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Review
It is generally accepted that the principal resident progen-
itor underlying regenerative capacity in skeletal muscle is
the satellite cell. Satellite cells are present throughout life
even though regenerative capacity declines with age and
disease. Recently, other stem cell populations have been
identified that can participate in muscle growth and
regeneration. These cells may provide therapeutically
useful sources of muscle stem cells as an alternative to
satellite cells; however, the roles of these nonsatellite cell
populations during muscle homeostasis, regeneration,
and aging are unclear. Here, we discuss how the stem
cell neighborhood influences satellite cell behavior and
bring together recent discoveries pertaining to a wide
variety of adult stem cells, including muscle stem cells
and their niche.

Diversity of muscle progenitors
Adult skeletal muscle is composed primarily of multinucle-
ate myofibers, each surrounded by a basal lamina. A popu-
lation of single cells, referred to as satellite cells, is found
underneath the muscle fiber basal lamina and closely jux-
taposed to the muscle fiber plasma membrane [1] (Box 1 and
Figure 1). Under normal physiological conditions in adult
muscle, satellite cells are quiescent and can be identified by
the expression of a number of genes including Pax7 and a7-
integrin [2,3]. Upon injury, satellite cells activate expression
of the myogenic regulatory factors Myf5 and MyoD, re-enter
the cell cycle, differentiate, and ultimately fuse to form new
fibers ([1,4,5] and for a review see [6]). Although the majority
of satellite cells participate in muscle repair, a small pro-
portion of cells exit the cell cycle and replace the satellite cell
population [7,8], providing a mechanism to support multiple
rounds of injury. Although substantial evidence points to
satellite cells as the major skeletal muscle progenitor/stem
cell, there are many reports of nonsatellite cell populations
with myogenic capacity following engraftment into muscle
tissue (Table 1).

Identification of one of the first nonsatellite cell popula-
tions with myogenic capacity came from experiments in
which bone-marrow-derived cells were transplanted into
lethally irradiated mice. Following muscle injury, these
bone-marrow-derived cells participated directly in skeletal
muscle regeneration [9,10]. Further analyses of the he-
matopoietic population revealed a novel population of cells,
referred to as side population (SP) cells based on their
ability to exclude Hoechst dye [11]. Following engraftment,
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SP cells reconstitute the hematopoietic lineage as well as
give rise to new satellite cells and myofibers, albeit at
extremely low levels [12,13]. Transplantation of SP cells
into mdx mice (a model for Duchenne muscular dystrophy)
restored dystrophin expression and improved muscle func-
tion [9]. In humans, a subpopulation of hematopoietic cells
expressing the cell surface antigen, CD133, also displays
myogenic capacity following co-culture with myoblasts
[14]. Intramuscular and intra-arterial injection of these
cells into scid/mdx mice resulted in significant recovery of
muscle morphology, function, and dystrophin expression
[15], and these cells are presently being tested in the clinic
[16]. More recently, a muscle-resident population with
myogenic potential located within the interstitial space
and characterized by PW1/paternally expressed gene 3
(Peg3) expression, referred to as PICs (PW1+ interstitial
cells), has been identified [17]. PICs isolated from early
postnatal muscle can generate new fibers, contribute to the
satellite cell pool following engraftment into damaged
muscle, and give rise to more PICs (the latter property
not shared by satellite cells). Lineage tracing experiments
have demonstrated that PICs and satellite cells do not
share the same embryonic origin (Pax3 dermamyotome
somite). Coupled with the observation that PICs also give
rise to nonskeletal muscle lineages, it has been suggested
that PICs constitute an upstream stem population and
play a role during postnatal growth [17], which corre-
sponds to a period of rapid muscle mass and nuclear
accumulation [18]. In this context, it will be important
to determine the potential of PICs in the adult. A recent
study defined another interstitial population of adult mus-
cle stem cells characterized by b4-integrin expression that
can participate in muscle repair following engraftment into
mdx mice [19]. Whether these b4-integrin+ cells are the
same population as PICs remains to be determined.

