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Abstract: The peculiar ability of skeletal muscle tissue to operate adaptive changes during post-natal 
development and adulthood has been associated with the existence of adult somatic stem cells. Satellite 
cells, occupying an exclusive niche within the adult muscle tissue, are considered bona fide stem cells 
with both stem-like properties and myogenic activities. Indeed, satellite cells retain the capability to 
both maintain the quiescence in uninjured muscles and to be promptly activated in response to growth 
or regenerative signals, re-engaging the cell cycle. Activated cells can undergo myogenic differentia-
tion or self-renewal moving back to the quiescent state. Satellite cells behavior and their fate decision 
are finely controlled by mechanisms involving both cell-autonomous and external stimuli. Alterations 
in these regulatory networks profoundly affect muscle homeostasis and the dynamic response to tissue 
damage, contributing to the decline of skeletal muscle that occurs under physio-pathologic conditions. 
Although the clear myogenic activity of satellite cells has been described and their pivotal role in mus-
cle growth and regeneration has been reported, a comprehensive picture of inter-related mechanisms 
guiding muscle stem cell activity has still to be defined. Here, we reviewed the main regulatory net-
works determining satellite cell behavior. In particular, we focused on genetic and epigenetic mecha-
nisms underlining satellite cell maintenance and commitment. Besides intrinsic regulations, we re-
ported current evidences about the influence of environmental stimuli, derived from other cell popula-
tions within muscle tissue, on satellite cell biology.  
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1. INTRODUCTION 

 Muscle development is a well-coordinated process in 
which the segmental derivatives of the paraxial mesoderm, 
namely the somites, give rise to the dermomyotome from 
which progenitor cells undergo differentiation to form 
multinucleated myofibers [1-3].  
 The existence of multipotent cells was thought to be re-
stricted to tissue development; however, a suite of somatic 
stem cells has been recognized in early post-natal and mature 
skeletal muscle, significantly contributing to muscle growth, 
homeostatic maintenance, and regeneration [4]. 
 Indeed, although myofibers are terminally differentiated, 
adult muscles retain the capability to increase in size upon 
hypertrophic stimuli and to efficiently regenerate after in-
jury. This exceptional plasticity has been generally associ-
ated with the presence of adult stem cells, namely Satellite 
Cells (SCs), within mature cell populations. Satellite cells, 
surrounding myofibers, are considered the primary stem cells 
 
*Address correspondence to this author at the Unit of Histology and Medical 
Embryology, Sapienza University of Rome, Via A. Scarpa, 14, Rome 
00161, Italy; Tel/Fax: +39 0649766956, +39 06 4462854; E-mail: anto-
nio.musaro@uniroma1.it  

in adult skeletal muscle playing a central role in tissue 
growth and regeneration [5-7]. These undifferentiated cells 
are maintained under quiescent conditions in healthy mus-
cles, being able to repristinate their proliferative activity 
upon proper stimulation. Satellite cells that are induced to 
leave the quiescence re-enter the cell cycle, undergoing mul-
tiple divisions. Retaining stem cell properties, these cells can 
engage both symmetric and asymmetric divisions, guarantee-
ing the maintenance of the stem cell pool and the production 
of committed cells, which contribute to muscle plasticity [5, 
7]. Starting from their identification, satellite cell functions 
have been extensively studied; however, the contribution of 
these muscle stem cells to muscle growth and the exact 
mechanism regulating their behavior during regeneration still 
lacks a comprehensive picture.  
 Here, we reported an integrated overview of genetic and 
epigenetic mechanisms underlining satellite cell biology, 
reporting current advances in understanding regulatory net-
works characterizing every single stage of SCs activity dur-
ing muscle regeneration. Furthermore, we described the in-
terplay between myogenic and non-myogenic cells in regen-
erating muscle environment, providing evidences about the 
impact of the different cell components on the efficacy of 
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tissue healing. In particular, we discuss the impact of both 
intrinsic and non-cell autonomous mechanisms regulating 
muscle regeneration with a focus on the alteration of this 
homeostatic mechanism in aging and disease. 

2. SATELLITE CELLS IN MUSCLE PLASTICITY: 
FROM GROWTH TO REGENERATION  

 Skeletal muscle stem cell population was firstly identi-
fied by Mauro A. [8] and Katz B. [9] in 1961 by electron 
microscopy approach on frog and rat muscle samples, re-
spectively. The denomination of Satellite Cells derived from 
the peculiar position within muscle tissue, in close associa-
tion with single myofibers. As emerged from the first obser-
vation by Mauro and confirmed over time by more detailed 
studies, SCs occupied a protected location between the basal 
lamina and the sarcolemma, an exclusive niche preserving 
and regulating stem cell survival and behavior.  
 Besides the physical definition of the anatomical loca-
tion, satellite cells have been also characterized by the ex-
pression of specific markers such as: paired box transcription 
factors (Pax3 and Pax7) [10, 11]; Neural cell adhesion mole-
cule (NCAM) [12]; M-cadherin [13]; Forkhead box protein 
K (FoxK) [14]; tyrosine-protein kinase Met (c-Met) [15]; 
VCAM-1 [16]; CD34 [17]; Syndecan 3 and 4 [18]; Sox 8 
[19]; Sox 15 [20]; Integrin α7 and β1 [21]; caveolin-1 [22]; 
Calcitonin receptor (CTR) [23]; Lamin A/C, Emerin [24]; 
Hairy/enhancer-of-split related with YRPW motif proteins 
Hey1 and Heyl [25]; Dystrophin [26]. 
 Starting by the observation that cells surrounding single 
myofibers can proliferate and differentiate in vitro, and tak-
ing the advantage of specific markers as Pax7, mounting 
information about the role of SCs in skeletal muscle have 
been provided. Satellite cells are thought to be responsible 
for muscle growth during post-natal life and of tissue regen-
eration after proper stimuli (Fig. 1). Transgenic mice de-
pleted of SCs displayed a significant impairment in skeletal 
muscle mass, myofiber size and a general decrease of total 
body weight, confirming the role of satellite cells in muscle 
growth during post-natal development [10]. Accordingly, the 
number of cells, constituting the myogenic stem cell pool, 
showed a significant decrease during the first months of age 
in mice, from 30% observed at birth to 5% recognized at two 
months of age, then remaining constant through adulthood 
[27]. This is consistent with the implementation of skeletal 
muscle mass occurring early in post-natal life. Indeed, satel-
lite cells can actively proliferate, probably in response to 
mechanical stimuli dictated by muscle enlargement and can 
fuse to existing myofibers, contributing to muscle fibers 
growth and maturation (Fig. 1A). 
 Muscle growth is not restricted to the first stages of life; 
myofibers can also enhance their diameter and length during 
the adult period. Although the increased myofiber size could 
derive from enhanced protein synthesis and sarcomeric ad-
junction, several evidences support the involvement of satel-
lite cells in muscle hypertrophy [28]. In fact, the expansion 
of the cytosolic portion of muscle fibers in response to sport 
training has been related to the enhanced number of nuclei 
through the “myonuclear domain hypothesis” [29]. Each 
nucleus in a muscle fiber seems to retain the genomic control 
of a certain area of cytoplasm. During muscle hypertrophy, 

