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Stem cell niche and postnatal muscle growth"?
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ABSTRACT: Stem cell niche plays a critical role in
regulating the behavior and function of adult stem cells
that underlie tissue growth, maintenance, and regen-
eration. In the skeletal muscle, stem cells, called satel-
lite cells, contribute to postnatal muscle growth and
hypertrophy, and thus, meat production in agricultural
animals. Satellite cells are located adjacent to mature
muscle fibers underneath a sheath of basal lamina. Mi-
croenvironmental signals from extracellular matrix me-
diated by the basal lamina and from the host myofiber
both impinge on satellite cells to regulate their activity.
Furthermore, several types of muscle interstitial cells,
including intramuscular preadipocytes and connective
tissue fibroblasts, have recently been shown to inter-
act with satellite cells and actively regulate the growth
and regeneration of postnatal skeletal muscles. From

this regard, interstitial adipogenic cells are not only
important for marbling and meat quality, but also rep-
resent an additional cellular component of the satellite
cell niche. At the molecular level, these interstitial cells
may interact with satellite cells through cell surface
ligands, such as delta-like 1 homolog (DIkl) protein
whose overexpression is thought to be responsible for
muscle hypertrophy in callipyge sheep. In fact, extracel-
lular DIk1 protein has been shown to promote the myo-
genic differentiation of satellite cells. Understanding
the cellular and molecular mechanisms within the stem
cell niche that regulate satellite cell differentiation and
maintain muscle homeostasis may lead to promising ap-
proaches to optimizing muscle growth and composition,
thus improving meat production and quality.
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INTRODUCTION

The stem cell niche concept was first proposed by
Schofield over 30 yr ago (Schofield, 1978). In an at-
tempt to unify the inconsistency in the observed func-
tions of hematopoietic stem cells, Schofield (1978)
stated that “the stem cell is seen in association with
other cells which determine its behavior.” This stem
cell niche concept implies that the behavior and func-
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tion of a stem cell is not only intrinsic to the stem cell,
but also regulated by its neighboring cells. The stem
cell niche is now generally referred to as the special-
ized microenvironment in which stem cells reside. Stem
cell niche, through its cellular and molecular compo-
nents, plays important roles in the regulation of many
aspects of stem cell biology, including the birth and
generation, quiescence, activation, proliferation, self-
renewal, differentiation, and senescence of stem cells.
The cellular (e.g., supporting cells) and molecular (e.g.,
chemical and physical cues) components of a stem cell
niche vary in different tissues. Several unique models
of stem cell niche have been characterized in the past
decade (Li and Xie, 2005; Nishikawa et al., 2008; Miller
and Gauthier-Fisher, 2009; Eliasson and Jonsson, 2010;
Greco and Guo, 2010). These include the germ-line stem
cell niches in Drosophila and Caenorhabditis elegans,
and mammalian stem cell niches in the subventricular
zone of the brain, hair bulge, intestinal crypt, and bone
marrow that harbor neural, hair follicle, intestinal, and
hematopoietic stem cells, respectively. The satellite cell
niche in the skeletal muscle has been emerging as an
excellent model with which to both dissect fundamental
mechanisms of stem cell regulation and explore trans-
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lational approaches that enhance muscle growth and
repair. This review discusses the cellular and molecu-
lar components of the satellite cell niche in the muscle
and uses intramuscular preadipocytes and delta-like 1
homolog (DI1k1) as examples to elucidate how compo-
nents of stem cell niche dynamically regulate satellite
cell function during muscle growth and regeneration.

