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Skeletal muscle possesses a remarkable ability for regeneration and can go through rapid
repair following muscle injury. This regeneration depends on the activity and contributions
of muscle satellite cells, which are located between the sarcolemma of myofibers and the
basal lamina [1]. Upon muscle injury, satellite cells are activated, driven out of their
quiescent state, and start to proliferate. Proliferating satellite cells, termed myogenic
precursor cells, or myoblasts, then exit cell proliferation, differentiate into myocytes, and
fuse with either each other or with existing myofibers in order to repair injured muscle [2].

During myogenesis, these satellite cells can be distinguished based on Pax7 and MyoD
expression; both are essential myogenic transcription factors. Pax7+MyoD− cells are in a
quiescent state, Pax7+MyoD+ cells are proliferating, and Pax7−MyoD+ cells are undergoing
differentiation [3,4]. In addition to cell proliferation and myofiber differentiation, activated
satellite cells also have an important function in maintaining their own satellite cell reserve
pool through self-renewal, which is essential for continuous muscle regeneration throughout
the life of an animal. Freshly isolated satellite cells and activated satellite cells can
contribute to both regenerating myofibers and quiescent satellite pool after transplantation,
strongly indicating that satellite cells possess the bipotentiality that contributes to both
myogenic regeneration and replenishment of satellite cell pool [5,6]. Since the myogenic
differentiation potential and the number of satellite cells decline as muscle ages, the
regeneration capacity of muscle is also decreased in aging. It also has been reported that loss
of myogenic differentiation capacity of satellite cells due to the continual need for
regeneration may contribute to disease progression in muscular dystrophy [7,8]. Genetic
ablation experiments using Pax7-null mice, whose satellite cell numbers are very low,
exhibited a defect where the remaining satellite cell population proliferated and
differentiated in vitro along with the failure of muscle growth and regeneration in vivo
[9,10]. Thus, the maintenance of satellite cells is necessary for continuous muscle
regeneration, especially in aging muscle. Although accumulating evidences characterize the
molecular mechanisms of myogenesis, the regulation of how satellite cells maintain their
numbers or functions is not completely understood.

Currently, there are two mechanisms that attempt to define the maintenance of the muscle
satellite cell pool in adult muscle. The first mechanism suggests that satellite cells are a
functionally heterogeneous population while the other states that satellite cells are capable of
self-renewal to generate a stem cell pool after cell division. Previous studies have proposed
that satellite cells are composed of two different populations: One population consists of
myogenic satellite cells, which possess myogenic differentiation potential. The other
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population is an undifferentiated subgroup which retains the satellite stem cell profile
[5,11,12]. This idea is supported by a recent study in which satellite cells could be
distinguished as fast- and slow-dividing cells through labeling with fluorescent lipophilic
dye (PKH26) [13]. Fast dividing cells gave rise to a higher number of myogenic
differentiated cells while slow dividing cells represented quiescent-like self-renewing cells.
Transplantation experiments demonstrate that slow dividing cells possess stem cell like
potential, and contributed to continuous muscle regeneration in vivo, suggesting that slow
dividing cells are able to produce myogenic stem cell progeny. In this study, gene
expression analysis in slow dividing cells demonstrated some important clues in
distinguishing the “stem cell” population from the myogenic population. Developments of
this nature address progress toward more specific means of identifying and isolating “stem
cell” population satellite cells such as use of endogenous cell surface markers using FACS.
Further studies will be expected to clarify these approaches.

A small population of satellite cells, possessing a potential of “stemness”, is capable of
maintenance of the number of satellite cells as proved by transplantation experiments. This
small cell niche also produces myoblasts during muscle regeneration [13], indicating that
“self-renewal” of satellite cells should be important to maintain the quiescent satellite cell
pool. Several papers have demonstrated that regulation of Pax7 and MyoD expression in
satellite cells is crucial for satellite cell self-renewal and myogenic differentiation processes.
During myogenic differentiation, the majority of Pax7+MyoD+ myoblasts undergo MyoD+
differentiation into myocytes and myotubes with attenuation of Pax7. By contrast, a small
number of myoblasts maintain Pax7 expression while decreasing MyoD expression and
undergo satellite cell self-renewal to a quiescent state to resume a place in the stem cell
niche. These observations suggest that most satellite cells may determine their cell fates
after cell proliferation and that the down-regulation of MyoD expression could be an
important factor for the process of satellite cell self-renewal.