when the activation of anabolic pathways leads to the en-
hanced production of structural proteins, myofibers undergo 
physical expansion and the addition of new nuclei are 
thought to be necessary to govern an improved cytosolic 
domain, allowing fiber growth (Fig. 1B). Discording with 
the theory of myonuclear domain, a recent study using a Cre-
lox approach to conditionally ablate satellite cells in mice, 
revealed that Pax7 positive cells are not necessary, at least at 
short term, to induce a significative increase of muscle mass 
during overload-related hypertrophy (Fig. 1B) [30]. How-
ever, long term depletion of SCs have been related to a re-
duced muscle hypertrophy, suggesting that myofiber plastic-
ity can support the growing process by extending the cytoso-
lic domain of each myonucleus in overloaded fibers, whereas 
this compensatory mechanism seems to be not able to effi-
ciently support muscle growth under the conditions of long-
term SC absence [30, 31]. Moreover, it has been reported, in 
murine models, that the requirement of satellite cell-derived 
myonuclei for a substantial fiber growth during muscle over-
load depends on the age of animals. Satellite cells are neces-
sary to guarantee the gain of muscle mass in young-growing 
mice, whereas adult-mature SCnull mice, depleted of SCs, 
underwent muscle hypertrophy as well as SCpos. mice [32]. 
Of note, aged mice failed to activate a hypertrophic response 
to mechanical overload independently on satellite cells 
[33].The impaired growth of myofibers observed in aged 
mice could be related to a general reduction of Pax7 positive 
cells in muscles of old mice compared to young, and/or to 
altered biochemical and mechanical signals in aged tissue 
microenvironment, inducing satellite cell dysfunction and 
impairing their ability to respond to physiologic stimuli [34–
36].  
 If the involvement of satellite cells in muscle growth dur-
ing adulthood is still debated, their pivotal role in muscle 
regeneration has been extensively described. Satellite cells 
are maintained in their quiescence state thanks to the exclu-
sive niche in which they reside. Nevertheless, SCs are able to 
rapidly respond to external stimuli, such as mechanical sig-
nals, injury, or homeostatic factors, leaving the quiescence 
and re-entering the cell cycle [37]. Then SCs can either fuse 
with pre-existing fibers, or alternatively fuse each other to 
regenerate the injured muscle or to contribute to muscle 
growth (Fig. 1C) [38]. Of note, using a genetic approach to 
label and ablate Pax7 gene, it has been demonstrated that 
lack of SCs totally abolishes muscle regeneration [39]. 

3. THE BEHAVIOR OF SATELLITE CELLS IS 
REGULATED BY GENETIC AND EPIGENETIC 
MECHANISMS 

 Satellite cells, in intimate association with intact and ma-
ture myofibers, are known to persist in a quiescent state with 
a low transcriptional activity evidenced by the presence of 
more heterochromatin compared to post-mitotic myonuclei. 
It has been shown that oval-shaped nuclei of muscle stem 
cells presented facultative heterochromatin (fHC) [40]. Un-
like constitutive heterochromatin, fHC can be dynamically 
converted in euchromatin, reactivating the expression of si-
lenced genes and this mechanism seems to be important for 
the regulation of satellite cell functions. It has been demon-
strated that the activity of the epigenetic enzyme Suv4-20h1, 
an H4K20 dimethyltransferase able to induce the condensa-
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tion of chromatin, was related to the maintenance of SCs 
quiescence (Fig. 2A) [40]. Interestingly, the absence of 
Suv4-20h1 results in loss of fHC by muscle stem cells, 
which undergo massive activation and proliferation, leading 
to the exhaustion of the myogenic stem cell pool and altered 
regeneration. This represents a pathologic feature of chronic 
and degenerative diseases such as muscular dystrophies. 
Thus, understanding the molecular mechanisms regulating 
stem cell quiescence might represent a critical issue to design 
therapeutic approaches. A genome-wide analysis, comparing 
the gene expression profile of quiescent and proliferating 
satellite cells, identified a suite of genes up-regulated in qui-
escent satellite cells (qSCs) which included negative regula-
tors of proliferation and myogenesis and genes involved in 
cell adhesion, extracellular matrix formation, copper and iron 
homeostasis, and lipid transportation [23]. Moreover, it has 
been reported that only quiescent satellite cells expressed the 
calcitonin receptor (CTR) which is thought to be involved in 
the preservation of the muscle stem cell pool. In fact, the 
stimulation with calcitonin induced a significant impairment 
of satellite cell activation in vitro, by inhibiting the ability of 
qSCs to re-enter the cell cycle (Fig. 2A) [23]. Accordingly, 
studies performed using a CTR conditional knock-out mouse 
model confirmed that the calcitonin signaling, via 
cAMP/PKA axis, plays a determinant role in preserving the 
adult stem cell pool in skeletal muscle tissue [41]. The mo-
lecular profile associated with quiescent SCs has been de-
fined in a recent elegant work [42]. This profile was used to 
select factors as Elcatonin, Forskolin and Somatostatin, able 
to maintain the dormant potent state of SCs in vitro, mimick-
ing signals from their native environment [42]. 