An additional progenitor population with high therapeu-
tic potential are the mesoangioblasts (Mabs), which can be
isolated from either embryonic [20,21] or postnatal muscle
vasculature [22]. Mabs robustly participate in muscle repair
following engraftment or arterial delivery in both mice [23]
and dogs [24], and are presently being tested for therapeutic
capabilities in a clinical trial. Although the anatomical
location of adult Mabs is unclear, compelling data suggest
that they are derived from pericytes that also show robust
myogenic capacity in vitro and in vivo [25]. Pericytes can be
distinguished from endothelial cells by alkaline phospha-
tase (AP) expression and do not express myogenic or endo-
thelial markers. Using lineage tracing, it has been shown
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Box 1. The satellite cell

Alexander Mauro first identified satellite cells based upon their

anatomical location between the basal lamina and the myofiber

plasma membrane. Based on this location ‘satellite’ to the myofiber,

he proposed that these cells were resident skeletal muscle

progenitors [1]. Since their discovery, extensive effort has been

made to understand the origin and role of satellite cells. Satellite

cells originate from Pax3-expressing progenitors in the somites of

the embryo that migrate to the limb bud where they subsequently

upregulate Pax7 and other myogenic regulatory factors [82,83].

Although the majority of these progenitors undergo differentiation

and form primitive nascent myofibers, constituting the basis for the

formation of additional muscle during postnatal growth, a small

subset of these cells adopt a satellite cell position [5]. In adult

muscle, satellite cells express Pax7 and remain quiescent under

normal physiological conditions. Following muscle damage, satel-

lite cells re-enter the cell cycle and generate myoblasts that

eventually fuse together or with damaged fibers [84]. During this

process, satellite cells are replaced by self-renewal through asym-

metric division of a small fraction of the satellite cell pool [85]. The

satellite cell was a focus for therapeutic applications for muscle

diseases and led to several clinical trials in the 1990s; however, their

poor survival, migration, and inability to undergo sufficient self-

renewal following engraftment has led the field to seek alternative

approaches (reviewed in [86]).

Satellite cells

Key:

Pericytes

Figure 1. The muscle neighborhood. Skeletal muscle is composed of myofibers, contain

constitute the major muscle stem cell population (Box 1). Blood vessels, composed of e

to providing a blood supply the endothelial cells promote satellite cell proliferation th

Pericytes (purple) actively contribute to postnatal muscle growth and regeneration. T

connective tissue cells (orange).
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that pericytes contribute to postnatal muscle growth and
regeneration in situ, demonstrating a bona fide contribution
to normal muscle growth by a nonsatellite cell population
during postnatal development [26]. The studies outlined
above clearly establish that nonsatellite cell progenitors
are competent to contribute to muscle repair and raise
the possibility that multiple cell types support adult skeletal
muscle regeneration and postnatal muscle growth. Howev-
er, with the exception of pericytes, direct contribution of
these progenitors to postnatal myogenesis and muscle re-
pair has not been firmly demonstrated, and in the case of
pericytes this contribution is still relatively minor.

Recently, two laboratories have created murine models
in which satellite cells can be conditionally depleted in
order to test whether muscle regeneration is possible in the
absence of satellite cells [27,28]. In one case, the human
diphtheria toxin receptor was expressed under the control
of the murine Pax7 locus so that injection of diphtheria
toxin killed cells expressing Pax7 [28]; in the other study,
mice expressing tamoxifen-inducible conditional recombi-
nase (CRE) under the control of Pax7 were crossed with
mice expressing an inducible diphtheria toxin, leading to
Mesenchymal progenitors

Connec�ve �ssue cells
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ing myonuclei, and satellite cells (white) that reside beneath the basal lamina and

ndothelial cells, permeate the interstitial space of the muscle fibers, and in addition

rough secretion of growth factors and delivery of circulating inflammatory cells.

he interstitial space is occupied by mesenchymal progenitors (green) as well as



Table 1. Comparative capacities of myogenic progenitor cells

Cell type Markers Proliferation

in vitro

Systemic

delivery

Repopulation

of the satellite

cell niche

Transplantation efficiency

(number or % of positive

myofibers, TA)a

Improvement

of muscle

disease

Refs

Satellite cells Pax7, CD34, c-met High No Yes >500 fibers (i.m) mdx mice [4,88]

SP Hoechst exclusion,

CD45, Sca1

Low Yes Yes <50 (8%) (i.a.) mdx mice [9]

CD133+ cells CD133, CD34, Thy1,

CD45

Low Yes Yes 50–100 fibers (i.a) mdx mice [15]

Mabs CD34, c-kit, Flk1 High Yes ?? >20% (i.a) a-sarco mice,

dystrophic dogs

[23,24]

Pericytes AP, NG-2 proteoglycan High Yes Yes 300–500 i.a, 20 i.m mdx mice [25]

