties to high performing (extraocular muscles) and lower performing (limb, Tibialis anterior muscle) MuSCs in quiescence and activated states. We identified a delayed lineage progression of extraocular MuSCs in culture that was accompanied with the expression of distinct extracellular matrix remodelling factors and membrane receptors, and we validated the expression of some of these candidates at the protein level. Advanced computational analyses highlighted the dynamics underlying the maintenance of a stem-like progenitor population in extraocular MuSCs, controlled by a singular network of transcription factors acting as a co-regulating module. Taken together, these studies provide novel insights into the mechanisms underlying the differential properties of muscle stem cells in distinct anatomical locations.

Keywords: [Muscle stem cells -extracellular matrix -extraocular muscles -scRNA-seq -proteomicsdifferentiation -heterogeneity]

  Abstract : ................................................................................................................................

  asymmetric, have been shown to contribute to maintain tissue homeostasis. Upon activation, MuSCs can undergo symmetric cell divisions (SCD), where both daughter cells have the same fate or asymmetric cell division (ACD), where one daughter cell will differentiate and the other one will retain the stem cell identity. The modes of cell division are regulated by intrinsic signals, resulting from the distribution of cell fate determinants, as well as extrinsic signals coming from the microenvironment. Many studies have addressed the issue of regulation of the modes of MuSC division, and only a few relevant examples are discussed below.

  isolation of MuSCs. While Chen et al. isolated MuSCs by differential passage of enzymatically digested muscle to separate them from fibroblasts, the other two studies performed fluorescentactivated cell sorting (FACS), albeit with different markers. Ippolito et al. exploited the transgenic Pax7-ZsGreen mouse model (Bosnakovski et al., 2008) to isolate MuSCs based on Pax7 expression, whereas Stuelstatz et al. identified MuSCs based on Nestin expression with a

:

  Laminins are heterotrimeric proteins and the different laminin types result from the multiple combinations of the α, β and γ-chains. ECM remodelling during muscle regeneration is characterised by a dynamic change in laminin composition, with transient deposition of laminin-α1 and laminin-α5 being concomitant with MuSC activation. The deposition of laminins by MuSCs is mediated by MMP activity, and its inhibition results in decreased cell proliferation and premature differentiation in vitro

  Myog-ntdTomato construct for CRISPR-Cas9 mediated homologous recombination A fragment of 1000 bp from the last exon of Myog was amplified by PCR from murine gDNA (primers 1 and 2), introducing SalI and NotI restriction sites. This fragment was subcloned into an AGS plasmid (kind gift from Dr. Festuccia). A fragment of 760 bp was amplified by PCR from murine gDNA (primers 3 and 4) from the 3'UTR of the Myog gene, just after the STOP codon. This amplification also introduced a mutation in the PAM sequence necessary for CRISPR-Cas9 genome editing. Using the PacI and SpeI restriction sites added, the fragment was subcloned into the PacI and XbaI digested AGS plasmid.

Fetal

  and adult muscles were dissected and minced in ice-cold DMEM. Samples were then incubated in DMEM, 0.08% Collagenase D (Sigma, 11088882001), 0.2% Trypsin (ThermoFisher, 15090) and 10 µg/ml of DNAseI(Sigma, 11284932) for 25 min at 37°C under gentle agitation for 5 rounds of digestion. After each round, samples were allowed to precipitate for 5 min, the supernatant was collected on 4ml of Fetal Bovine Serum (FBS) on ice and fresh digestion buffer was added to the remaining muscle pellet. The collected supernatants were centrifuged for 15 min at 550 g at 4°C, resuspended in DMEM 2% FBS and filtered through a 40µm strainer (Corning, 352235) before cell sorting. Cells were isolated based on size, granulosity and GFP or tdTomato fluorescence on using an Aria III (BD Biosciences) machine.Cells were collected directly in MuSC growth media (DMEM: F12 (1:1, GIBCO), 20% FBS (ThermoFisher, #10270), 2% Ultroser (Pall, 15950-017), 1% Penicillin/Streptomycin(GIBCO, 15140-122).