 Satellite cell behavior is also known to be under active 
epigenetic control exerted by non-coding RNAs-dependent 
regulatory networks. The genetic ablation of Dicer in 
Pax3pos./Pax7pos. cells resulted in the activation of adult SCs 
[43]. Since Dicer is the endonuclease principally involved in 
the biogenesis of small non-coding RNAs, microRNAs 
(miRNAs) have been suggested as possible regulatory ele-
ments in SCs activity. Among miRNAs enriched in adult 
SCs, Sato and colleagues identified miR-195 and miR-497 as 
important mediators regulating SCs quiescence [43]. The 
regulatory action of these miRNAs on the maintenance of the 
undifferentiated state of adult SCs was associated with a 
direct impact on the cell cycle. Indeed, miR-195/497 are able 
to target the transcript of important cell cycle activators as 
Cdc25 and Ccnd, thus inhibiting SCs proliferation (Fig. 2A). 
Moreover, the inhibition of miR-195/497 in adult SCs re-
sulted in the progression of cell cycle and in the reduced 
expression of Pax7, whereas the overexpression of these 
post-transcriptional regulators induced a quiescent stem cell 
profile characterized by withdrawal from cell cycle, expres-
sion of Pax7 and the down-modulation of MyoD [43]. In 
addition, miR489 has been identified as a positive modulator 
of adult SCs quiescence through the post-transcriptional sup-
pression of the oncogene Dek, which is involved in the pro-
liferative expansion of myogenic progenitors [44]. Another 
microRNA highly expressed in qSCs is miR-708, a short 
hairpin intron miRNA (mirtron), recently described as a 
positive modulator of SC quiescence [45, 46]. miR-708 in-
hibits cell migration by targeting the transcript of Tensin3, a 
focal-adhesion associated protein. Through this mechanism, 
miR-708 supports the persistence of SCs in the dormant state 

 
Fig. (1). Satellite cells are involved in muscle growth and regeneration. The adjunction of satellite cell-derived myonuclei occurs during dif-
ferent homeostatic responses underlining muscle plasticity: (A) During post-natal growth early after birth, the physiologic expansion of myo-
fibers results in the activation of quiescent satellite cells, which are able to fuse into growing myofibers contributing to muscle enlargement. 
(B) In mature myofibers, each myonucleus can govern a specific cytosolic domain. Under hypertrophic conditions, when myofibers undergo 
physical expansion, the myonuclear domain can be extended allowing myofiber growth without the involvement of myonuclear accretion. 
However, the enlargement of myofibers can also induce the activation and fusion of satellite cells, leading to the restoration of the original 
domain. (C) Satellite cells are absolutely necessary to repair injured muscle. During muscle regeneration, activated satellite cells can fuse 
either to damaged fibers or each other to generate new myofibers driving skeletal muscle healing. qSC: quiescent satellite cell; aSC: activated 
satellite cell. 
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and its down-modulation has been associated with SC activa-
tion [46]. 

3.1. Satellite Cell Activation and Self-renewal 

 A traumatic event in skeletal muscle tissue induces the 
activation of a multi-step coordinated program, leading to a 
complete tissue repair under physiologic conditions. 
 The essential prerequisite for proper muscle regeneration 
is the activation of the resident SCs pool, which expresses 
relevant markers of proliferating satellite cells such as 
desmin, Myogenic factor 5 (Myf-5), Myoblast determination 
protein (MyoD), and Proliferating cell nuclear antigen 
(PCNA) [47–49]. Although the mRNAs of myogenic factors 
as MyoD and Myf5 have been already detected in quiescent 
SCs, the transcriptional activity of these and other mediators 
is required for the progression from the dormant to the acti-
vated state [50, 51]. It has been reported that MyoD is able to 
regulate the expression of Cdc6 early after activation, driving 
SCs to re-engage the cell cycle (Fig. 2B) [52]. Indeed, upon 
proper stimulation satellite cells undergo active proliferation 
through asymmetric divisions, giving rise to both committed 
and stem cell populations. Depending on MyoD activity, 
activated satellite cells (aSCs) can follow one of two fates: 
they may down-regulate MyoD and self-renew, guaranteeing 
the maintenance of a pool of quiescent Pax7pos. satellite cells; 
alternatively, satellite cells maintain MyoD expression but 
down-regulate Pax7 and activate myogenin expression, thus 
committing to differentiation (Fig. 2B) [53]. Recent findings 
highlighted a role for the dystrophin-associated glycoprotein 
complex (DGC) as a structural regulator of the stem cell fate 
[54]. The expression of DGC is required for the establish-
ment of a correct SCs polarity during divisions, guaranteeing 
an efficient generation of committed myoblasts and daughter 
cells exerting stem cell properties [26]. This macromolecular 
complex and in particular β1-syntrophin is involved in the 
recruitment of p38γ mitogen-activated protein kinase 
(MAPK) which is, in turn, able to phosphorylate the Histone-
arginine methyltransferase Carm1 and prevent its nuclear 
translocation in the stem cell daughter during asymmetric 
division. Indeed, nuclear Carm1 induced the transcription of 
Myf5, promoting the myogenic commitment [54]. Other 
members of the p38 MAP kinases family, which are consid-
ered precocious markers of activated satellite cells, play an 
opposite role in the asymmetric division. p38α is responsible 
for the progressive repression of Pax7 expression during SCs 
proliferation, by interacting with important transcriptional 
repressors as YY1 and Polycomb Repressive Complex 2 
(PRC2) [55–57]. In addition, the activation of p38 α/β 
MAPK signaling plays an important role in the promotion of 
the early differentiative program, since it has been associated 
to the induction of the transcriptional activity of MyoD (Fig. 
2B). Since the regulatory actions of MyoD are known to be 
context-dependent, it promotes, in proliferating SCs, the ex-
pression of muscle-specific miRNAs as miR206 and 
miR133, inducing the withdrawal from the cell cycle and 
thus driving myogenic differentiation (Fig. 2C) [58, 59].  
 The maintenance of the muscle stem cell pool during 
adulthood is guaranteed by the homeostatic mechanism of 
self-renewal. Indeed, aSCs are able to generate not only dif-
ferentiating myoblasts but also a progeny of cells able to 

repristinate the quiescent state. During asymmetric divisions, 
daughter cells in which the p38 pathway is not active are not 
subject to the regulation of MyoD, evading the differentia-
tive fate. A crucial regulator of SCs self-renewal and quies-
cence is the Notch signaling since the interference with this 
pathway led to a significant loss of the quiescent cell pool 
due to a massive differentiation [60]. It has been recently 
reported that Notch1 and Notch2 expression in activated 
satellite cells is essential for the maintenance of the stem cell 
pool, being required in self-renewal [61]. Notch1/2 inactiva-
tion in transgenic mice led to an imbalance between prolifer-
ating SCs and committed myoblasts, impairing muscle re-
generation after injury [61]. On the contrary, Notch3 has 
been reported as a negative regulator of proliferation since its 
genetic ablation significantly increased SCs proliferation in 
Notch3null mice [61]. Another molecular regulator of SCs 
survival and proliferation is the Forkhead box protein M1 
(FoxM1), a transcription factor involved in the regulation of 
the expression of long noncoding RNAs (lncRNAs) and fac-
tors associated with cell cycle progression and apoptosis. In 
particular, the FoxM1-dependent induction of lncRNA 
Snhg8 has been reported to mediate the proliferative action 
of FoxM1 in satellite cells, whereas the FoxM1/lncGm26917 
axis is thought to promote SCs survival (Fig. 2B) [62]. Al-
though mounting studies highlighted even more mechanisms 
regulating the balance between the progression of the myo-
genic program and the re-establishment of quiescence, the 
exact mechanisms underlining stem cell self-renewal have to 
be fully elucidated. 