MyoD belongs to the myogenic basic helix-loop-helix (bHLH) transcription factors that play
essential roles in myogenic specification, differentiation and maintenance during muscle
development and regeneration [14]. MyoD specifically serves as a potent myogenic master
transcription factor that can reprogram many non-muscle cell types to a myogenic lineage
when expressed in those cells [15]. Recently, Asakura et al. [16] reported that following
myoblast injection into regenerating mouse muscle, engraftment and survival of myoblasts
isolated from adult MyoD−/− mice was significantly increased compared to wild-type
myoblasts. In addition, transplanted MyoD−/− myoblasts, but not wild-type myoblasts,
could give rise to the satellite cell compartment in muscle. Importantly, the MyoD−/−
myoblasts were much more resistant to apoptosis compared to wild-type myoblasts [17]. In
addition, MyoD−/− muscle contains an increased number of satellite cells [17–19].
Therefore, MyoD−/− wild-type myoblasts preserve stem cell characteristics including
resistance to apoptosis, efficient engraftment and contribution to the satellite cell
compartment following transplantation. Taken together, these observations strongly
suggested that decline of MyoD expression is a key factor for myoblast to satellite cell self-
renewal process.

Six1, which belongs to Six homeoprotein family and is expressed in quiescent and activated
satellite cells, is reported to regulate skeletal muscle regeneration as well as satellite cell
self-renewal [20]. Expression of Six1 can activate MyoD and myogenin expression followed
by myogenic differentiation. By contrast, the absence of Six1 disturbs muscle regeneration
and increases the number of satellite cells. Down-regulation of Six1 and Dusp6, which are
inhibitors of ERK1/2 signaling, induces satellite cell self-renew by the activation of ERK1/2
signaling associating with MyoD suppression. Recent evidence touches on the asymmetric
division model of satellite cells during the self-renewal process, which was found to be
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regulated via the p38α/β MAPK pathway [21]. During myoblast proliferation,
asymmetrically localized Par complexes activate p38α/β MAPK signaling, resulting in an
increase of MyoD and promotion of myogenic differentiation. By contrast, lack of p38α/β
MAPK signaling in myoblasts suppresses MyoD expression, resulting in induction of
satellite cell self-renewal. Another study has also explained the regulation of myoblast self-
renewal through microRNAs. MiR-489, which is shown to be highly expressed in quiescent
satellite cells, functions as the regulator of the satellite cell fate that leads back to the
quiescent state by suppressing the expression of the oncogene Dek [22]. Dek expression is
activated in proliferating myoblasts expressing MyoD, while Dek is absent in quiescent
satellite cells. The downregulation of miR-489 induces the activation of satellite cells
through the up-regulation of Dek expression, suggesting that the miR-489-Dek pathway is
important for maintenance of quiescent satellite cells. As described above, the factors that
downregulate MyoD and up-regulate Pax7 could be crucial to guide satellite cells from the
activate state to quiescent state. However, it remains to be elucidated what factors
selectively induce asymmetric or symmetric division from the myoblast state.

