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Skeletal muscle is composed of multinuclear cells called
myofibers. Muscular dystrophy (a genetic muscle
disorder) induces instability in the cell membrane of
myofibers and eventually causes myofibre damage.
Non-genetic muscle disorders, including sarcopenia,
diabetes, bedridden immobility and cancer cachexia,
lead to atrophy of myofibres. In contrast, resistance
training induces myofibre hypertrophy. Thus, myofibres
exhibit a plasticity that is strongly affected by both
intrinsic and extrinsic factors. There is no doubt that
muscle stem cells (MuSCs, also known as muscle sat-
ellite cells) are indispensable for muscle repair/regener-
ation, but their contributions to atrophy and
hypertrophy are still controversial. The present review
focuses on the relevance of MuSCs to (i) muscle dis-
eases and (ii) hypertrophy. Further, this review
addresses fundamental questions about MuSCs to clar-
ify the onset or progression of these diseases and which
might lead to development of a MuSC-based therapy.
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Muscle Satellite Cells

Skeletal muscle is composed of giant multinuclear cells
called myofibres. In adult newts and jellyfish, damaged
myofibres are replaced by trans-differentiation of
intact myofibres (1, 2). In mammals, myofibres do
not have this ability. Instead, muscle stem cells
(MuSCs) called muscle satellite cells replenish myo-
genic progenitors to build new myofibres (3, 4).

MuSCs are located between the basal lamina and
plasma membrane of myofibres (sarcolemma) (5). The
most commonly used marker of MuSCs is paired box 7
(Pax7), a functionally important transcriptional factor
that is expressed only in MuSCs in adult muscle (6).
During the past two decades, various studies of muscle
stem-like cells that neither defined the ‘satellite cell pos-
ition’ nor examined the expression of Pax7 have been
reported (7�9). Thus, it is possible that these reported

cells are a different cell population from muscle satellite
cells. Several studies successfully depleted MuSCs from
adult muscle of Pax7-CreERT2 and Rosa-DTA mice.
These studies showed that Pax7-positive cells (MuSCs)
are indispensable for muscle regeneration because they
revealed no sign of regeneration when the mice were
administered a treatment that typically induces muscle
regeneration (3, 4). The following sections first sum-
marize recent new findings in MuSC biology.

Quiescence
Sacco et al. (10) demonstrated that a single MuSC has
both self-renewal and differentiation abilities and that
these two capacities meet the criteria for classification
as a stem cell. Like stem cells found in other tissue
types, MuSCs are maintained in a quiescent and un-
differentiated state. Recent studies have revealed the
molecular mechanisms that actively keep MuSCs in
the quiescent and undifferentiated state (11).
Canonical Notch signaling is a representative pathway
for actively maintaining MuSCs in the undifferentiated
state. Notch signaling directly induces the target genes
including Hey1, HeyL and Hes1 through Rbp-J-NICD
(a Notch intracellular domain). MuSC-specific Rbp-J-
depleted mice showed a reduced MuSC pool and
increased expression of MyoD and myogenin in their
adult MuSCs (12, 13). We previously reported that
Hey1/HeyL double KO mice lose the ability to pro-
duce undifferentiated (MyoD-) MuSCs during postna-
tal development and do not maintain a MuSC pool
(14). These studies suggest that the Notch-RbpJ-
Hey1/L axis functions to keep MuSCs in the undiffer-
entiated state in adult skeletal muscle (15).

Calcitonin receptor (CalcR) is a G protein-coupled
receptor that regulates the quiescent state of MuSCs.
The expression of CalcR is well-characterized in osteo-
clasts, but its expression and roles in skeletal muscle
had not been investigated. Our microarray analyses
showed that CalcR is exclusively expressed in the qui-
escent state of MuSCs in adult skeletal muscle (16).
Using MuSC-specific CalcR-depleted mice, we
showed an increase in the number of Ki67+cells
(non-quiescent state of MuSCs) compared to control
MuSCs (17). CalcR expression has been used to iden-
tify quiescent or adult-type MuSCs (Fig. 1) (18, 19).
Remaining unknowns are the ligand of CalcR and its
downstream target. Also, to reveal the mechanisms of
self-renewal and the cell-fate decision of MuSCs, fur-
ther investigation of the regulation of Calcr gene ex-
pression is of great interest.

Activation, proliferation and differentiation
Skeletal muscle regeneration involves a well-regulated
integration of the complicated biological and F
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molecular processes of cell activation, proliferation,
differentiation and cell fusion. In response to muscle
damage, MuSCs start to express MyoD and then Ki67.
MyoD+Ki67+MuSCs start to proliferate to pro-
duce large numbers of myoblasts (Fig. 1). A committed
myoblast is defined by the expression of myogenin and
loss of Pax7 expression. Myogenin expression allows
myoblasts to fuse with each other to form multinuclear
myotubes. The molecular mechanism underlying cell
fusion had not been revealed, but the Olson group
has identified myomaker (Tmem8c) and myomixer as
critical for cell�cell fusion (20, 21). Intriguingly,
myomixer together with myomaker allow fibroblast
to fuse with fibroblast. Similar to myogenin, myomixer
(Gm7325) expression is regulated by MyoD (22).