3.2. Myogenic Differentiation of Activated Satellite Cells 

 The transition from satellite cells proliferation to differ-
entiation involves the down-regulation of proliferative-
associated genes and the activation of specific differentiating 
markers, such as myogenin, neonatal isoform of myosin 
heavy chain (MHC), slow-twitch skeletal muscle troponin T 
(Tnnt1), cardiac and slow-twitch skeletal muscle Ca2+-
ATPase (Atp2a2), Insulin-like growth factor-2 (Igf-2), fibro-
blast growth factor receptor 4 (Fgfr4), nicotinic cholinergic 
receptor alpha polypeptide 1 (Chrna1), and cardiac/slow-
twitch skeletal muscle troponin C (Tncc) [63, 64]. The per-
manent exit from the cell cycle is then ratified by the expres-
sion of p21 protein [65]. The expression of MyoD is not re-
stricted to activated/proliferating SCs since it has been rec-
ognized as a master regulator of the myogenic program, 
modulating a suite of genetic and epigenetic mediators in-
volved in myoblast differentiation (Fig. 2B-C). For instance, 
it has been described that MyoD induced the expression of 
miRNAs promoting myoblast differentiation, as miR206 and 
miR486 (Fig. 2C). When proliferating myoblasts engage the 
differentiative program, miR206/486 are involved in the 
downmodulation of Pax7 by directly targeting the 3' untrans-
lated region (UTR) of its gene sequence [66]. Although 
MyoD exerts the genetic control of myogenic factors, even 
its function is tightly regulated. The transcriptional activity 
of MyoD is known to be dependent on the association with 
chromatin modifiers as Baf60c, connoting the epigenetic 
control of its function. In this context the importance of the 
muscle-specific long non-coding RNA Linc-RAM it has 
been recently highlighted. Yu and colleagues reported that 
Linc-RAM can function as a transcriptional enhancer of 
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Fig. (2). Molecular markers and mechanisms underlining satellite cell behavior. (A) Quiescent satellite cells are characterized by the presence 
of facultative heterochromatin and thus by a minimal transcriptional activity, being in a dormant state in steady-state muscles. (B) Upon 
proper stimulation, satellite cells become activated, express MyoD and re-engage the cell cycle. Activated cells can undergo both symmetric 
and asymmetric division replenishing the stem cell pool and generating committed myoblasts. Daughter cells expressing elevated levels of 
Pax7 and low levels of MyoD (Pax7high/MyoDlow) maintain the stem-like phenotype, whilst cells highly inducing MyoD and down-
modulating Pax7 (Pax7low/MyoDhigh) enter the differentiative program. (C) Differentiating cells express later molecular mediators of the my-
ogenic program as myogenin and Mrf4. Myoblasts can fuse to pre-existing myofibers and express markers of the terminally differentiated 
phenotype as Myosin heavy chain, muscle creatine kinase and beta enolase. 
 

MyoD, by promoting the formation of the MyoD-Baf60c-
Brg1 complex, responsible for the expression of genes 
strictly required for myogenic differentiation [33]. Support-
ing this mechanistic model, Linc-RAM knock-out mice 
showed important defects in muscle regeneration due to an 
impaired muscle differentiation. Moreover, ChIP analysis in 
C2C12 myogenic cell line revealed that MyoD was signifi-
cantly enriched in the promoter region of myogenin gene 
when Linc-RAM was over-expressed, indicating that this 
lncRNA can promote muscle differentiation [67]. In fact, the 
terminal differentiation of committed myoblasts requires the 
expression of both MyoD and myogenin, acting in a tightly 
regulated mechanism determining the expression of the my-
ogenic regulatory factor 4 (Mrf4), along with other markers 
of the terminally differentiated state [68].  

 Terminally differentiated myoblasts can fuse each other 
or to damaged myofibers to became part of a multinucleated 
muscle fiber. The differentiation program is then completed 
by the expression of protein associated with the mature mus-
cle phenotype such as myosin heavy chain (MHC), enolase 3 
(ENO3) and the muscle creatine kinase (MCK) (Fig. 2C). 
 Pax3/7: Paired box transcription factor 3/7;  Suv4-20h1: 
Histone-lysine N-methyltransferase; Tns3: Tensin3; CTR: 
Calcitonin receptor; Mcad: M-cadherin; Itga7: Integrin α7; 
Cav1: Caveolin 1; VCAM: Vascular cell adhesion molecule; 
miR: microRNA; Cdc25/6: Cell Division Cycle 25/6; Ccnd: 
G1/S-specific cyclin-D1; cAMP: Cyclic adenosine mono-
phosphate ; PKA: cAMP-dependent protein kinase catalytic 
subunit alpha; MyoD:  Myoblast determination protein; 
DGC: dystrophin-associated glycoprotein complex; FoxM1: 
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Forkhead box protein M1; lnc: long non-coding RNA; Myf5: 
Myogenic factor 5; YY1: Transcriptional repressor protein 
YY1; Mrf4: Myogenic regulatory factor 4; MHC: Myosin 
heavy chain; MCK: muscle creatine kinase; ENO3: Beta-
enaolase.  