PICs PW1 Low Not tested Yes 60% (i.m) Not tested [17]

b4 integrin+ cells b4 integrin High Not tested ?? 50–100 (5–10%) (i.m) mdx mice [19]

aAbbreviations: i.a., intra arterial; i.m., intramuscular.
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the induction of diphtheria toxin expression in Pax7+ cells
and subsequent loss of satellite cells [27]. Both studies
demonstrated that eliminating the satellite cells in adult
muscle severely impairs the regenerative response follow-
ing injury. These studies led to the conclusion that satellite
cells are indispensable for muscle repair. It was further
demonstrated that vasculature and innervation were not
affected by diphtheria toxin, and that other progenitors
such as PICs and, presumably, pericytes were still present
following satellite cell depletion based on PW1 expression
in interstitial cells [28]. Based on these results, it would
appear that nonsatellite myogenic populations cannot give
rise to new muscle fibers under normal physiological con-
ditions. However, several caveats must be considered in
the interpretation of these experiments. First, it is not
clear whether the depletion of satellite cells is a neutral
event. Specifically, depletion of satellite cells leads to a
decrease in muscle mass in the absence of any apparent
injury, thus it is possible that some stress or inflammatory
processes disturb the muscle environment prior to injury.
Second, it is possible that the presence of satellite cells is
necessary to recruit nonsatellite cell progenitors into the
myogenic lineage through physical and/or molecular para-
crine interactions. The impact of the removal of any single
population on the stem cell niche may be paramount for
understanding these results.

The cellular neighborhood
Satellite cells grown in vitro are capable of proliferating and
forming multinucleate myotubes, and it is this inherent and
stable myogenic property first observed in the 1960s [29–31]
that is primarily responsible for the significant advances
made in the field of muscle stem cell biology. Although
primary satellite cells display pronounced myogenic capaci-
ty, even in defined media, their behavior can be modulated
dramatically by growth factors, neighboring cells, and the
surrounding cellular matrix. It has been shown that even
brief periods of satellite cell growth in vitro leads to a marked
reduction in their myogenic and self-renewal capacity when
re-engrafted into damaged muscle, as compared with fresh-
ly isolated satellite cells [4]. Blau and colleagues demon-
strated that a more elastic cell substrate (in contrast to
‘hard’ plastic) increased primary myoblast self-renewal and
regenerative capacity when grafted into injured muscle [32].
In addition to the physical properties of the satellite cell
environment, cytokines and other diffusible molecules
produced by surrounding cells are important. Christov
et al. [33] have observed that satellite cells are invariably
located near small vessels and that endothelial cells promote
satellite cell proliferation through insulin-like growth factor
(IGF)-1, fibroblast growth factor (FGF), hepatocyte growth
factor (HGF), and vascular endothelial growth factor (VEGF)
secretion. In turn, differentiating myoblasts promote angio-
genesis. They have proposed that positive feedback between
these two cell types promotes faster and properly patterned
tissue repair. Following muscle damage, proinflammatory
monocytes accumulate at the injury site and clear away
cellular debris. This step is followed by a conversion of
monocytes into anti-inflammatory macrophages that stimu-
late myogenesis and fiber growth [34]. Completely depleting
inflammatory cells blocks muscle regeneration, demonstrat-
ing their crucial role in muscle repair [34]. In addition,
macrophages exert an antiapoptotic effect on myoblasts
through cell adhesion molecules and recruit Mabs through
high mobility group box 1 (HMGB1) and matrix metallopro-
teinase (MMP)9 secretion [35,36]. Taken together, these
data demonstrate vascular-mediated paracrine effects on
the stem cell niche that play a key role in coordinating stem
cell responses [37,38]. In addition to the presence of vascular
cells, other interstitial cells support muscle regeneration.
First, a population of connective tissue fibroblasts that are
identified by transcription factor 4 (Tcf4) expression prolif-
erate in close proximity to satellite cells following injury [39].
Conditional ablation of Tcf4+ cells prior to muscle damage
leads to smaller regenerated fibers and a decreased popula-
tion of satellite cells due to premature differentiation, sug-
gesting that fibroblasts provide critical signals during
regeneration [39]. This has been confirmed by in vitro experi-
ments in which myoblasts cultured in the presence of Tcf4+

fibroblasts form larger myotubes containing more nuclei
[40,41]. In turn, the authors have shown that satellite cell
ablation not only leads to a complete loss of muscle regener-
ation, as observed by others, but also to a defect in fibroblast
recruitment at the onset of regeneration followed by connec-
tive tissue expansion [39]. Taken together, these results
demonstrate that satellite cells and fibroblasts reciprocally
regulate the expansion of the other to ensure efficient muscle
repair. Furthermore, it is proposed that fibroblasts and
atypical myogenic stem cells are recruited to the site of
injury by factors secreted by satellite cells [42].