Typically, stem cells self-renew to maintain the stem
cell pool. Asymmetric division in the first cell division
is a representative mechanism to maintain stem cell
numbers. In MuSCs, apical-basal oriented asymmetric
division was proposed to maintain the MuSC pool
(23), but apical-basal oriented divisions were not
observed in vivo, and planar division was found to be
the major division pattern (24). In addition, we de-
tected atypical myogenic cells in the middle stage of
muscle regeneration (25). The events that take place
during the early (2�3 days after injury) and middle
phases (4�7 days after injury) of muscle regeneration
are different, and there is a possibility that MuSCs
divide asymmetrically during the middle phase of
muscle regeneration.

Multi-differentiation abilities
Under some disease conditions, ectopic fat or bone
formation is observed in skeletal muscle. It had been
believed that MuSCs differentiate into other mesen-
chymal lineage cells (such as adipocytes and osteo-
blasts). In 2010, Uezumi et al. (26) identified
mesenchymal progenitors in skeletal muscle that
serve as a physiological cellular source for adipocytes,
osteoblasts and fibroblasts (27, 28). In addition, Myf5
and MyoD, myogenic regulatory factors, are transcrip-
tionally active in MuSCs, and their translations are
suppressed by miR-31 and an RNA-binding protein,
Staufen1, respectively (29, 30). These results also sup-
port the notion that MuSCs are not multipotent pro-
genitors, but rather they are primed myogenic cells.

Human muscle stem (satellite) cells
The characterization of human MuSCs lags behind the
current literature on mouse MuSCs. CD56 (NCAM)
was the only traditional marker for identifying human
MuSCs (31). Recently, Uezumi and Gussoni groups
identified a human MuSC marker, CD82 (32, 33).
Human myoblasts also express Hey1, HeyL and
Hes1 in response to Notch ligands (34). The reasons
and mechanisms are not clear, but HeyL is remarkably
increased in mouse MuSCs, and Hes1 is significantly
upregulated in human MuSCs. Like murine MuSCs,
human MuSCs do not differentiate into adipogenic
cells (28).

Types of Skeletal Muscle Diseases: Muscle
and Non-muscle Damage Related

Skeletal muscle disease can be divided roughly into two
categories (Fig. 2): one that follows muscle damage or
an injury and another that does not. Not all, but most
muscular dystrophies show signs of muscle damage
and that the ability of MuSCs directly contributes to
the progression of dystrophies.

Muscle weakness may be a result of reduced myofibre
size, known as muscle atrophy. Several disorders,
including sarcopenia, diabetes, cancer cachexia and
sepsis, lead to a reduction of myofibre size. During
such disorders, a decrease in the number and prolifer-
ation of MuSCs has been reported, resulting in impaired
or delayed regeneration. However, myofibre atrophy
also occurs independently of MuSCs. Therefore, the
roles of MuSCs in muscular atrophy are controversial
(Fig. 2). The following section discusses the roles of
MuSCs in damaged and undamaged muscle.

Muscle damage and MuSCs
As described earlier, the absolute requirement of
MuSCs for muscle regeneration is widely accepted.
In an acute injury model, basal lamina remnants
from injured muscle govern MuSCs and their progeni-
tors; Webster et al. (24) called the basal lamina rem-
nants ‘ghost fibres’. The remarkable ability of muscle
to regenerate is well-known and well described, but
the ability seems to depend strongly on the ‘ghost
fibres’. One basis for this belief is that the numbers
of central myonuclei differ between the mdx (a model

Quiescent Activated
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MyoD

Ki67

Myogenin

Proliferating
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Committed
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Fig. 1 A model of myogenic differentiation. Quiescent MuSCs are
positive for Pax7, CalcR and M-cad. Activated MuSCs lose CalcR
expression and start to express MyoD. Then, the MuSCs express
Ki67 and start cell division. Committed myoblasts lose Pax7 ex-
pression and express myogenin. Myogenin-positive cells fuse with
one another to make multinucleated myotubes.