4. CELLULAR AND MOLECULAR INTERACTORS 
IN MUSCLE STEM CELL NICHE 

 Although satellite cells represent the main actors in mus-
cle plasticity, the complex mechanism of muscle regenera-
tion cannot be considered a “one cell show”. Efficient heal-
ing of skeletal muscle occurs in five interrelated phases: i) 
muscle degeneration; ii) activation of the inflammatory re-
sponse; iii) regeneration; iv) tissue remodeling and angio-
genesis; v) muscle maturation and recovery of function. Each 
stage involves the active participation of different cell popu-
lations that play a critical role in regulating and supporting 
SCs activity, contributing to the establishment of a qualita-
tive environment permissive for proper regeneration. Among 
cellular interactors in muscle regeneration immune cells, 
myogenic and non-myogenic progenitors, endothelial cells 
and fibroblasts create an intricated and tightly regulated net-
work of mechanical and molecular signals within the stem 
cell niche. The concept of stem cell niche has been extended 
over time, by the definition of the anatomical compartment 
to the cohesive influence of a wealth of stimuli deriving from 
the environment surrounding SCs. Indeed, although residing 
in a privileged location, satellite cells convey the influence 
of other cell types within the muscle tissue which are respon-
sible for the production of physical and molecular signals 
regulating their behavior. Supporting the concept of muscle 
regeneration as an intricate network of cellular and molecu-
lar mediators, a series of studies reported that the depletion 
of specific cell populations in skeletal muscle environment 
can profoundly affect the ability of SCs to repair damaged 
tissue. In fact, during muscle regeneration, the activation and 
differentiation of SCs are strictly accompanied by related 
homeostatic responses favoring and supporting the myogenic 
program.  
 The activation of an acute inflammation represents the 
first physiologic response to tissue damage, which is the 
trigger stimulus for muscle regeneration. Resident immune 
cells, as mast cells and neutrophils, can function as sentries 
at the site of the lesion being rapidly activated by necrotic 
cell-derived molecules. This first response is then reinforced 
by a subsequent wave of pro-inflammatory mediators re-
leased by activated neutrophils and degranulating mast cells. 
Among secreted factors, histamine is responsible for the en-
hanced vascular permeability facilitating immune cell infil-
tration, whereas Tumor necrosis factor α (TNFα), Interferon 
γ (IFNγ) and Interleukin-1β (IL-1β) contribute to the re-
cruitment of peripheral myeloid cells. This pro-inflammatory 
milieu will summon a great number of neutrophils early after 
damage (2-24h), which are, in turn, responsible for the first 
phase of cell debris removal. The early action of neutrophils 
in triggering inflammation is required for proper muscle re-
generation since neutropenia, experimentally induced in 
mice, impaired tissue regeneration after injury [69]. 
 In addition, neutrophil-derived mediators as the soluble 
receptor of Interleukin-6 (sIL6R), are involved in the modu-

lation of inflammation. Indeed, a different subtype of macro-
phages can exert various functions during tissue healing. M1 
polarized cells present phagocytic activity and produce sev-
eral matrix metalloproteinases (MMPs), contributing to the 
clearance of the necrotic area, thus promoting the establish-
ment of a pro-regenerative environment [70]. Macrophages 
contribute to muscle regeneration also through the secretion 
of soluble mediators as TNFα and IL-6, which are necessary 
to promote myoblast proliferation and differentiation [71–
73]. Besides the classical M1 activation, recruited monocytes 
can be alternatively activated acquiring the M2 anti-
inflammatory phenotype. M2 cells can be divided into dif-
ferent subtypes which are induced by varied stimuli and ex-
ert immunomodulatory effects. M2a and M2b phenotype are 
known to be induced by IL-4/-13 and IL-1R agonists respec-
tively, whereas M2c cells are induced by IL-10, a critical 
anti-inflammatory cytokine promoting the transition from 
classically to alternatively activated macrophages [74]. M2 
macrophages, lacking the phagocytic activity, are involved in 
the resolution of the inflammatory response, the promotion 
of myoblast proliferation and in the differentiation of myo-
tubes, contributing to the progression of the myogenic pro-
gram in regenerating muscles [75, 76]. To support the pivotal 
role of macrophages in muscle regeneration, Liu and col-
leagues studied the impact of macrophagic depletion in a 
contusion model of muscle injury [77]. Mice treated with 
clodronate-containing liposomes, inducing apoptosis specifi-
cally in macrophages, showed a marked impairment in mus-
cle regeneration with an accumulation of necrotic fibers and 
inflammatory cells at the site of the lesion 7 days after in-
jury, when muscles from control animals mostly presented 
centronucleated fibers [77]. In addition, the damaged mus-
cles depleted of macrophages presented a reduced expression 
of factors positively regulating tissue regeneration as a hepa-
tocyte growth factor (HGF) and Insulin-like growth factor-1 
(IGF-1). Satellite cells are responsive to IGF-1, a trophic 
factor implicated in many anabolic pathways in skeletal 
muscle [35]. IGF-1 is able to stimulate satellite cell prolifera-
tion by promoting the activation of the Akt/FoxO1 pathway, 
whilst in post-mitotic myoblasts can induce myogenic differ-
entiation by modulating regulatory networks [78, 79]. Fur-
thermore, IGF-1 has been reported as a modulator of the 
inflammatory response in injured muscles, playing a central 
role during regeneration [80]. Interfering with the 
macrophagic production of IGF-1, Tonkin and colleagues 
reported an imbalance between M1 and M2 populations in 
regenerating muscles, leading to the impaired tissue repair. 
Another soluble mediator released by activated macrophages 
and influencing satellite cell behavior is IL-6 [81, 82]. Tran-
siently increased levels of IL-6 are physiologically required 
to induce satellite cell proliferation under regenerative condi-
tions, and this homeostatic mechanism was found deregu-
lated in transgenic mice lacking the expression of this spe-
cific myokine [83]. 
 Both IGF-1 and IL-6, along with Follistatin and Wnt fac-
tors, are also produced and released by another peculiar cell 
population in skeletal muscle environment, namely fibro-
adipogenic progenitors (FAPs) [84, 85], which are linea-
geneg./Sca1pos./CD34pos./α7integrinneg. cells. Satellite cells and 
Fibro-adipogenic progenitors (FAPs) present a reciprocal 
regulation in muscle tissue, and their interactions are critical 
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for an efficient regenerative process. Indeed, FAPs represent 
a multipotent cell population of non-myogenic progenitors 
with a pivotal role in supporting myogenic cells during mus-
cle regeneration. In particular, FAPs are involved in the 
paracrine regulation of the initial stages of muscle healing 
through the secretion of trophic and pro-myogenic media-
tors, being rapidly mobilized when muscle damage occurs. 
In vitro studies reported that FAPs not only promoted SCs 
proliferation but also influenced the commitment of 
myoblasts to terminal differentiation [84, 86]. Culturing my-
ogenic progenitors in the presence of FAPs resulted in the 
downmodulation of early markers of quiescent and activated 
SCs and in the enhanced expression of myogenic markers as 
MyoD and myogenin [84]. The influence of FAPs in modu-
lating muscle environment and promoting reparative myo-
genesis is known to be transient and finely regulated. In fact, 
the excess of FAPs resulted from a physiologic regeneration 
is subject to clearance mechanisms mainly mediated by 
apoptotic stimuli derived from immune cells and satellite 
cells, whereas proliferating progenitors repristinated the qui-
escent state [86, 87]. Furthermore, FAPs can differentiate in 
myofibroblasts which are designated to the production of 
extracellular matrix components, constituting a proper scaf-
fold for newly generated myofibers further allowing their 
alignment. 
 The production and remodeling of extracellular matrix 
(ECM) represent another critical step in muscle regeneration 
since the ECM components not only serve as physical sup-
port for regenerating fibers but also provide mechanical and 
biochemical signals for SCs, by influencing the retention and 
activity of secreted mediators in muscle milieu [88–90]. In 
this context the temporary action of FAPs in inducing regen-
erative fibrogenesis has been reported to be necessary for 
muscle regeneration  [39, 91]. Accordingly, a negative im-
pact of the genetic or pharmacologic ablation of FAPs on 
regenerative myogenesis has been described. Nilotinib, a 
tyrosine kinase inhibitor, has been used as a pharmacologic 
approach to inhibit FAPs proliferation during muscle regen-
eration. This treatment induced a significant reduction of the 
transient ECM deposition after acute damage and marked 
impairment of SCs proliferation, thus leading to a defective 
regeneration [91].  
 A large amount of ECM components, including collagen 
VI, derived from muscle connective tissue (MCT) fibroblasts 
which can be recognized by the expression of Tcf4. In par-
ticular, collagen VI has been involved in the prevention of 
myogenic commitment and in the promotion of self-renewal 
in activated satellite cells [92]. MCT fibroblasts have been 
detected in close association with satellite cells in vivo and 
are thought to influence their activity. In fact, SCs in murine 
muscles depleted of Tcf4pos. fibroblasts showed an impaired 
ability to proliferate upon traumatic stimuli, undergoing a 
premature differentiation [39]. 
 Other important players in muscle regeneration are endo-
thelial cells (ECs) of blood vessels since angiogenesis con-
tributes to muscle plasticity and changes in vascular system 
are observed during regenerative processes [93, 94]. In vivo 
and in vitro studies revealed that ECs exert a pro-myogenic 
activity on muscle progenitor cells (MPCs) by stimulating 
their migration, proliferation and terminal differentiation 