POSTNATAL MUSCLE GROWTH
AND REGENERATION DEPEND
ON SATELLITE CELLS

The muscle satellite cell (MuSC) is one of the best
characterized and most abundant adult stem cell types
in the body. Numerous studies in vitro and in vivo have
demonstrated that MuSC can readily differentiate to
become mature myofibers and self-renew to maintain
their population. Under normal physiological condi-
tions, MuSC lie underneath the basal lamina as qui-
escent cells until activated by stress, such as exercise,
inflammation, or myotrauma, to enter cell cycle, pro-
liferate, and progress further along the myogenic path-
way. During this process, activated MuSC undergo
rounds of division before terminally differentiating and
fusing to form new myofibers or add nuclei to exist-
ing myofibers, thus contributing to muscle hypertrophy
(Kuang and Rudnicki, 2008). Meanwhile a subset of the
MuSC withdraws from the cell cycle and returns to qui-
escence to replenish the stem cell pool. Clonal analysis
further demonstrates that single MuSC is capable of
both differentiation and self-renewal, therefore fulfilling
the defining features of a stem cell.

Postnatal muscle growth requires the addition of
nuclei into growing myofibers (Enesco and Puddy,
1964). Early work using autoradiography labeling in-
dicates that MuSC are the source of new myonuclei
during postnatal muscle growth (Moss and Leblond,
1971). However, it has been reported in the past de-
cade that several types of stem cells besides MuSC can
contribute to muscle growth and regeneration (De An-
gelis et al., 1999; Asakura et al., 2002; LaBarge and
Blau, 2002; Dezawa et al., 2005; Tamaki et al., 2008;
Figure 1A). For instance, bone marrow-derived cells
can contribute to the regeneration of damaged skeletal
muscle and subsequently adopt sublaminar localiza-
tion after transplantation to new host muscle tissues,
in a way much like MuSC (LaBarge and Blau, 2002).
In addition, vessel-associated progenitor cells, includ-
ing mesoangioblasts, pericytes, and circulating cluster
of differentiation (CD) 133" cells, are able to contrib-
ute to muscle lineage and serve as promising stem cell
types in the treatment of muscular dystrophy (Torrente
et al., 2004; Sampaolesi et al., 2006; Dellavalle et al.,
2007). Most recently, a population of muscle interstitial
Pwl1"/Pax7~ (paternally expressed 3/paired box 7)
progenitor cells has been shown to be able to self-renew
and give rise to Pax7” MuSC (Mitchell et al., 2010).
Although the interstitial Pwl" cells are of Pax7-neg-

ative origin, their myogenic specification is dependent
on Pax7 (Mitchell et al., 2010). Interestingly, Pwl is
widely expressed by adult stem cells in multiple tissues,
including epidermal, hematopoietic, muscular, and neu-
ral tissues (Besson et al., 2011).

Given the variety of stem cells that are reported to
be capable of myogenic differentiation, it has been un-
clear whether MuSC are absolutely required for post-
natal muscle growth and repair. Three recent papers
examined this question (Lepper et al., 2011; Murphy
et al., 2011; Sambasivan et al., 2011). In these stud-
ies, PaxT-expressing MuSC were specifically ablated in
postnatal skeletal muscles. Both Lepper et al. (2011)
and Murphy et al. (2011) used Paz7““*" /Rosa”™ com-
pound mutant mice to express diphtheria toxin sub-
unit A (DTA) in Pax7" cells upon administration of
tamoxifen, thus leading to the ablation of MuSC. Using
a similar approach, Sambasivan et al. (2011) created
Paz7’™ knock-in mice that express diphtheria toxin
receptor (DTR) driven by the endogenous Pax7 gene
locus, leading to ablation of Pax7" satellite cells upon
administration of diphtheria toxin. Using these cell lin-
eage ablation tools, these studies demonstrated that
satellite cells are indeed required for postnatal muscle
regeneration and indicated further that other muscle
resident progenitors only play a passive role in myogen-
esis and are not sufficient to mediate muscle regenera-
tion in the absence of MuSC. Because MuSC are also
required for postnatal muscle growth, understanding
the basic biology and molecular regulation of MuSC
will be necessary for improving growth efficiency and
meat production in animal agriculture (Dodson et al.,
2010b).