While several transcription factors are expected to be key elements in sustaining the satellite
cell pool, the position of satellite cells in contact with muscle fibers is also expected to hold
a comparable level of importance in management of the satellite stem cell niche. A recent
paper demonstrates that increased levels of FGF2, typically a stimulator of satellite cell
activation, induces loss of satellite cells through decreased Spry1, the downstream target of
FGF2, in aged muscle fiber. These results indicate that age-related changes of FGF signaling
in the stem cell niche influence altered stem cell maintenance and function [23]. In addition,
the Notch signaling pathway is also known as an important contributor to a host of cell
functions and has crucial roles in cell-cell commitment and cell fate determination during
tissue homeostasis and regeneration [24]. The absence of Notch signaling in satellite cells of
adult mice induces spontaneous activation from the quiescent state to rapid differentiation,
resulting in depletion of satellite cell pool and the failure of muscle regeneration [25,26]. In
addition, the inhibition of Notch target genes such as Hesr1 and Hesr3 also leads to the
reduction of satellite cell self-renewal, depleting the satellite cell pool and the consequent
impairment of muscle regeneration [27]. Thus, activation of FGF and Notch signalings
caused by cell-cell or cell-fiber contact may influence satellite cell proliferation or homing
capacity.

In relation to Notch signaling, a recent paper demonstrates interesting results in which the
depletion of the satellite cell pool in RBP-J mutant mice, a key mediator of Notch signaling,,
is recovered by the deletion of MyoD [28]. In this study, Notch signal mutated coRbpj;
MyoD−/− satellite cells were not located in normal position. Instead, they were positioned in
the interstitial space of muscle fiber and did not contribute to myofiber growth. Interestingly,
Notch signaling is required to produce numbers of basement membrane protein and
adhesion molecules such as Integrin-α7, Collagen XVIIIa1, Megf10 and M-CAM,
indicating that Notch signaling contributes to homing of satellite cells by stimulating the
production of basal lamina.

In addition to cell commitment, recent reports indicate that physiological conditions in
satellite cells may influence the regulation of self-renewal. Liu and colleagues have
proposed that hypoxia does not affect myoblast proliferation but instead promotes satellite
cell self-renewal by up-regulating Pax7 [29]. In fact, increased Notch signaling caused by
hypoxia down-regulates miRNA-1/miRNA-206 expression, which targets Pax7. Therefore,
decreasing of miRNA-1/206 induces Pax7 expression. Given that MyoD is repressed by
hypoxia [30] or Notch signaling [31] as previously reported, the hypoxia condition
mediating Notch signaling and microRNAs could be an important factor in regulation of
MyoD and Pax7 for satellite cell maintenance.
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Thus, accumulating observations demonstrate that maintenance of muscle satellite cells is
intricately involved in several biological and physiological processes. Although the idea in
which satellite cells are essential for muscle regeneration is widely accepted, the mechanism
of cell fate determination, whether satellite cells differentiate into myocytes or maintain as
stem cells, is still controversial. In addition, it is of great interest to the field to define the
number of satellite cells in adult and aged muscles in addition to what distinct niches
regulate satellite cell number and heterogeneity. In order to reveal these mysteries, further
exploration that approaches the identity of fundamental mechanisms in satellite cells must
be conducted. Recent studies report that satellite cells are divided predominantly by
asymmetric template DNA segregation, generating daughter cells which retain stem cell
potential and myogenic committed cells [32]. In addition, histone methylation by
methyltransferase complexes recruited by methylated Pax7 play an important role in the
epigenetic regulation of Myf5 as a Pax7 downstream gene and the determination of stem cell
fate [33]. Therefore, these phenomena represented in satellite cells are inherent mechanisms
involved in DNA methylation pattern or epigenetic memory, and future studies may provide
us new insights of the regulation for satellite cell differentiation, self-renewal and
maintenance.

Acknowledgments
We thank Christopher T. Tastad for critical reading of the manuscript. This work was supported by grants from
National Institute of Arthritis and Musculoskeletal and Skin Diseases (NIAMS) and the Muscular Dystrophy
Association (MDA).

References
1. Mauro A. Satellite cell of skeletal muscle fibers. J Biophys Biochem Cytol. 1961; 9:493–495.