In addition to the myogenic and fibroblast populations,
two resident adipogenic populations have recently been
3



Box 2. Muscle diseases

Muscle diseases are primarily congenital, including most notably

the muscular dystrophies (Duchenne, Emery–Dreyfus and Limb–

Girdle), centronuclear myopathies, and neuromuscular diseases

(amyotrophic lateral sclerosis and spinal muscular atrophy). Mus-

cular dystrophies are characterized by progressive muscle weakness

due to mutations in sarcolemmal proteins (dystrophin, sarcoglycans

and dysferlin), nuclear proteins (emerin and lamin A/C), or extra-

cellular proteins (collagen-6 and a-2 laminin). Although clinical

symptoms are well described, no treatment has yet been fully

successful.

Most muscular dystrophies involve an eventual exhaustion of the

stem cell pool or a change in their fate, in which the muscle tissue

becomes infiltrated with fibrotic and fat tissue. This evolution is

similar to sarcopenia that occurs during physiological aging,

involving a gradual loss of muscle mass and a decline in

regenerative capacity.

In the mdx mouse model, the satellite cell population is reduced,

as compared to healthy mice, and becomes depleted following

repeated cycles of degeneration/regeneration. These repeated

cycles of stem cell activation and proliferation lead to telomere

shortening [87] and have been proposed to lead to the accumulation

of mutations in key regulatory genes required for proper self-

renewal and myogenic competence. Therefore, although Duchenne

muscular dystrophy (DMD) disease progression is driven by

dystrophin deficiency, the pathology exacerbates as a result of

stem cell dysfunction. In this context, therapies designed to promote

stem cell competence may ultimately slow disease progression.
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identified in skeletal muscle. Mesenchymal progenitors are
characterized by platelet-derived growth factor receptor
(PDGFR)a expression [43], and fibro/adipogenic progenitors
(FAPs) have been isolated based upon stem cell antigen 1
(Sca1) expression [44]. These cells display a strong adipo-
genic potential in vitro and differentiate into fat when
engrafted into pathological muscle, which is not the case
when engrafted into healthy muscle. In addition, FAPs are
activated upon injury and promote myoblasts differentia-
tion through cell–cell signaling [44], whereas adipogenesis
of PDGFRa+ cells is strongly inhibited by myotubes [43]. It is
tempting to speculate that mesenchymal PDGFRa+ cells
and FAPs are overlapping populations; nonetheless, these
adipogenic progenitors share the properties of adopting
different fates depending on the surrounding environment,
as well as promoting differentiation of neighboring myogen-
ic progenitors [44]. The authors propose that a balance
between satellite-cell-dependent myogenesis and PDGFRa+

cell/FAP-dependent adipogenesis regulates muscle homeo-
stasis and regeneration. Taken together, these data clearly
demonstrate interactions between multiple resident cell
populations that promote muscle progenitor activation.
The deregulation of any single cell population in muscle
tissue is therefore likely to have a strong impact on all the
resident populations and, therefore, must be taken into
account when proposing a ‘central’ role for any single cell
type during the regenerative process (Figure 1). Similarly,
changes in this local environment may contribute to muscle
pathologies and age-related loss of muscle stem cell compe-
tence (Figure 2).

Age-related loss of regenerative capacity and the stem
cell neighborhood
A progressive loss of stem cell competence occurs with age
and is associated with chronic diseases in mammals
(Box 2). In diseased and aged muscle, myofibers are
Embryo Juvenile

Pax7-dependent Pax7-independent

 A

7wd21d0

Figure 2. Dynamics of stem cell competence with age. At birth, high numbers of stem c

depending on the tissue. In skeletal muscle, this juvenile period is characterized by rapid

and able to contribute to multiple tissue lineages [12,17,43]. In the mouse, Pax7 is require

[2,67,68]; after 3 weeks, regeneration can occur in the absence of Pax7 [68]. During adult 

cell competence) continues to decrease due to an increase in inhibitory factors in th

compromised. An additional decline in stem cell competence occurs in aged muscle.