REGULATION OF MUSCLE FIBER
TYPE COMPOSITION AND MEAT
PRODUCTION AND QUALITY

Among many biological properties of the muscle,
myofiber number, myofiber size, and myofiber com-
position (i.e., fiber types) are directly related to meat
yield and quality in the meat animal industry. As the
number of myofibers per muscle is already settled at
perinatal stages, only myofiber size and composition
can possibly be altered by intrinsic and extrinsic fac-
tors during postnatal muscle growth. Based on their ex-
pression of myosin heavy chain isoforms and metabolic
properties, muscle fibers can be classified into 4 catego-
ries: slow twitch oxidative type I, fast twitch oxidative-
glycolytic type ITA, fast twitch glycolytic 11X, and fast
twitch glycolytic IIB (Schiaffino and Reggiani, 1996).
Fiber type composition is dynamically shaped by both
intrinsic (e.g., signaling pathways) and extrinsic (e.g.,
exercise and maternal nutrition) factors (Wegner et al.,
2000; Wu et al., 2001; Gentry et al., 2002; Hwang et al.,
2010). The fiber type remodeling process is empowered
by different signaling pathways, as comprehensively re-
viewed by others (Bassel-Duby and Olson, 2006).
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Figure 1. Panel A: cellular and molecular components of the
muscle satellite cell (MuSC) niche. MuSC, including Pax7 Myf5~ and
Pax7 "Myf5" cells that generated from asymmetrical cell division, are
regulated by various growth factors. These mainly include IGF-1, he-
patocyte growth factor (HGF), basic fibroblast growth factor (bFGF),
platelet-derived growth factor-BB (PDGF-BB), and vascular endothe-
lial growth factor (VEGF). The physical and cellular components of
MuSC niche include basal lamina, host myofiber, interstitial fibro-
blasts (transcriptional factor 4 positive cells, Tcf4"), preadipocytes
(Pax3™/Myf57), and vasculature. Other muscle resident stem cell
types (Pwl®/Pax7~ PIC, CD133" cell, mesoangioblast, pericyte, bone
marrow-derived cell, BMDC) may interact with or give rise to MuSC.
Panel B: regulation of MuSC fate choices by cues present in the niche.
Signals from resting muscle inhibit the expansion of interstitial cells,
including preadipocytes and fibroblasts, whereas cues from regenerat-
ing muscle promote proliferation of interstitial cells. During muscle
regeneration, interstitial cells may provide physical and chemical cues
le.g., delta-like 1 homolog (DIlkl) and IL-6] that facilitate myogenic
differentiation. Pax3/7: paired box 3/7; Myf5: myogenic factor 5; PIC:
Pwl (paternally expressed 3) positive interstitial cells. Color version
available in the online PDF.

Because of the importance of the muscle fiber types
in the variation of meat quality of farm animals, such
as tenderness and juiciness (Lee et al., 2010; Guo et al.,
2011), extensive efforts have been invested in selection
of meat animal breeds with better meat traits. One ap-
proach is through characterizing the SNP of the breeds
with preferred fiber characteristics and meat quality
(Haegeman et al., 2003; Gill et al., 2009; Kim et al.,
2011). These accumulating SNP data not only provide
candidate genetic markers for breed selection of farm
animals, but also lead to mechanistic understanding of
how external factors regulate fiber type diversity. For
instance, several SNP, identified in the gene PPAR ~
coactivator 1 o (PGC-1a), a transcriptional coacti-
vator enriched in type I fiber, can affect muscle fiber
characteristics and meat quality traits of pigs (Lin et
al., 2002; Haegeman et al., 2003; Kim et al., 2010; Lee
et al., 2011). Tt has been shown that PGC-la-induced
fiber type switching is mediated by and requires hy-
poxia-inducible factor 2o (HIF2a), and ablation of
HIF2a in differentiated myocytes using myogenin-cre
driver mice resulted in the switch of slow fiber type
toward fast fiber type (Rasbach et al., 2010). Because
HIF2« is regulated by exercise and oxygen availability,
these results bridge external regulation to intracellular
molecular pathways that act together to influence fiber
type. In addition, PGC-1a is regulated by calcineurin
(i.e., calcium-dependent phosphatase) signaling, which
has also been involved in triggering slow fiber gene ex-
pression (Olson and Williams, 2000; Lin et al., 2002).
Interestingly, myogenic factor 5 (Myf5) gene expres-
sion in skeletal muscle “reserve” cells, thought to repre-
sent self-renewing MuSC, is also regulated by the calci-
neurin and nuclear factor of activated T cell (NFAT)
pathway (Friday and Pavlath, 2001). Collectively, these
studies indicated that myogenic differentiation and fi-
ber type specification may be regulated in parallel by
extrinsic and intrinsic signaling pathways.