[PubMed: 13768451]

2. Chargé SB, Rudnicki MA. Cellular and molecular regulation of muscle regeneration. Physiol Rev.
2004; 84:209–238. [PubMed: 14715915]

3. Olguin HC, Olwin BB. Pax-7 up-regulation inhibits myogenesis and cell cycle progression in
satellite cells: a potential mechanism for self-renewal. Dev Biol. 2004; 275:375–388. [PubMed:
15501225]

4. Zammit PS, Golding JP, Nagata Y, Hudon V, Partridge TA, et al. Muscle satellite cells adopt
divergent fates: a mechanism for self-renewal? J Cell Biol. 2004; 166:347–357. [PubMed:
15277541]

5. Collins CA, Olsen I, Zammit PS, Heslop L, Petrie A, et al. Stem cell function, self-renewal, and
behavioral heterogeneity of cells from the adult muscle satellite cell niche. Cell. 2005; 122:289–
301. [PubMed: 16051152]

6. Sacco A, Doyonnas R, Kraft P, Vitorovic S, Blau HM. Self-renewal and expansion of single
transplanted muscle stem cells. Nature. 2008; 456:502–506. [PubMed: 18806774]

7. Luz MA, Marques MJ, Santo Neto H. Impaired regeneration of dystrophin-deficient muscle fibers is
caused by exhaustion of myogenic cells. Braz J Med Biol Res. 2002; 35:691–695. [PubMed:
12045834]

8. Wright WE. Myoblast senescence in muscular dystrophy. Exp Cell Res. 1985; 157:343–354.
[PubMed: 3979444]

9. Kuang S, Chargé SB, Seale P, Huh M, Rudnicki MA. Distinct roles for Pax7 and Pax3 in adult
regenerative myogenesis. J Cell Biol. 2006; 172:103–113. [PubMed: 16391000]

10. Oustanina S, Hause G, Braun T. Pax7 directs postnatal renewal and propagation of myogenic
satellite cells but not their specification. EMBO J. 2004; 23:3430–3439. [PubMed: 15282552]

11. Kuang S, Kuroda K, Le Grand F, Rudnicki MA. Asymmetric self-renewal and commitment of
satellite stem cells in muscle. Cell. 2007; 129:999–1010. [PubMed: 17540178]

Motohashi and Asakura Page 4

J Stem Cell Res Ther. Author manuscript; available in PMC 2014 February 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



12. Ono Y, Boldrin L, Knopp P, Morgan JE, Zammit PS. Muscle satellite cells are a functionally
heterogeneous population in both somite-derived and branchiomeric muscles. Dev Biol. 2010;
337:29–41. [PubMed: 19835858]

13. Ono Y, Masuda S, Nam HS, Benezra R, Miyagoe-Suzuki Y, et al. Slow-dividing satellite cells
retain long-term self-renewal ability in adult muscle. J Cell Sci. 2012; 125:1309–1317. [PubMed:
22349695]

14. Tapscott SJ. The circuitry of a master switch: Myod and the regulation of skeletal muscle gene
transcription. Development. 2005; 132:2685–2695. [PubMed: 15930108]

15. Weintraub H, Tapscott SJ, Davis RL, Thayer MJ, Adam MA, et al. Activation of muscle-specific
genes in pigment, nerve, fat, liver, and fibroblast cell lines by forced expression of MyoD. Proc
Natl Acad Sci USA. 1989; 86:5434–5438. [PubMed: 2748593]

16. Asakura A, Hirai H, Kablar B, Morita S, Ishibashi J, et al. Increased survival of muscle stem cells
lacking the MyoD gene after transplantation into regenerating skeletal muscle. Proc Natl Acad Sci
USA. 2007; 104:16552–16557. [PubMed: 17940048]

17. Hirai H, Verma M, Watanabe S, Tastad C, Asakura Y, et al. MyoD regulates apoptosis of
myoblasts through microRNA-mediated down-regulation of Pax3. J Cell Biol. 2010; 191:347–365.
[PubMed: 20956382]

18. Megeney LA, Kablar B, Garrett K, Anderson JE, Rudnicki MA. MyoD is required for myogenic
stem cell function in adult skeletal muscle. Genes Dev. 1996; 10:1173–1183. [PubMed: 8675005]

19. Cornelison DD, Olwin BB, Rudnicki MA, Wold BJ. MyoD(−/−) satellite cells in single-fiber
culture are differentiation defective and MRF4 deficient. Dev Biol. 2000; 224:122–137. [PubMed:
10926754]