Myofiber

Muscle stem cell

MyofiberGost myofiber
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Fig. 2 Two types of muscle diseases. In muscular dystrophies or
trauma, damaged myofibres are removed by infiltrating macro-
phages, and MuSCs proliferate beneath the basal lamina remnants.
In sarcopenia and disused muscles including being bedridden,
whether the MuSCs alter is still controversial.
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of Duchenne muscular dystrophy) and dy2J/dy2J

(a model of congenital muscular dystrophy type 1A)
mice. Mdx lacks dystrophin, a part of the dystrophin-
associated protein complex located in the sarcolemma
(plasma membrane of myofibres). The basal lamina
remains similar to that of the acute injury model.
The dy2J/dy2J has a mutation in laminin a2, a compo-
nent of the basal lamina. Mdx mice have 50�70%
centrally nucleated myofibres from the age of 2 to
18months in the tibialis anterior and gastrocnemius
muscles (35). On the other hand, dy2J/dy2J mice
showed approximately 10% centrally nucleated myo-
fibres from 8 to 18weeks post-natal in the tibialis an-
terior and gastrocnemius muscles (36). Dy3k/dy3k

mouse that exhibits severer form of dystrophy than
dy2J/dy2J, has approximately 30% centrally nucleated
myofibres (37). In mouse models, regenerated myo-
fibres retain centrally located myonuclei for longer per-
iods. Therefore, the fewer number of central myonuclei
observed in dy2J/dy2J and dy3k/dy3k mice indicate the
lower regenerative ability of MuSCs of laminin a2-
deficient mice in an incomplete basal lamina
environment.

Muscle regeneration depends on the mouse strain.
The DBA/2 strain shows lower MuSCs ability than
C57BL/6 (B6) and C57BL/10 (B10) inbred strains.
Mdx and g-sarcoglycan-null (a mouse model of limb-
girdle muscular dystrophy 2F) having a DBA/2 back-
ground show severe phenotypes, also indicating the
importance of MuSCs in the progression of muscular
diseases (38�40). If the capacities of human MuSCs
are similar to those found in the DBA/2 strain, finding
the factor responsible for the excellent regenerative
ability of B6 or B10 strains will lead to a ‘regener-
ation-promoting therapy’ for muscular dystrophies.

Atrophy and MuSCs
Muscle atrophy is defined as a decrease in the size of
myofibres. The essential roles of the E3 ubiquitin lig-
ases MuRF1 and Atrogin1 in myofibre atrophy have
been established, but roles and behaviours of MuSCs
are controversial. There are several models used for
induction of muscle atrophy in rodents. Using a
mouse hind limb suspension model, Mitchell et al.
(41) reported that the number of MuSCs was reduced
after 2 weeks of hind limb suspension. They also
showed low proliferation of MuSCs 2 weeks after
hind limb suspension compared to control MuSCs.
The mechanical stimulation generated by daily life
might be important for sustaining MuSCs, but in a
human study, 2 weeks immobilization of skeletal
muscle led to a considerable loss in skeletal muscle
mass and strength, but it was not accompanied by a
decline in MuSC numbers (42). Further studies are
necessary to conclude whether atrophic conditions
affect MuSC numbers or behaviour, which could indi-
cate the importance of daily mechanical stress for
maintaining MuSCs in a quiescent state.

Age-related loss of skeletal muscle is referred to as
‘sarcopenia’. In addition to a decrease in the size of
myofibres (atrophy), the number declines with aging.
MuSCs are the only cells producing myofibres; thus,
their relevance in sarcopenia is implicated. Using

MuSC-depleted mice, Fry et al. (43) showed that
MuSCs are dispensable for the onset and progress of
sarcopenia. Using a similar strategy, Kardon group
argued that MuSCs contribute to maintaining the
myofibre size of fast-type myofibres in extensor digi-
torum longus and soleus muscles (44). They pointed
out the low frequency of MuSC depletion in the
study by Fry et al. Contrary to other types of atrophy,
sarcopenia develops through a decrease in the number
of myofibres, but the number of myofibres in these
murine models was not changed. Lushaj et al. (45)
investigated the quadriceps muscles of healthy aging
Fischer brown Norway rats from five to 39months
of age and reported that the number of myofibres
decreased with age. In a human study, Verdijk et al.
(46) reported that type II myofibre-specific atrophy
was accompanied by a decline in the number of both
MuSCs and myonuclei in the vastus lateralis muscle
(a part of the quadriceps) in aging. These alternations
were not observed in type I myofibres. Taken together,
the contribution of MuSCs to the onset and progress
of sarcopenia appeared to depend on the tissues ana-
lyzed and the animal model used. Further studies will
be necessary to achieve conclusive results on the roles
of MuSCs in aging.

Hypertrophy and MuSCs

Resistance training induces hypertrophy, an increase in
myofibre size. The Akt-mTOR pathway in myofibres
plays critical roles in this process (47). In addition,
many studies have independently shown evidence of
activation and proliferation of MuSCs during muscle
hypertrophy. The proliferated MuSCs are finally incor-
porated into myofibres, and eventually the number of
myonuclei increases. Using MuSCs-depleted mice and
a synergistic ablation (SA) model, McCarthy et al. (48)
showed that the increase in the myonuclei number
completely depends on MuSCs. On the other hand,
an increment in myofibre size normally occurred in
MuSC-depleted mice, suggesting that myofibre

Myofiber

Muscle stem cell

Myofiber

Myofiber

Akt-mTOR

1) MuSCs-independent

Myofiber

2) MuSCs-dependent

New myonuclei
(Ref 51)

Fig. 3 Dependency and independency of MuSCs in hypertrophy.