Previous studies have shown that MuSC derived
from different fiber types exhibited distinct charac-
teristics, such as MuSC number per fiber, temporal
expression of genes encoding myogenic regulatory fac-
tors, and differentiation tendency toward specific fiber
types (Gibson and Schultz, 1982; Barjot et al., 1995;
Rosenblatt et al., 1996; DiMario and Stockdale, 1997).
Such evidence supports the hypothesis that MuSC are
partially committed to a specific muscle type, though
neural activities can also lead to changes in myofiber
types (Schiaffino and Serrano, 2002). Although these
studies provided primary evidence that regulation of
subpopulations of MuSC may be exploited as an ap-
proach to modify muscle fiber types and meat produc-
tion and quality in animal agriculture, we do not yet
have clear answers to several fundamental questions. To
what extent are postnatal MuSC specified to a particu-
lar fiber type before myogenic differentiation? What
are the fiber type programming factors expressed by
these subpopulations of MuSC? Alternatively, are there
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fiber-type-specific niches that regulate the differentia-
tion of satellite cells into fast or slow twitch myofibers?
How do the MuSC coordinate with the fiber type spe-
cific niche during neonatal muscle development and
postnatal muscle fiber type switching?

SATELLITE CELL NICHE

Muscle satellite cells were initially identified by elec-
tron microscopy as a population of cells wedged between
the muscle fiber (i.e., myofiber) plasma membrane and
the basal membrane surrounding the myofiber (Mauro,
1961). This unique anatomical localization defines the
architectural basis of the MuSC niche that interacts
physically with host myofiber and the basal lamina, a
major component of the muscle extracellular matrix.
In addition, MuSC are also regulated by microenvi-
ronmental cues released from the host myofibers, the
extracellular matrix, and the adjacent circulatory vas-
culature system (Figure 1A). Muscle satellite cells may
also actively interact with neighboring interstitial cells
including vascular myoendothelial cells, intramuscular
connective tissue fibroblasts, and preadipocytes (Figure
1A). Because of the importance of proper niche regula-
tion on the self-renewal and differentiation of MuSC
(Kuang and Rudnicki, 2008; Kuang et al., 2008), ex-
tensive effort has been undertaken to characterize the
niche factors and their mechanism of regulation on
MuSC.

Satellite cells respond to dynamic niche signals by
readily alternating cell status between the mitotic
quiescence and active states to meet physiological de-
mands, such as muscle growth and repair. Among the
diverse niche components, host myofibers were most
actively involved in the regulation of MuSC through
mechanical, chemical, and electrical interactions. Stim-
ulant signals from the host fiber include mechanical
stretch, release of hepatocyte growth factor (HGF),
and K* ion stimuli (Molgé et al., 2004; Tatsumi, 2010).
During muscle exercise, overload, or injury, mechani-
cally crushed or stretched myofibers can rapidly release
these stimulating factors as well as induce the release
of growth factors, such as HGF, from extracellular ma-
trix (Bischoff, 1986; Chen et al., 1994). The HGF then
binds to the c-met receptor present on the cell sur-
face to activate MuSC (Tatsumi, 2010). Although the
mechanisms directly coupling fiber stretch and MuSC
activation have not yet been clearly established, fiber
stretching-conditioned medium assays indeed substan-
tiated the involvement of HGF during the MuSC acti-
vation process (Tatsumi et al., 2002, 2006). Together
with other signaling molecules such as calcium-calmod-
ulin, matrix metalloproteinases (MMP), and nitric ox-
ide, the mechanical stretch stimuli play important roles
in MuSC activation. It was proposed that mechanical
stretch induces a cascade of events including calcium in-
flux, calcium-calmodulin formation, nitric oxide radical
production, MMP activation, and HGF release and its