[94]. The reciprocal stimulation between ECs and MPCs has 
been associated to the secretion of molecular mediators as 
Apelin (APLN) that promotes myogenesis/angiogenesis, 
Oncostatin M (OSM) which exerts both stimulatory and in-
hibitory actions on angiogenesis and myogenesis, and Pe-
riostin (POSTN) stimulating angiogenesis and later stages of 
myogenic differentiation. Indeed, inhibitors of APLN, OSM 
and POSTN impaired both angiogenesis and myogenesis in 
vitro and muscle regeneration in vivo [94]. The effective 
restoration of functional muscle tissue after the injury occurs 
when regenerated myofibers are terminally differentiated and 
when the vascular bed and functional connections with 
nerves have been restored. The restoration of neuro-muscular 
junctions occurs within few weeks after injury and represents 
the final stage of muscle regeneration/maturation. This proc-
ess must be also finely regulated and occurs only when the 
regenerating myofibers completed the differentiative pro-
gram. Satellite cells also play a critical role in this process 
since they have been identified as a source of semaphorin 3A 
(Sema3A). This neural chemorepellent factor avoids a pre-
mature motor neuron reattachment inhibiting the establish-
ment of a synaptic contact on damaged or not completely 
mature myofibers [95]. On the other hand, Sema3A pro-
motes the myogenic differentiation of satellite cells [95–97], 
suggesting an SC-mediated control of tissue repair exerted 
by preventing an improper innervation and thus regulating 
the spatiotemporal progression of muscle regeneration. 

4.1. Other Myogenic Populations Contributing to Muscle 
Regeneration 

 Satellite cells are considered the primary players of re-
generative myogenesis. However, it has been proposed that 
other non-muscle stem cells and progenitors, including endo-
thelial-associated cells [98], interstitial cells [99–101], ves-
sel-associated stem cells [102, 103], and bone marrow-
derived stem cells [104, 105] can contribute to muscle re-
generation, supporting the activity of satellite cells. 
 In particular, a specific subpopulation of circulating he-
matopoietic/endothelial progenitors has been identified in 
human blood. These stem cells, expressing AC133 antigen, 
have been shown the capability to differentiate into 
myoblasts in vitro and to occupy the satellite cell niche in 
vivo [106]. In another work, a skeletal muscle side popula-
tion (SP), has been recognized in muscle tissue and identi-
fied as CD45neg./c-Kit neg./Sca-1 pos./Abcg2 pos. cells [104, 
107–110]. Skeletal muscle SP cells, exerting myogenic func-
tions in muscle tissue, mostly originate from somites and can 
be divided into interstitial SP cells and satellite-SP cells, 
according to their specific anatomic location [110]. It has 
been observed that SP cells residing in muscular interstitium 
can contribute to muscle repair after injury, although they 
lack spontaneous myogenic activity in vitro [107]. In con-
trast, satellite-SP cells have been indicated as possible pro-
genitors of satellite cells residing in close association with 
mature myofibers and maintaining their location even after 
single fiber isolation [110]. Other multipotent progenitors 
involved in adult myogenesis are vessel-associated stem cells 
with the mesodermal origin and elevated myogenic activity. 
In particular mesoangioblasts (MABs), originally isolated 
from the embryonic dorsal aorta, have been recognized in 
postnatal skeletal muscle and heart as multipotent progeni-
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tors associated with small vessels [102, 103]. These progeni-
tor/stem cells are known to express endothelial-vascular and 
pericytes markers and have been shown to share a common 
signature with FAPs [103, 111, 112]. However, MABs ex-
hibited a clear myogenic activity both in vitro and in vivo, 
differentiating into skeletal and smooth muscle [102, 113, 
114]. In addition, aorta-derived stem cells have shown to 
exert a therapeutic potential in preclinical and clinical studies 
of muscle pathologies [113–115]. A class of progenitors cor-
related with MABs are pericytes, which are thought to derive 
from prenatal mesoangioblasts. It has been suggested that 
pericyte cells represent the interstitial progeny of prenatal 
MABs which can leave their endothelial location during de-
velopment, acquiring a pericyte-like phenotype [111]. Peri-
cytes exert myogenic activity in vitro [116, 117] and are 
known to contribute to postnatal muscle growth and regen-
erative myogenesis, being also able to join the satellite cell 
compartment [116–119]. However, pericytes might also rep-
resent a heterogeneous population. Birbrair and colleagues 
identified two subtypes of pericytes in the skeletal muscle 
interstitium: type-1 pericytes, expressing NG2 marker and 
negative for Nestin; type-2 cells Nestinpos./NG2pos. [119]. In 
particular, while type-1 subtype is involved in fatty tissue 
accumulation and lacks myogenic activity in vitro and in 
vivo, type-2 cells have been identified as the myogenic sub-
population of pericytes in skeletal muscle [119]. 