There are at least two events involved in the process of muscle
hypertrophy: (i) activation of Akt-mTOR pathway in myofibres,
which is MuSCc-independent and (ii) increased numbers of myo-
nuclei through supply of MuSCs, which is MuSC-dependent. Egner
et al. indicated that an inadequate supply of new MuSC-derived
myonuclei failed to sufficiently activate the Akt-mTOR pathway.
This, in turn, suggests a possibility that MuSCs are affected by an
MuSC-independent mechanism.

Muscle stem cells and muscular diseases
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hypertrophy does not require MuSCs (Fig. 3) (48).
These are surprising results because it had been
believed that myofibres maintain the myonuclei to
cytoplasm ratio (‘myonuclei domain theory’) (49).
According to this theory, in order to maintain the
ratio of myonuclei to cytoplasm, a myofibre would
require new MuSC-derived myonuclei when it becomes
larger. There are two recent studies supporting this
‘myonuclei domain theory’. Egner et al. (50) reported
the necessity of MuSCs for an adequate increase in
muscle weight using a similar SA mouse model. A
study by Goh et al. also supports the MuSC require-
ment for hypertrophy. Using MuSC-specific
myomaker-depleted mice, they reported that the
hypertrophic response to SA in the mice was impaired
through two mechanisms (51): (i) an insufficient supply
of new MuSC-derived myonuclei due to a fusion defect
and (ii) a failure to activate Akt/mTOR-mediated pro-
tein synthesis within the myofibres (Fig. 3). The rele-
vance of cell fusion and the Akt/mTOR pathway is
unknown, but these studies showed that myomaker
made an essential contribution to MuSC-derived pro-
genitor�myofibre fusion during muscle hypertrophy.

In addition, Fry et al. also indicated the necessity of
MuSCs for long-term hypertrophy by suppressing fi-
brosis via MuSC-derived exosomes containing miR-
206 (52, 53). In contrast to the atrophy model, it
seems possible to obtain consensus on the cell
number changes of MuSCs in the hypertrophy
model. However, the requirement for new MuSC-
derived myonuclei is still controversial. If the addition
of myonucleus numbers via increasing MuSCs en-
hances the function of skeletal muscle, a MuSC-tar-
geted drug discovery might become a new therapeutic
strategy.

Unsolved questions for MuSC-based therapy
In past decades, accumulating evidence has revealed
some of the biology of MuSC. One important goal
of MuSC research is to achieve a stem cell-based ther-
apy. Improvement of cell culture conditions is a chal-
lenge because the traditional conditions often lead to a
loss of the original capacity of MuSCs (54, 55). Quarta
et al. (56) succeeded in creating an artificial niche in
vitro that enhanced the transplantation efficiency of
MuSCs. Understanding the molecular mechanism
underlying MuSC maintenance in vivo is essential for
the achievement of the goal. Further study will be ne-
cessary to prepare more realistic, adequate numbers of
MuSCs for cell therapy, which will also contribute to
potential iPS-cell based therapy for muscular
disorders.

Second, neither the involvement of MuSCs in the
onset and progression of sarcopenia nor the primary
reason for MuSC depletion during aging is known. As
mentioned earlier, several molecules regulating the
state and number of MuSCs in mice are known, but
their relevance to the molecular signaling and aging
process is unclear. Basic MuSC biology is also neces-
sary to understand muscle aging and to apply treat-
ments for sarcopenia.

Third, if the quality of myonuclei declines through-
out the lifetime, then replenishment of new myonuclei

by MuSCs is necessary to maintain the homeostasis of
myofibres. A study comparing young and aged myo-
nuclei might help to clarify the potential of MuSCs for
replenishment of myonuclei in the treatment of sarco-
penia. In addition, the activation and proliferation
mechanisms of MuSCs in muscle hypertrophy remain
to be elucidated. If regulating activation, proliferation,
and differentiation of MuSCs becomes possible, it will
advance the development of MuSCs-based therapy not
only for sarcopenia but also for various currently in-
tractable muscle disorders.

Funding
This work was supported by a Grant-in Aid for Young Scientists
(A), Grant-in-Aid for Scientific Research (B), and an Intramural
Research Grant for Neurological and Psychiatric Disorders of
NCNP.

Conflict of Interest
None declared.