binding to c-met receptors on MuSC (Tatsumi, 2010).
Interestingly, HGF can also regulate motor neuron re-
innervation after muscle injury through semaphorin 3A
(McLoon, 2009; Tatsumi et al., 2009).

Another equally important niche component is the ex-
tracellular matrix (ECM), which mainly acts through
the basal lamina to exert its impact on MuSC (Boonen
and Post, 2008). Direct contact with the basal lamina is
essential for maintaining stem cell quiescence in many
tissue stem cell types (Fuchs et al., 2004). Earlier stud-
ies evaluated the involvement and necessity of ECM
during the muscle regeneration and MuSC differentia-
tion (Rao et al., 1985; Melo et al., 1996). Among dif-
ferent extracellular matrix proteins, collagen, laminin,
and Matrigel (a commercial ECM product containing
both collagen and laminin; BD Biosciences, Franklin
Lakes, NJ) are the preferred coating for in vitro cul-
ture of primary MuSC to sustain its proliferation and
differentiation capacity (Wilschut et al., 2010). Re-
generating muscle forms a transitional extracellular
matrix that provides cues to regulate the behavior of
MuSC (Calve et al., 2010). During this process, MMP
actively regulate ECM remodeling, not only through
their protease activity to digest the ECM constituents,
but also through interaction with cytokines that play
important roles in cell proliferation, migration, differ-
entiation, apoptosis, and angiogenesis (Bellayr et al.,
2009). In agreement with this, gene profiling analysis
of MuSC isolated from regenerating skeletal muscles
of x-linked muscular dystrophy mice and from healthy
adult skeletal muscles reveals the involvement of MMP
in dismantling the ECM during the muscle regenera-
tion and MuSC activation (Pallafacchina et al., 2010).
Conversely, transcripts of MMP inhibitors were found
to be increased in the quiescent MuSC compared with
the activated MuSC (Pallafacchina et al., 2010). Re-
cently, CD147, an extracellular matrix metalloprotein-
ase inducer, was further shown to directly regulate the
differentiation process of MuSC (Attia et al., 2011).
Furthermore, MMP can regulate the behavior of MuSC
either directly through enhancing their migration, or
indirectly through activating the canonical myogen-
ic inhibitory pathway, transforming growth factor-3
(McLennan and Koishi, 2002; Wang et al., 2009; At-
tia et al., 2011). These lines of evidence indicate the
versatility and importance of the MMP-mediated ECM
activity to regulate MuSC.

The dynamic self-renewal and differentiation of
MuSC cultured on intact muscle fibers provided an-
other line of evidence that the native niche, especially
host myofiber and extracellular matrix, were indispens-
able in the fine tuning of cell fate (Halevy et al., 2004;
Olguin and Olwin, 2004; Zammit et al., 2004). Asym-
metric cell division is a general mechanism underlying
stem cell heterogeneity and cell fate choices between
self-renewal and differentiation (Knoblich, 2008). In
a line of evidence with this, heterogeneous molecular
marker profiles, such as CD34, M-cadherin, stem cell
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antigen-1, and Myf5 (Beauchamp et al., 2000), have
been reported in subpopulations of MuSC, which are
achieved through asymmetric cell division (Shinin et
al., 2006; Conboy et al., 2007; Kuang et al., 2007). How-
ever, MyoD-Cre mediated lineage tracing indicates that
all satellite cells are essentially committed to the MyoD
lineage (Kanisicak et al., 2009). Importantly, stem cell
niche plays a critical role in asymmetric cell fate deter-
mination of MuSC. As a result of apico-basal-oriented
cell division, differential niche cues are exposed to the
basal and apical cells, resulting in distinct cell fate
(Kuang et al., 2007). The basal cells are predominantly
Pax7"Myf5~ and self-renew, whereas the apical cells
are mostly Pax7"Myf5" and become committed and
differentiate (Figure 1A). The asymmetrical fate de-
termination model, through which MuSC can keep the
stem cell pool size while sustaining the dynamic tissue
homeostasis, may represent a fundamental mechanism
to achieve long-term postnatal muscle growth.