20. Le Grand F, Grifone R, Mourikis P, Houbron C, Gigaud C, et al. Six1 regulates stem cell repair
potential and self-renewal during skeletal muscle regeneration. J Cell Biol. 2012; 198:815–832.
[PubMed: 22945933]

21. Troy A, Cadwallader AB, Fedorov Y, Tyner K, Tanaka KK, et al. Coordination of Satellite Cell
Activation and Self-Renewal by Par-Complex-Dependent Asymmetric Activation of p38α/β
MAPK. Cell Stem Cell. 2012; 11:541–553. [PubMed: 23040480]

22. Cheung TH, Quach NL, Charville GW, Liu L, Park L, et al. Maintenance of muscle stem-cell
quiescence by microRNA-489. Nature. 2012; 482:524–528. [PubMed: 22358842]

23. Chakkalakal JV, Jones KM, Basson MA, Brack AS. The aged niche disrupts muscle stem cell
quiescence. Nature. 2012; 490:355–360. [PubMed: 23023126]

24. Lai EC. Notch signaling: control of cell communication and cell fate. Development. 2004;
131:965–973. [PubMed: 14973298]

25. Mourikis P, Sambasivan R, Castel D, Rocheteau P, Bizzarro V, et al. A critical requirement for
notch signaling in maintenance of the quiescent skeletal muscle stem cell state. Stem Cells. 2012;
30:243–252. [PubMed: 22069237]

26. Bjornson CR, Cheung TH, Liu L, Tripathi PV, Steeper KM, et al. Notch signaling is necessary to
maintain quiescence in adult muscle stem cells. Stem Cells. 2012; 30:232–242. [PubMed:
22045613]

27. Fukada S, Yamaguchi M, Kokubo H, Ogawa R, Uezumi A, et al. Hesr1 and Hesr3 are essential to
generate undifferentiated quiescent satellite cells and to maintain satellite cell numbers.
Development. 2011; 138:4609–4619. [PubMed: 21989910]

28. Bröhl D, Vasyutina E, Czajkowski MT, Griger J, Rassek C, et al. Colonization of the satellite cell
niche by skeletal muscle progenitor cells depends on Notch signals. Dev Cell. 2012; 23:469–481.
[PubMed: 22940113]

29. Liu W, Wen Y, Bi P, Lai X, Liu XS, et al. Hypoxia promotes satellite cell self-renewal and
enhances the efficiency of myoblast transplantation. Development. 2012; 139:2857–2865.
[PubMed: 22764051]

30. Majmundar AJ, Skuli N, Mesquita RC, Kim MN, Yodh AG, et al. O(2) regulates skeletal muscle
progenitor differentiation through phosphatidylinositol 3-kinase/AKT signaling. Mol Cell Biol.
2012; 32:36–49. [PubMed: 22006022]

Motohashi and Asakura Page 5

J Stem Cell Res Ther. Author manuscript; available in PMC 2014 February 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



31. Kopan R, Nye JS, Weintraub H. The intracellular domain of mouse Notch: a constitutively
activated repressor of myogenesis directed at the basic helix-loop-helix region of MyoD.
Development. 1994; 120:2385–2396. [PubMed: 7956819]

32. Rocheteau P, Gayraud-Morel B, Siegl-Cachedenier I, Blasco MA, Tajbakhsh S, et al. A
subpopulation of adult skeletal muscle stem cells retains all template DNA strands after cell
division. Cell. 2012; 148:112–125. [PubMed: 22265406]

33. Kawabe Y, Wang YX, McKinnell IW, Bedford MT, Rudnicki MA. Carm1 regulates Pax7
transcriptional activity through MLL1/2 recruitment during asymmetric satellite stem cell
divisions. Cell Stem Cell. 2012; 11:333–345. [PubMed: 22863532]

Motohashi and Asakura Page 6

J Stem Cell Res Ther. Author manuscript; available in PMC 2014 February 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