References

1. Tanaka, H.V., Ng, N.C., Yang Yu, Z., Casco-Robles,
M.M., Maruo, F., Tsonis, P.A., and Chiba, C. (2016)
A developmentally regulated switch from stem cells to
dedifferentiation for limb muscle regeneration in newts.
Nat. Commun. 7, 11069

2. Baghdadi, M.B. and Tajbakhsh, S. (2017) Regulation
and phylogeny of skeletal muscle regeneration. Dev
Biol. 433, 200�209

3. Lepper, C., Partridge, T.A., and Fan, C.M. (2011) An
absolute requirement for Pax7-positive satellite cells in
acute injury-induced skeletal muscle regeneration.
Development 138, 3639�3646

4. Sambasivan, R., Yao, R., Kissenpfennig, A., Van
Wittenberghe, L., Paldi, A., Gayraud-Morel, B.,
Guenou, H., Malissen, B., Tajbakhsh, S., and Galy, A.
(2011) Pax7-expressing satellite cells are indispensable for
adult skeletal muscle regeneration. Development 138,
3647�3656

5. Mauro, A. (1961) Satellite cell of skeletal muscle fibers.
J. Biophys. Biochem. Cytol. 9, 493�495

6. Seale, P., Sabourin, L.A., Girgis-Gabardo, A.,
Mansouri, A., Gruss, P., and Rudnicki, M.A. (2000)
Pax7 is required for the specification of myogenic satel-
lite cells. Cell 102, 777�786

7. LaBarge, M.A. and Blau, H.M. (2002) Biological pro-
gression from adult bone marrow to mononucleate
muscle stem cell to multinucleate muscle fiber in response
to injury. Cell 111, 589�601

8. Tamaki, T., Akatsuka, A., Ando, K., Nakamura, Y.,
Matsuzawa, H., Hotta, T., Roy, R.R., and Edgerton,
V.R. (2002) Identification of myogenic-endothelial pro-
genitor cells in the interstitial spaces of skeletal muscle.
J. Cell Biol. 157, 571�577

9. Dellavalle, A., Sampaolesi, M., Tonlorenzi, R.,
Tagliafico, E., Sacchetti, B., Perani, L., Innocenzi, A.,
Galvez, B.G., Messina, G., Morosetti, R., Li, S.,
Belicchi, M., Peretti, G., Chamberlain, J.S., Wright,
W.E., Torrente, Y., Ferrari, S., Bianco, P., and Cossu,
G. (2007) Pericytes of human skeletal muscle are myo-
genic precursors distinct from satellite cells. Nat. Cell
Biol. 9, 255�267

S.-i. Fukada

356

D
ow

nloaded from
 https://academ

ic.oup.com
/jb/article/163/5/353/4831254 by guest on 10 April 2024

Deleted Text: <sup>48</sup>
Deleted Text: e
Deleted Text: <sup>49</sup>
Deleted Text: e
Deleted Text: <sup>50</sup> (
Deleted Text: 50
Deleted Text: )
Deleted Text: M
Deleted Text: 1
Deleted Text: ,
Deleted Text: 2
Deleted Text: e
Deleted Text: M
Deleted Text: e
Deleted Text: <sup>52, 53</sup>
Deleted Text: <sup>54, 55</sup> 
Deleted Text: <sup>56</sup> (
Deleted Text: 56
Deleted Text: )
Deleted Text: before
Deleted Text: e


10. Sacco, A., Doyonnas, R., Kraft, P., Vitorovic, S., and
Blau, H.M. (2008) Self-renewal and expansion of single
transplanted muscle stem cells. Nature 456, 502�506

11. Cheung, T.H. and Rando, T.A. (2013) Molecular regu-
lation of stem cell quiescence. Nat. Rev. Mol. Cell Biol.
14, 329�340

12. Bjornson, C.R., Cheung, T.H., Liu, L., Tripathi, P.V.,
Steeper, K.M., and Rando, T.A. (2012) Notch signaling
is necessary to maintain quiescence in adult muscle stem
cells. Stem Cells 30, 232�242

13. Mourikis, P., Sambasivan, R., Castel, D., Rocheteau, P.,
Bizzarro, V., and Tajbakhsh, S. (2012) A critical require-
ment for Notch signaling in maintenance of the quiescent
skeletal muscle stem cell state. Stem Cells 30, 243�252

14. Fukada, S., Yamaguchi, M., Kokubo, H., Ogawa, R.,
Uezumi, A., Yoneda, T., Matev, M.M., Motohashi, N.,
Ito, T., Zolkiewska, A., Johnson, R.L., Saga, Y.,
Miyagoe-Suzuki, Y., Tsujikawa, K., Takeda, S., and
Yamamoto, H. (2011) Hesr1 and Hesr3 are essential to
generate undifferentiated quiescent satellite cells and to
maintain satellite cell numbers. Development 138,
4609�4619

15. Yamaguchi, M. and Fukada, S. (2013) Regulation of
Muscle Stem Cell Quiescence and Undifferentiated
State: The Role of Hesr1 and Hesr3 Genes in Tumor
Dormancy, Quiescence, and Senescence (Hayat, M. A.,
ed.) Vol. 1, pp. 107�116, Springer, Netherlands