postnatal skeletal muscle stem cell behavior: a juvenile phase (0–3 weeks); adult phase
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replaced by fat and fibrous tissue and the remaining fibers
decrease in mass. The number of satellite cells in muscle
declines soon after birth from 30% of myonuclei in the
neonate to 4% in the adult, followed by a small decrease to
2% in the old mouse [45]. It has been demonstrated that
satellite cells undergo a decrease in levels of Pax7 expres-
sion, leading to a loss of myogenicity accompanied by
increased levels of apoptosis [46]. However, not all satellite
cells appear to undergo this decrease and retain myogenic
and self-renewal capacities comparable to those of young
dult Aged

Stem cell number

18m

Stem cell competence
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ells are followed by a dramatic decrease within the first days and/or weeks of life,

 postnatal growth and the presence of a variety of stem cells that are highly plastic

d for both postnatal muscle growth and regeneration during the first 3 weeks of life

life, stem cell number is maintained, however, their capacity to repair muscle (stem

eir environment until about 18 months, at which point, regenerative capacity is

 Taken together, these results reveal three distinct genetic and cellular phases of

 (3 weeks to �18 months); and an aged phase (18 months to end of life).
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satellite cells, suggesting that other factors contribute to
age-related changes in muscle regenerative capacity [45–
47]. An aged-related delay in the early inflammatory re-
sponse following muscle injury was reported in mice, al-
though this did not impair the regeneration process [48]. In
vivo, proliferative and regenerative capacities of satellite
cells are restored in old mice when exposed to circulating
factors from young mice [49]. By contrast, serum obtained
from old mice provokes an old age muscle regenerative
phenotype when injected into young mice. This old-age-
inducing effect has been attributed to elevated circulating
Wnt molecules, activating downstream targets such as
Axin2 and b-catenin in aged satellite cells, and leading
to conversion to a fibrogenic lineage [50]. Conversely,
canonical Wnt signaling inhibition by Frizzled-related
protein 3 or Dickkopf-related protein 1 (DKK1) in old mice
restores regenerative potential [50]. Wnt molecules may be
secreted by tissue-resident endothelial precursors in old
muscle. Specifically, endothelial precursors are activated
during neoangiogenesis following muscle injury and inhib-
it myoblast proliferation through Wnt3a production
[51,52]. In addition, impaired muscle regeneration in aged
animals has been linked to a decline in Notch signaling
[53]. Insufficient upregulation of the Notch ligand, Delta-1,
in satellite cells following injury in old animals leads to a
decrease in their myogenic capacities, which can be re-
stored by forced activation of Notch. In turn, in vivo
inhibition of Notch signaling reduces muscle regeneration
in young mice and results in a phenotype similar to that of
old muscle [53]. In addition, Notch signaling has recently
been shown to be necessary for satellite cell maintenance,
such that satellite cells undergo accelerated terminal dif-
ferentiation without self-renewal in the absence of Notch,
resulting in satellite cell depletion [54]. Loss of Notch
activation in aged muscle has been associated with high
levels of transforming growth factor (TGF)b-1 and cyclin-
dependent kinase (cdk) inhibitors in satellite cells [55].
Abnormally high levels of pSmad-3 in aged satellite cells
impair regenerative capacity, whereas regenerative com-
petence can be restored in vivo by pSmad-3 shRNA block-
ade. Activation of Notch blocks the pSmad-3-mediated
upregulation of the cdks p15, p16, p21 and p27, whereas
inhibition of Notch induces these cdks [55,56]. Therefore,
endogenous Notch and pSmad-3 antagonize each other in
the control of satellite cell proliferation, and deregulation
of this balance in old animals is proposed to lead to a
decrease in regenerative potential. These data reveal that
the progressive decrease in regenerative capacity during
muscle aging is due to a progressive switch from Notch to
Wnt/TGF-b molecules secretion in the stem cell environ-
ment, rather than intrinsic loss of myogenic cell compe-
tence.