  buffer (150M NaCl, 50mM Tris pH8, 5mM EDTA, 1% NP-40 (Sigma, I8896), 0.5% sodium deoxycholate, 0.1% SDS supplemented with 1X proteases (Sigma, S8820) and phosphatases (Roche, 4906845001) inhibitors). 15 ug of protein extracts were run on a 4%-12% Bis-Tris Gel NuPAGE (Invitrogen, NP0322) and transferred on a PVDF Amersham Hybond-P transfer membrane (GE Healhcare, RPN303F). The membrane was blocked with 5% milk in Tris-Buffer Saline 0.2% Tween-20 (Sigma, P9416) (TBS-T) for 1h at room temperature and incubated with specific primary antibodies overnight at 4°C. After three washes in TBS-T, the membrane was incubated with HRP or fluorophore-conjugated secondary antibodies and revealed by chemiluminescence (Pierce ECL2 western blotting substrate, Thermo Scientific, 80196) or fluorescence (Bio-Rad, Chemidoc MP).
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Figure 2 .

 2 Figure 2. tdTomato expression recapitulates endogenous Myog expression. A. Immunofluorescence of extraocular, tongue and limb muscles of Myog ntdTom/+ embryo at E12.5. The bar graph shows the quantification of tdTOMATO and MYOG positive cells. n=3 embryos, >100 cells per muscle per embryo were counted. Scale bar 40 µm. B. Whole mount immunofluorescence from Myog +/+ , Myog ntdTom/+ and Myog ntdTom/ntdTom embryos at E10.5 stained for tdTOMATO, MYOG and MyHC proteins. Scale bar 100 µm. C. MuSCs were isolated from limb muscles of Tg:Pax7-nGFP; Myog ntdTom animals and plated for in vitro differentiation for 5 days. Bar graph shows the quantification of tdTOMATO and MYOG positive cells (n=3, >200 cells per animal counted). Scale bar 100 µm on left image and 50 µm on the right inset.

Figure 3 .

 3 Figure 3. Myog + cells can be isolated based on tdTomato fluorescence. A. FACS profiles show a tdTOMATO + cell fraction of mononuclear cells isolated from limb muscles of E18.5, p21 and p70 of Myog ntdTom/+ animals. Bar graph shows the percentage of tdTOMATO + cells at the different stages. n>4 animals per condition. Data represents mean ± s.d. Two-tailed unpaired Student's t-test; ** p-value = 0.0005 to 0.01. B. Regeneration of the TA muscle of Tg:Pax7-nGFP; Myog ntdTom/+ mice was induced by administration of the snake venom cardiotoxin. tdTOMATO expression of the isolated mononuclear population was assessed by FACS at different timepoints during regeneration. C. tdTOMATO + cells from 5 days post injury in (B) were isolated based on tdTOMATO fluorescence and fixed 3 h after plating. Bar graph shows the quantification of tdTOMATO and MYOG positive cells (n=3, >200 cells per animal were counted). Data represent mean ± s.d. Scale bar 50 µm.

Figure 4 .

 4 Figure 4. Myog + cells can undergo cell division A. MuSCs were isolated based on GFP fuorescence from Tg:Pax7-nGFP Tg/+ ; Myog ntdTom/+ mice. Cells were plated for 3 days before initiating live imaging. Black arrows show a tdTOMATO + cell dividing and its daughter cells. Images were acquired every 9 min. Scale bar 25 µm.

Figure S1 .

 S1 Figure S1. tdTomato expression recapitulates endogenous Myog expression.A. Immunofluorescence of extraocular, tongue and limb muscles of Myog ntdTom/+ embryo at E14.5. Bar graph shows the quantification of tdTOMATO and MYOG positive cells. n=3 embryos, >100 cells per muscle per embryo were counted. Scale bar 40 µm.

Figure S2 .

 S2 Figure S2. Muscle regeneration in Myog ntdTom mice. A. Regeneration of the TA muscle of Tg:Pax7-nGFP; Myog +/+ and Tg:Pax7-nGFP; Myog ntdTom/+ animals was induced by administration of cardiotoxin. TA muscles were collected at different timepoints, cryosectioned and stained with H&E to assess muscle regeneration. B. Endogenous fluorescence of a Tg:Pax7-nGFP; Myog ntdTom/+ TA muscle section from (A) at 5 days post injury. Scale bar 25 µm. C. TA muscle sections from Tg:Pax7-nGFP; Myog ntdTom/+ mice at 5 days post injury were stained for MYOG and tdTOMATO protein. Scale bar 25 µm.