16. Fukada, S., Uezumi, A., Ikemoto, M., Masuda, S.,
Segawa, M., Tanimura, N., Yamamoto, H., Miyagoe-
Suzuki, Y., and Takeda, S. (2007) Molecular signature
of quiescent satellite cells in adult skeletal muscle. Stem
Cells 25, 2448�2459

17. Yamaguchi, M., Watanabe, Y., Ohtani, T., Uezumi, A.,
Mikami, N., Nakamura, M., Sato, T., Ikawa, M.,
Hoshino, M., Tsuchida, K., Miyagoe-Suzuki, Y.,
Tsujikawa, K., Takeda, S., Yamamoto, H., and
Fukada, S. (2015) Calcitonin receptor signaling inhibits
muscle stem cells from escaping the quiescent state and
the niche. Cell Rep. 13, 302�314

18. Mourikis, P., Gopalakrishnan, S., Sambasivan, R., and
Tajbakhsh, S. (2012) Cell-autonomous Notch activity
maintains the temporal specification potential of skeletal
muscle stem cells. Development 139, 4536�4548

19. Southard, S., Kim, J.R., Low, S., Tsika, R.W., and
Lepper, C. (2016) Myofiber-specific TEAD1 overexpres-
sion drives satellite cell hyperplasia and counters patho-
logical effects of dystrophin deficiency. Elife 5, e15461

20. Bi, P., Ramirez-Martinez, A., Li, H., Cannavino, J.,
McAnally, J.R., Shelton, J.M., Sanchez-Ortiz, E.,
Bassel-Duby, R., and Olson, E.N. (2017) Control of
muscle formation by the fusogenic micropeptide myo-
mixer. Science 356, 323�327

21. Millay, D.P., O’Rourke, J.R., Sutherland, L.B.,
Bezprozvannaya, S., Shelton, J.M., Bassel-Duby, R.,
and Olson, E.N. (2013) Myomaker is a membrane acti-
vator of myoblast fusion and muscle formation. Nature
499, 301�305

22. Takei, D., Nishi, M., Fukada, S.-I., Doi, M., Okamura,
H., Uezumi, A., Zhang, L., Yoshida, M., Miyazato, M.,
Ichimura, A., and Takeshima, H. (2017) Gm7325 is
MyoD-dependently expressed in activated muscle satel-
lite cells. Biomed. Res. 38, 215�219

23. Kuang, S., Kuroda, K., Le Grand, F., and Rudnicki,
M.A. (2007) Asymmetric self-renewal and commitment
of satellite stem cells in muscle. Cell 129, 999�1010

24. Webster, M.T., Manor, U., Lippincott-Schwartz, J., and
Fan, C.M. (2016) Intravital imaging reveals ghost fibers

as architectural units guiding myogenic progenitors
during regeneration. Cell Stem Cell 18, 243�252

25. Ogawa, R., Ma, Y., Yamaguchi, M., Ito, T., Watanabe,
Y., Ohtani, T., Murakami, S., Uchida, S., De Gaspari,
P., Uezumi, A., Nakamura, M., Miyagoe-Suzuki, Y.,
Tsujikawa, K., Hashimoto, N., Braun, T., Tanaka, T.,
Takeda, S., Yamamoto, H., and Fukada, S. (2015)
Doublecortin marks a new population of transiently
amplifying muscle progenitor cells and is required for
myofiber maturation during skeletal muscle regener-
ation. Development 142, 51�61

26. Uezumi, A., Fukada, S., Yamamoto, N., Takeda, S., and
Tsuchida, K. (2010) Mesenchymal progenitors distinct
from satellite cells contribute to ectopic fat cell formation
in skeletal muscle. Nat. Cell Biol. 12, 143�152

27. Uezumi, A., Ito, T., Morikawa, D., Shimizu, N.,
Yoneda, T., Segawa, M., Yamaguchi, M., Ogawa, R.,
Matev, M.M., Miyagoe-Suzuki, Y., Takeda, S.,
Tsujikawa, K., Tsuchida, K., Yamamoto, H., and
Fukada, S. (2011) Fibrosis and adipogenesis originate
from a common mesenchymal progenitor in skeletal
muscle. J. Cell Sci. 124, 3654�3664

28. Uezumi, A., Fukada, S., Yamamoto, N., Ikemoto-
Uezumi, M., Nakatani, M., Morita, M., Yamaguchi,
A., Yamada, H., Nishino, I., Hamada, Y., and
Tsuchida, K. (2014) Identification and characterization
of PDGFRalpha(+) mesenchymal progenitors in human
skeletal muscle. Cell Death Dis. 5, e1186