5. INTRINSIC AND EXTRINSIC ALTERATIONS OF 
STEM CELL BIOLOGY IN AGING AND DISEASES 

 Skeletal muscle tissue is known to retain elevated adap-
tive capabilities, being able to dynamically respond to meta-
bolic changes and physical insults. However, it has been 
extensively described that the ability of muscle tissue to sup-
port homeostatic changes and regenerative processes is im-
paired during aging and diseases [120, 121]. Aged muscles 
present a decline in the ability to respond to hypertrophic 
stimuli and to recovery after traumatic events. Since the SCs 
reservoir is mainly involved in muscle growth and repair, the 
intrinsic alteration of satellite cells accumulated throughout 
lifespan has been proposed as a key contributor to muscle 
weakening during aging. Genome-wide analysis on SCs de-
rived from a range of healthy individuals, from 21 to 78 
years of age, revealed that SCs accumulated a number of 
mutations every year [122]. These mutations occurring dur-
ing aging seem to affect genes involved in SCs activity. In 
particular, it has been reported that SCs from human biopsies 
showed an impaired myogenic differentiation in vitro, which 
was directly correlated with the average number of carrying 
mutations, suggesting a novel mechanism contributing to the 
loss of muscle mass maintenance in elderly [122]. 
 Another proposed factor involved in the intrinsic altera-
tion of SCs behaviour is telomere shortening that occurs at 
every cell division. Reduced levels in adult cells of telom-
erase, the enzyme responsible for telomeric DNA adjunction, 
implicated that subsequent SCs division throughout life 
could progressively reduce telomeres, until reaching the 
Hayflik minimum and thus proliferative senescence [123–
126]. In spite of what reported in healthy individuals, a sig-
nificant reduction of satellite cell telomeres has been de-
scribed in patients affected by Duchenne muscular dystrophy 
(DMD) [126, 127]. DMD is a genetic disease due to the ab-