  Finally, we set out to determine to what extent the EOM progenitor fraction capable of selfrenewal in vitro, relates to the quiescent MuSCs present in the in vivo niche. Thus, we assessed the profiles of quiescent MuSCs by scRNA-seq of from EOM and TA immediately after isolation by FACS. Despite the homogeneous expression of MuSC markers Myf5 and Pax7 in both populations, Myod expression was restricted to the TA MuSCs (Figure S8A), suggesting an earlier MuSC activation in response to the isolation procedure. Differentiation markers like
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 2 Figure 2. Molecular signature of EOM and TA activated MuSCs.
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 3 Figure 3. EOM activation is accompanied by ECM remodelling.
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 4 Figure 4. EOM cells expressing PDGFRβ have distinct functional characteristics.
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 5 Figure 5. Distinct gene regulatory networks underlie EOM and TA activation dynamics.
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 6 Figure 6. RNA velocity reveals distinct population kinetics and potential key regulators of progenitor maintenance.

Figure S1 .

 S1 Figure S1. Fetal and postnatal EOM stem cells express lower Myog levels than TA cells.

Figure S2 .

 S2 Figure S2. Ontology networks of top 100 markers and associated genes.
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 S3 Figure S3. EOM progenitors are enriched in ECM factors.

Figure S4 .

 S4 Figure S4. PDGFRβ expression distinguishes two EOM subpopulations by flow cytometry.

Figure S5 .

 S5 Figure S5. Isolation-induced stress has limited influence on dataset disparities.

Figure S6 .

 S6 Figure S6. Cell cycle does not explain the velocity streams of activated EOM and TA.

Figure S7 .

 S7 Figure S7. Regulation of IGF signalling emerges as a potential player in EOM progenitor maintenance.

  Following the protocol established by Yennek et al., we induced muscle regeneration in vivo by intra-muscular administration of a snake venom toxin (notexin -a phospholipase enzyme) in the TA muscle of Tg:Pax7-nGFP mice. At 5 days post injury, MuSCs were isolated by FACS based on GFP fluorescence and plated in micropatterns.Cells on micropatterns were subsequently imaged by live videomicroscopy to quantify the number of divisions and the percentage of clonal events.

Figure 24 .

 24 Figure 24. EOM and TA MuSCs undergo ACD with different frequencies. A) Scheme of the experimental workflow. EOM and TA MuSCs were isolated by FACS and plated for in vitro activation. After 4 days they were re-plated on micropatterns and allowed to divide for 16h. B) (Left) Low magnification image of a micropattern-printed well with cells attached. (Right) Representative images of cells stained for PAX7 and tdTOMATO that underwent ACD or SCD. Scale bar 10µm. C) (Left) Bar graph represents the percentage of each division mode. (Right) Bar graph represents the percentages of the possible outcomes after a SCD. In both cases only micropatterns containing two cells were analysed. n=3 mice pooled; > 100 cells counted.

  , cell-autonomous MuSC regulation through ECM secretion has gained relevance as a mechanism for regulating MuSC properties. The increased proliferation of foetal MuSCs described by Tierney et al. was accompanied by differential expression of several ECM components such as Fn1, TnC and ColVI. Subsequent loss of function experiments confirmed the essential role of TnC in the regulation of foetal MuSC engraftment ability

Figures

  Figures were assembled inAdobe Photoshop and Illustrator (Adobe Systems).

x10 5 ,

 5 maximum ion time of 150 ms, 1.5 m/z isolation window, fixed first mass of 100 m/z and NCE of 27 with centroid mode. Following each full MS scan, data-dependent high-resolution HCD MS/MS spectra were acquired with a resolution of 60,000, AGC target of 2x10 5 , maximum ion time of 100 ms, 1.2 m/z isolation window, fixed first mass of 100 m/z and NCE of 35 with centroid mode.