29. Crist, C.G., Montarras, D., and Buckingham, M. (2012)
Muscle satellite cells are primed for myogenesis but
maintain quiescence with sequestration of Myf5 mRNA
targeted by microRNA-31 in mRNP granules. Cell Stem
Cell 11, 118�126

30. de Morree, A., van Velthoven, C.T.J., Gan, Q., Salvi,
J.S., Klein, J.D.D., Akimenko, I., Quarta, M., Biressi,
S., and Rando, T.A. (2017) Staufen1 inhibits MyoD
translation to actively maintain muscle stem cell
quiescence. Proc. Natl. Acad. Sci. USA 14,
E8996�E9005

31. Boldrin, L., Muntoni, F., and Morgan, J.E. (2010) Are
human and mouse satellite cells really the same?
J. Histochem. Cytochem.:Official J. Histochem. Soc. 58,
941�955

32. Uezumi, A., Nakatani, M., Ikemoto-Uezumi, M.,
Yamamoto, N., Morita, M., Yamaguchi, A., Yamada,
H., Kasai, T., Masuda, S., Narita, A., Miyagoe-Suzuki,
Y., Takeda, S., Fukada, S., Nishino, I., and Tsuchida, K.
(2016) Cell-surface protein profiling identifies distinctive
markers of progenitor cells in human skeletal iuscle.
Stem Cell Rep. 7, 263�278

33. Alexander, M.S., Rozkalne, A., Colletta, A., Spinazzola,
J.M., Johnson, S., Rahimov, F., Meng, H., Lawlor,
M.W., Estrella, E., Kunkel, L.M., and Gussoni, E.
(2016) CD82 is a marker for prospective isolation of
human muscle satellite cells and is linked to muscular
dystrophies. Cell Stem Cell 19, 800�807

34. Sakai, H., Fukuda, S., Nakamura, M., Uezumi, A.,
Noguchi, Y.T., Sato, T., Morita, M., Yamada, H.,
Tsuchida, K., Tajbakhsh, S., and Fukada, S.I. (2017)
Notch ligands regulate the muscle stem-like state ex
vivo but are not sufficient for retaining regenerative cap-
acity. PLoS One 12, e0177516

35. Rodrigues, M., Echigoya, Y., Maruyama, R., Lim, K.R.,
Fukada, S.I., and Yokota, T. (2016) Impaired regenera-
tive capacity and lower revertant fibre expansion in dys-
trophin-deficient mdx muscles on DBA/2 background.
Sci. Rep. 6, 38371

Muscle stem cells and muscular diseases

357

D
ow

nloaded from
 https://academ

ic.oup.com
/jb/article/163/5/353/4831254 by guest on 10 April 2024



36. Nevo, Y., Halevy, O., Genin, O., Moshe, I., Turgeman,
T., Harel, M., Biton, E., Reif, S., and Pines, M. (2010)
Fibrosis inhibition and muscle histopathology improve-
ment in laminin-alpha2-deficient mice. Muscle Nerve. 42,
218�229

37. Gawlik, K., Miyagoe-Suzuki, Y., Ekblom, P., Takeda,
S., and Durbeej, M. (2004) Laminin alpha1 chain reduces
muscular dystrophy in laminin alpha2 chain deficient
mice. Hum. Mol. Genet. 13, 1775�1784

38. Fukada, S., Morikawa, D., Yamamoto, Y., Yoshida, T.,
Sumie, N., Yamaguchi, M., Ito, T., Miyagoe-Suzuki, Y.,
Takeda, S., Tsujikawa, K., and Yamamoto, H. (2010)
Genetic background affects properties of satellite cells
and mdx phenotypes. Am. J. Pathol. 176, 2414�2424

39. Coley, W.D., Bogdanik, L., Vila, M.C., Yu, Q., Van Der
Meulen, J.H., Rayavarapu, S., Novak, J.S., Nearing, M.,
Quinn, J.L., Saunders, A., Dolan, C., Andrews, W.,
Lammert, C., Austin, A., Partridge, T.A., Cox, G.A.,
Lutz, C., and Nagaraju, K. (2016) Effect of genetic back-
ground on the dystrophic phenotype in mdx mice. Hum.
Mol. Genet. 25, 130�145

40. Heydemann, A., Huber, J.M., Demonbreun, A.,
Hadhazy, M., and McNally, E.M. (2005) Genetic back-
ground influences muscular dystrophy. Neuromuscul.
Disord. 15, 601�609

41. Mitchell, P.O. and Pavlath, G.K. (2004) Skeletal muscle
atrophy leads to loss and dysfunction of muscle precur-
sor cells. Am. J. Physiol, Cell Physiol. 287, C1753�C1762

42. Snijders, T., Wall, B.T., Dirks, M.L., Senden, J.M.,
Hartgens, F., Dolmans, J., Losen, M., Verdijk, L.B.,
and van Loon, L.J. (2014) Muscle disuse atrophy is not
accompanied by changes in skeletal muscle satellite cell
content. Clin Sci (London) 126, 557�566