Can we gain insight from lower vertebrate
regeneration?
Fish and amphibians retain the capacity to regenerate
tissues fully throughout life, whereas progressive loss of
regenerative capacity is common in mammals. Specifically,
the adult zebrafish heart can regenerate following ventric-
ular resection [57], whereas mammals lose this capacity
soon after birth [58]. A striking demonstration of stem cell
capacity in lower vertebrates was recently reported in newt
lens subjected to 15 rounds of injury over 16 years without
any decline in regenerative capacity [59]. Finally, in addi-
tion to cell and organ replacement, amphibians can form a
blastema following limb amputation, consisting of dedif-
ferentiated mesenchymal cells that will repattern and
redifferentiate to generate the entire appendage. Although
limb amputation in amphibians activates resident Pax7+

satellite cells [60], a concomitant dedifferentiation of ma-
ture fibers is also observed, which give rise to mononucle-
ated cells, accounting for approximately 30% of the
blastema [61]. Although dedifferentiation is an extremely
rare event in mammals, one recent report suggests that a
similar process occurs in skeletal muscle upon injury, as
witnessed with a Cre-Lox-bgal system based on the ex-
pression of muscle creatine kinase to tag specifically dif-
ferentiated multinuclear myofibers [62]. In this study,
mononuclear bgal+ cells were detected, among which some
were also Pax7+ and capable of redifferentiating into myo-
tubes in vitro after injury [62]. Although the contribution of
dedifferentiated myofibers during muscle regeneration
remains a subject of scrutiny, this study suggests that
myofibers are an additional source of myogenic progenitors
for muscle repair.

Understanding the mechanisms underlying dedifferen-
tiation promises tremendous therapeutic applications.
Blau and colleagues recently demonstrated that commit-
ted myoblasts are reprogrammed by inactivating the tu-
mor suppressors retinoblastoma protein (Rb) and ARF
[63]. Upon Rb and p16/19 inactivation, myonuclei re-en-
tered the cell cycle and myotubes dedifferentiated in mono-
nucleated cells. These cells expand under growth
conditions and redifferentiate into mature myotubes. Fol-
lowing engraftment, these cells are incorporated into pre-
existing fibers [63]. Similarly, Conboy and colleagues have
shown that inhibitors of tyrosine phosphatases and apo-
ptosis provoke the dedifferentiation of myotubes into myo-
genic competent mononucleated cells. They obtained
‘reprogrammed’ muscle progenitors expressing Pax7 and
MyoD capable of differentiating into skeletal muscle in
vitro and in vivo [64]. Even if dedifferentiation does not
normally occur during mammalian tissue regeneration,
the underlying cellular machinery has not been lost during
mammalian radiation and can be artificially reactivated.
Presumably this loss of cellular plasticity and stem cell
competence arose during evolution, implying that the loss
of this regenerative capacity carries some unique advan-
tage. Moreover, the observation that genes involved in
tumor suppression need to be deactivated, at least tran-
siently, in order to provoke this process in mammals
suggests that there may have been an evolutionary
trade-off between mechanisms preventing cancer and
mechanisms supporting robust regenerative capacities.

Adolescence–a critical period for stem cells?
A preprogrammed adult body size, and by consequence,
organ size, is a hallmark of mammals, whereas many lower
vertebrates display large variations in adult body size
and, in some cases, postnatal growth is maintained through-
out life (reviewed in [65,66]). The continuous growth of
lower vertebrates is presumably linked to their enhanced
5



Review Trends in Molecular Medicine xxx xxxx, Vol. xxx, No. x

TRMOME-803; No. of Pages 8
regenerative capacities, and recent studies have demon-
strated that mammals possess an enhanced regenerative
capacity during the initial days or weeks after birth. In the
case of the heart, which can regenerate in fish but not in
mice, it has recently been shown that partial ventricle
resection of the mouse heart performed within the first
postnatal day provokes complete regeneration through in-
duction of heart cardiomyocyte proliferation; this capacity is
lost by 1 week [58]. In skeletal muscle, genetic evidence
highlights the roles of Pax7 in postnatal skeletal muscle
growth. Mice constitutively lacking Pax7 display a normal
pool of satellite cells upon birth but their number rapidly
declines by 2–3 weeks after birth concomitant with poor
postnatal growth and survival [2]. Furthermore, these mice
show very poor muscle regenerative capacity, which led
initially to the proposal that Pax7 is required for satellite
cell maintenance and self-renewal [2,67]. However, in the
context of a conditional Pax7 mutant, it was found that Pax7
is dispensable for satellite cell function when inactivated
specifically in the adult [68]. By contrast, when Pax7 is
inactivated between birth and 3 weeks of age, postnatal
muscle development and regenerative capacity is abrogated,
with the most severe phenotypes corresponding to ablation
of Pax7 expression during the first week of life [68]. These
results demonstrate that there is a critical period near 3
weeks of age when the muscle stem cell niche undergoes a
critical change from juvenile to adult. Whether this change is
due to progenitors entering a more stable quiescent state or
some other unidentified event, including changes in the stem
cell neighborhood, remains to be determined.