sence of a functional dystrophin protein and is characterized 
by extensive muscle degeneration, inflammation and im-
paired regeneration. The extent of necrosis in dystrophic 
muscle continuously stimulates regenerative processes which 
resulted in an inefficient tissue repair and led to the progres-
sive exhaustion of the SCs pool [82, 128]. In this context, 
several studies ascribed, at least to some extent, the impaired 
regenerative potential of SCs to premature senescence in-
duced by their excessive proliferation. Indeed, SCs deriving 
from DMD patients showed a marked reduction of telomeres 
fragment length compared to healthy subjects. In addition, 
the progressive shortening of telomeres during the disease 
course was correlated with the delay of regenerative foci in 
older DMD patients, suggesting that satellite cell senescence 
could be involved in the abortive regeneration observed in 
dystrophic muscles at later stages of the pathology [126, 
127]. 
 As previously mentioned, dystrophin protein is involved 
in the regulation of the stem cell fate during asymmetric di-
vision, determining the localization of p38γ/Carm1 complex. 
Thus, the absence of this structural protein in dystrophic SCs 
resulted in the alteration of cell polarity reducing the genera-
tion of committed myoblasts [54]. On the contrary, in aged 
muscles where the stem cell pool is known to be progres-
sively reduced, SCs dysfunction has been associated to the 
impairment of the symmetric divisions generating self-
renewal stem cells [129, 130]. Aged SCs lost the tuned bal-
ance between commitment and self-renewal, preferentially 
undergoing asymmetric division [130]. This defect has been 
described as heightened in geriatric SCs that showed replica-
tive senescence, caused by activation of p16 (INK4a) [131]. 
 While intrinsic alterations in satellite cell biology have 
been observed in aging and diseases, several studies indi-
cated that impaired muscle regeneration can be related to the 
deteriorating tissue environment induced by local and sys-
temic mediators. Supporting this hypothesis, aged progeni-
tors repristinate their myogenic activity when exposed to a 
young systemic environment, during heterochronic experi-
ments performed by muscle transplantation or parabiosis [36, 
132–134]. Otherwise, muscles from young donors showed 
an impaired ability to regenerate when transplanted in old 
hosts, further evidencing the key role of a permissive envi-
ronment to support the physiological activity of muscle stem 
cells. A critical contributor to the altered regenerative capa-
bility of aged muscles is the persistent inflammatory status 
established during aging. The so-called inflamm-aging repre-
sents a chronic low-grade inflammation due to the deregu-
lated production of pro-inflammatory mediators in elderly. 
Among factors increased in serum during aging, IL-6, TNFα 
and osteopontin (OPN) can play a detrimental role in skeletal 
muscle homeostasis contributing to SCs dysfunction and 
impairing muscle regeneration [135–137]. Elevated levels of 
IL-6 and TNFα negatively affect muscle mass in old indi-
viduals by inducing catabolic pathways and inhibiting the 
production of critical anabolic mediators as IGF-1 [138]. 
OPN, as well as IL-6, has been described to play positive 
roles in muscle regeneration when transiently expressed; 
however, its persistent production can undermine muscle 
differentiation and regeneration in vitro and in vivo [139–
141]. The age-related decline of trophic mediators as IGF-1 
in skeletal muscle could be also ascribed to a reduced num-
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ber of FAPs, which are a source of this anabolic factor. For-
micola and colleagues [85] reported that in young limb mus-
cles FAPs and SCs were represented in equal percentages, 
while in elderly the number of FAPs was markedly reduced 
probably leading to the loss of pro-myogenic stimuli for SCs. 
Accordingly, young extraocular muscles, that are spared by 
aging- and disease-related alterations, presented an elevated 
percentage of FAPs which are maintained in a 2:1 ratio with 
SCs also in aged mice [85]. Since FAPs are a source of tro-
phic and pro-myogenic mediators as IGF-1, Follistatin and 
IL-33, their progressive decline during aging can contribute 
to the alteration of SC function [85, 142]. Nevertheless, the 
activity of FAPs must be finely regulated. In an efficient 
muscle regenerative process, satellite cells produce factors 
that inhibit FAPs differentiation and activate apoptosis, 
avoiding FAPs accumulation [143]. In contrast, in several 
pathologic conditions, such as muscular dystrophy or aging 
sarcopenia, satellite cells are defective in the production of 
factors that control FAPs activity, leading to FAPs persis-
tence within muscle tissue, where they can readily differenti-
ate into adipocytes or fibrocytes [144].  
 Indeed, FAPs are highly responsive to stimuli derived 
from the niche as highlighted by transplantation experiments 
evidencing that a healthy muscle environment inhibits FAP 
adipogenic differentiation whereas a deregulated milieu can 
induce their conversion into adipocytes [84]. 
 These data indicated that the local tissue environment, 
which is a source of signals guiding SC activity, can be 
modulated by non-myogenic progenitors that are itself influ-
enced by environmental stimuli. Thus, FAPs might promote 
efficient muscle regeneration in a permissive milieu whilst 
can contribute to fibro-adipogenic events under deregulated 
conditions, strengthening the concept of tissue niche as a 
critical determinant of SC behavior and muscle regeneration 
[35].  
 The pivotal influence of muscle milieu on regenerative 
processes has been also elucidated in pathologic contexts as 
DMD. Our recent works demonstrated that the modulation of 
specific niche factors in dystrophic mice (mdx) is sufficient 
to induce an amelioration or exacerbation of the muscle phe-
notype, markedly influencing regenerative events. In particu-
lar, the over-expression of the local isoform of IGF-1 in mdx 
muscles (mdx/mIGF-1), not only induced significant muscle 
hypertrophy but also stimulated the maturation of the myo-
genic program, further supporting the maintenance of the 
differentiated phenotype [145, 146]. On the other side, in-
ducing the expression of elevated circulating levels of IL-6 
in mdx mice (mdx/IL-6) we obtained a significant worsening 
of dystrophic muscles, generating a more severe mouse 
model of DMD pathology [128, 147–149]. Although IL-6 is 
a positive regulator of SCs under physiologic conditions, its 
over-production dramatically impaired muscle differentiation 
in vitro and induced a progressive depletion of the SC pool 
in mdx mice at later stages of the pathology. In mdx/IL-6 
muscles we also observed an increased percentage of FAPs 
which are known to undergo extensive proliferation under 
pathologic conditions prevailing on satellite cells, losing 
their pro-myogenic activity thereby promoting fibrotic and 
fatty tissue deposition [128]. The detrimental impact on 
muscle regeneration of a sustained pro-inflammatory milieu 

promoted by IL-6 in DMD has been further demonstrated 
through the interference with IL-6 signalling. The inhibition 
of the IL-6 receptor alpha, mainly mediating the pro-
inflammatory actions of IL-6, in mdx mice, promoted the 
homeostatic maintenance of dystrophic muscles, favouring 
the maturation of the myogenic program [150]. In particular, 
the modulation of the inflammatory status in mdx muscles 
was accompanied by the upregulation of myogenic factors 
involved in myoblast differentiation/fusion as MyoD, myo-
genin and IL-4, along with molecular markers of terminally 
differentiated myofibers, including miR24 [150]. 

CONCLUSION 

 A proper activity of the muscle stem cell pool is critical 
for the maintenance of a healthy functional skeletal muscle 
tissue during adulthood, participating in the growth and re-
generative processes. The homeostatic balance between qui-
escent and activated satellite cells is a tightly regulated 
mechanism involving the action of genetic and epigenetic 
controllers, as transcription factors and non-coding RNAs. 
Intrinsic signals are required to establish the persistence of 
SCs in a quiescent state or to determine their activation and 
the subsequent commitment to the myogenic program. How-
ever, satellite cell behavior is known to be also influenced by 
signals deriving from the tissue environment. While satellite 
cells are central players in skeletal muscle homeostasis and 
regeneration, the functional interaction with non-myogenic 
cell populations in muscle niche guarantees the establish-
ment of a permissive environment necessary to support satel-
lite cell activity in achieving functional results. In fact, the 
deregulation of skeletal muscle environment that occurs un-
der physio-pathologic condition, as aging and muscular dys-
trophies, significantly affects satellite cell functions contrib-
uting to the loss of a functional muscle tissue. Thus, a com-
prehensive understanding of mechanisms regulating satellite 
cell behavior can allow important advances in the field of 
muscle diseases. However, although satellite cells were iden-
tified more than 50 years ago and a wealth of knowledges 
has been accumulated during these years, a clear picture of 
markers and molecular pathways underlining every single 
stage of satellite cell activity has still to be provided. Further 
advances will be necessary to bring into focus the intricate 
network of signals and fate determinants influencing the dy-
namics of satellite cell behavior. 

LIST OF ABBREVIATIONS 

Abcg2 = ATP binding cassette subfamily G member 2 
AC133 = CD133 antigen, also known as prominin-1 
Akt = RAC-alpha serine/threonine-protein kinase 
aSC = Activated satellite cell 
Baf60c = SWI/SNF-related matrix-associated actin-

dependent regulator of chromatin subfamily D 
member 3 

Brg1 = Transcription activator BRG1 
Ccnd = G1/S-specific cyclin-D1 
CD34 = Hematopoietic progenitor cell antigen CD34 
CD45 = leukocyte common antigen 
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Cdc25 = Cell Division Cycle 25 
c-Kit = KIT proto-oncogene receptor tyrosine kinase 
Foxo1 = Forkhead box protein O1 
NG2 = Neural/glial antigen 2 
qSC = Quiescent satellite cell 
Sca1 = Stem cell antigen 1 
SCs = Satellite Cells  
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