43. Fry, C.S., Lee, J.D., Mula, J., Kirby, T.J., Jackson, J.R.,
Liu, F., Yang, L., Mendias, C.L., Dupont-Versteegden,
E.E., McCarthy, J.J., and Peterson, C.A. (2015)
Inducible depletion of satellite cells in adult, sedentary
mice impairs muscle regenerative capacity without affect-
ing sarcopenia. Nat. Med. 21, 76�80

44. Keefe, A.C., Lawson, J.A., Flygare, S.D., Fox, Z.D.,
Colasanto, M.P., Mathew, S.J., Yandell, M., and
Kardon, G. (2015) Muscle stem cells contribute to myo-
fibres in sedentary adult mice. Nat. Commun. 6, 7087

45. Lushaj, E.B., Johnson, J.K., McKenzie, D., and Aiken,
J.M. (2008) Sarcopenia accelerates at advanced ages in
Fisher 344xBrown Norway rats. J. Gerontol. A Biol. Sci.
Med. Sci. 63, 921�927

46. Verdijk, L.B., Snijders, T., Drost, M., Delhaas, T., Kadi,
F., and van Loon, L.J. (2014) Satellite cells in human skel-
etal muscle; from birth to old age. Age (Dordr) 36, 545�547

47. Bodine, S.C., Stitt, T.N., Gonzalez, M., Kline, W.O.,
Stover, G.L., Bauerlein, R., Zlotchenko, E.,
Scrimgeour, A., Lawrence, J.C., Glass, D.J., and
Yancopoulos, G.D. (2001) Akt/mTOR pathway is a cru-
cial regulator of skeletal muscle hypertrophy and can
prevent muscle atrophy in vivo. Nat. Cell Biol. 3,
1014�1019

48. McCarthy, J.J., Mula, J., Miyazaki, M., Erfani, R.,
Garrison, K., Farooqui, A.B., Srikuea, R., Lawson,
B.A., Grimes, B., Keller, C., Van Zant, G., Campbell,
K.S., Esser, K.A., Dupont-Versteegden, E.E., and
Peterson, C.A. (2011) Effective fiber hypertrophy in sat-
ellite cell-depleted skeletal muscle. Development 138,
3657�3666

49. Cheek, D.B., Powell, G.K., and Scott, R.E. (1965)
Growth of muscle mass and skeletal collagen in the rat.
I. Normal growth. Bull. Johns Hopkins Hosp. 116,
378�387

50. Egner, I.M., Bruusgaard, J.C., and Gundersen, K. (2016)
Satellite cell depletion prevents fiber hypertrophy in skel-
etal muscle. Development 143, 2898�2906

51. Goh, Q. and Millay, D.P. (2017) Requirement of myo-
marker-mediated stem cell fusion for skeletal muscle
hypertrophy. Elife 6, e20007

52. Fry, C.S., Lee, J.D., Jackson, J.R., Kirby, T.J., Stasko,
S.A., Liu, H., Dupont-Versteegden, E.E., McCarthy,
J.J., and Peterson, C.A. (2014) Regulation of the
muscle fiber microenvironment by activated satellite
cells during hypertrophy. FASEB J. 28, 1654�1665

53. Fry, C.S., Kirby, T.J., Kosmac, K., McCarthy, J.J., and
Peterson, C.A. (2017) Myogenic progenitor cells control
extracellular matrix production by fibroblasts during
skeletal muscle hypertrophy. Cell Stem Cell 20, 56�69

54. Ikemoto, M., Fukada, S., Uezumi, A., Masuda, S.,
Miyoshi, H., Yamamoto, H., Wada, M.R., Masubuchi,
N., Miyagoe-Suzuki, Y., and Takeda, S. (2007)
Autologous transplantation of SM/C-2.6(+) satellite
cells transduced with micro-dystrophin CS1 cDNA by
lentiviral vector into mdx mice. Mol. Ther. 15,
2178�2185

55. Montarras, D., Morgan, J., Collins, C., Relaix, F.,
Zaffran, S., Cumano, A., Partridge, T., and
Buckingham, M. (2005) Direct isolation of satellite cells
for skeletal muscle regeneration. Science 309, 2064�2067

56. Quarta, M., Brett, J.O., DiMarco, R., De Morree, A.,
Boutet, S.C., Chacon, R., Gibbons, M.C., Garcia, V.A.,
Su, J., Shrager, J.B., Heilshorn, S., and Rando, T.A.
(2016) An artificial niche preserves the quiescence of
muscle stem cells and enhances their therapeutic efficacy.
Nat. Biotechnol. 34, 752�759

S.-i. Fukada

358

D
ow

nloaded from
 https://academ

ic.oup.com
/jb/article/163/5/353/4831254 by guest on 10 April 2024