Genomic imprinting – a mammalian feature of stem
cells
Recent studies have implicated parentally imprinted genes
in the regulation of postnatal growth and adult somatic stem
cells. Parental imprinting is an epigenetic control specific to
mammals that involves silencing one allele, and it occurs on
<1% of the human and mouse genome (reviewed in [69,70]).
Several parentally imprinted genes regulate embryonic de-
velopment [71,72]. As a group, they are expressed at high
levels in fetal and newborn tissues and decline within the
first few weeks after birth in mice [73,74]. Our laboratory
identified the parentally imprinted gene PW1/Peg3 in a
screen designed to isolate early stem cell markers in the
skeletal muscle lineage [75]. Subsequent analyses have
revealed PW1/Peg3 expression is restricted to stem cells
in all adult tissues examined, including the skin, blood,
bone, testes, and central nervous system (CNS) [76]. The
expression of a universal adult stem cell marker lends
support to the idea that common regulatory mechanisms
underlie adult stem cell function regardless of tissue origin; a
notion that has been proposed for many years but has
previously lacked much supporting data [77]. Our findings
were followed by the discovery of Goodell and colleagues that
a group of parentally imprinted genes including p57, H19,
mesoderm-specific transcript (Mest), Peg3/PW1, Dlk1, and
insulin-like growth factor 2 (IGF2) are expressed in adult
somatic stem cells but not in their differentiated progeny
[74]. In addition, two groups have recently demonstrated
that p57, a well-known regulator of the cell cycle, plays a role
in maintaining the hematopoietic stem cell pool [78,79].
6

Similarly, Dlk1 has been shown to be important for skeletal
muscle growth and differentiation [80] and neurogenic pro-
gression [81]. Moreover, these authors have demonstrated
that neural stem cells selectively undergo a ‘relaxation of
imprinting’ during postnatal development that is required
for proper neurogenesis [81]. This finding raises the inter-
esting possibility that biallelic expression of imprinted genes
may constitute an important regulatory event during stem
cell progression and differentiation. As most but not all
parentally imprinted genes are shared among all verte-
brates, it will be of interest to determine whether the same
set of genes are expressed in lower vertebrate stem cells or
whether this set of imprinted genes is specific to mammalian
stem cells.

Concluding remarks and future perspectives
Muscle growth and maintenance during the lifetime of an
animal reveals at least three distinct stages after birth –
juvenile, adult, and old age – during which stem cells change
in behavior and competence. The juvenile period in mice (0–
3 weeks) is characterized by pronounced growth and a
marked increase in muscle mass and size. In this context,
stem cells are required to build the muscle in young mice. As
stated above, the switch from a Pax7-dependent to a Pax7-
independent state at 3 weeks old, coinciding with a decline
in the rate of postnatal growth, provides direct genetic
evidence that the stem cells undergo a change in their
genetic circuitry during this transition, likely reflecting a
change in their role. This change may also reflect the
requirement for Pax7 in the myogenicity of PICs during
postnatal growth [17]. In the context of muscular dystro-
phies, this raises the question as to whether it is possible to
develop therapeutics that can induce or maintain juvenile
stem cells that may represent a more competent and plastic
stem cell population, as compared with adult stem cells.
Whether imprinted gene regulation or tumor suppressor
genes underlie the ‘more limited’ potentials of mammalian
stem cells as opposed to those in lower vertebrates may also
offer potential therapeutic solutions. Why mammals and
lower vertebrates differ in their regenerative potential can
now be addressed with the advent of high-throughput
‘omics’ approaches. Determining how the niche changes,
which signals are present during each of the postnatal
stages, and what role other cells in the niche play will
provide targets for therapeutic development that promise
to be more tractable than direct stem cell engraftment. As
such, the field of adult stem cells is entering a larger
evolutionary context. Should we seek to induce amphibi-
an-like characteristics in mammalian stem cells, we will
need to establish a clearer understanding of what distin-
guishes juvenile postnatal tissue from adult and old tissue
as well as fully appreciate why mammals have evolution-
arily acquired this more limited potential and what Faust-
ian bargain may have been made along the way.
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