  

  

  

  

  

  Embryonic myogenesis and adult growth and regeneration are regulated by a core of myogenic regulatory factors (MRFs) comprising Myf5, Mrf4, Myod and Myogenin (Myog). Following myogenic specification in the embryo, the MRFs are expressed in a sequential manner to ensure commitment, proliferation, differentiation, and fusion to give rise to multinucleated skeletal myofibres. Single and combinatorial mouse knockout models of MRFs have established a genetic hierarchy where Myf5, Mrf4 and Myod control lineage commitment and proliferation of myogenic progenitors and Myod, Mrf4 and Myog are involved in terminal differentiation
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Data analysis and statistics

Data analysis and statistics were performed using R (R Team, 2014) and figures were produced using the package ggplot2 (Wickham, 2009). For comparison between two groups, two tailed paired and unpaired Student's t-tests were performed to calculate P values and to determine statistically significant differences (see Figure Legends).

cells and show that a fraction can undergo cell division, albeit at a much lower frequency than Myogenin -myoblasts. We expect that this reporter mouse will be a valuable resource for researchers investigating skeletal muscle biology.

Image analysis

Cell tracking was performed using the Manual Tracking feature of the TrackMate plug-in (Tinevez et al., 2017) in Fiji (Schindelin et al., 2012). ZEN software (Carl Zeiss), Fiji (Schindelin et al., 2012) and Imaris (Bitplane) were used for image analysis. Figures were assembled in Adobe Photoshop and Illustrator (Adobe Systems).
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PART II:

Singular molecular and cellular properties define anatomically distinct mouse muscle stem cells

RT-qPCR

RNA from in vitro myoblast cultures was extracted using a Trizol-based kit (Zymo Research, R2061) and reverse transcribed using SuperScriptIII (Invitrogen, 18080093). RT-qPCR to assess for mRNA relative expression performed with SYBR green master mix (Roche, 04913914001) in an Applied biosciences machine. Data analysis was performed using the 2-ΔΔCT method (Livak and Schmittgen, 2001) and mRNA expression was normalized with Rpl13.

Immunofluorescence

For immunostaining, cells were fixed in 3% paraformaldehyde (PFA, Electron Microscopy Sciences) 2% sucrose, permeabilized in 0.5% Triton X-100 (Merck, T8787) and blocked with 10% goat serum (GIBCO). Cells were incubated with the indicated primary antibodies overnight following by 45 minute incubation with secondary antibodies and Hoechst (ThermoFisher, H1399).

Following immunostaining, 96-well plates (Dutscher Dominique, 655090) were imaged on an Opera Phenix high-content microscope (Perkin Elmer) using a 20x or 40x objective. Quantification of acquired images was performed using Harmony (Perkin Elmer) or Columbus software, using an automated pipeline. First, nuclei were detected based on Hoechst signal and cell shape was detected using membrane or cytoplasmic stainings. Number of nuclei was measured and mean and maximum intensity were automatically quantified on the nuclear or cytoplasmic regions depending on the staining.

Western Blot

Cells in culture were lysed in RIPA buffer (150M NaCl, 50mM Tris pH8, 5mM EDTA, 1% NP-40 (Sigma, I8896), 0.5% sodium deoxycholate, 0.1% SDS supplemented with 1X proteases (Sigma, S8820) and phosphatases (Roche, 4906845001) inhibitors). 7 µg of protein extracts were run on a 4%-12% Bis-Tris Gel NuPAGE (Invitrogen, NP0322) and transferred on a PVDF Amersham Hybond-P transfer membrane (GE Healhcare, RPN303F). The membrane was blocked with 5% milk in Tris-Buffer Saline 0.2% Tween (Sigma, P9416) (TBS-T) for 1h at room temperature and probed with specific primary antibodies overnight at 4°C. After three washes in TBS-T, the membrane was incubated with HRP or fluorophore-conjugated secondary antibodies and revealed by chemiluminescence (Pierce ECL2 western blotting substrate, Thermo Scientific, 80196) or fluorescence (Bio-Rad, Chemidoc MP).