In addition to the biochemical property, the biophysi-
cal properties, for instance the stiffness of culture sub-
strates, of ECM can also affect the behavior and func-
tion of MuSC. Myoblasts cultured on the soft culture
substrate hydrogel, with an elasticity mimicking that of
muscle, can substantially contribute to muscle regen-
eration, compared with low survival rate of the grafted
myoblast, cultured in the rigid plastic dish (Gilbert et
al., 2010).

The vasculature represents a third niche component
that interacts with MuSC. The MuSC are strikingly
close to capillaries (Christov et al., 2007), which pro-
vide nutrients and circulatory growth factors to sustain
continued muscle growth. Furthermore, the juxtavas-
cular MuSC niche also facilitates cellular communica-
tion during angiogenesis and myogenesis (Figure 1A).
Intriguingly, endothelial and other cells may promote
the growth of MuSC through secretion of soluble fac-
tors, such as IGF-1, HGF, basic fibroblast growth fac-
tor, platelet-derived growth factor, and vascular endo-
thelial growth factor (Yablonka-Reuveni and Rivera,
1997; Yablonka-Reuveni et al., 1999; Kastner et al.,
2000; Zhao et al., 2003; Christov et al., 2007; Deasy
et al., 2009). Consequently, in ovo administration of
IGF-1 leads to satellite cell activation, neonatal skeletal
muscle hypertrophy, and increased muscle mass (Liu
et al., 2011). Furthermore, angiopoietin 1/Tie-2 (tyro-
sine kinase, endothelial) signaling, an active regulator
for vascular homeostasis, has been shown to promote
MuSC self-renewal both by autocrine and paracrine ef-
fects (Shim et al., 2007; Abou-Khalil et al., 2009). Fur-
ther, angiogenesis was promoted when the microvascu-
lar fragment was cultured in MuSC-conditioned media
or cocultured with MuSC (Deasy et al., 2009; Rhoads
et al., 2009). This pro-angiogenic effect coincides with
the functional HIF pathway in the MuSC (Rhoads et
al., 2009). Based on the mutual facilitative interaction
between angiogenesis and myogenesis, highly functional
muscle regeneration was achieved with combined deliv-

ery of IGF-1 and vascular endothelial growth factor,
which led to simultaneous angiogenesis, reinnervation,
and myogenesis (Borselli et al., 2010; Ota et al., 2011).

Functional deterioration of skeletal muscle regenera-
tive capacity in old animals was associated with de-
creased MuSC number and functionality, as well as
deteriorating microenvironment (Shefer et al., 2006;
Gopinath and Rando, 2008). However, the role of mi-
croenvironment may be more predominant during
muscle regeneration. Robust satellite activation and
substantial muscle regeneration were observed when
the old satellite cells were grafted into a young host,
whereas young satellite cells transplanted into an old
host had poor regenerative capacity (Zacks and Sheff,
1982; Carlson and Faulkner, 1989). Collectively, the ex-
isting and emerging lines of evidence support an impor-
tant role of MuSC niche in the regulation of satellite
cells and, thus, the growth and regeneration of skeletal
muscles.

REGULATION OF MUSCLE
SATELLITE CELLS
BY EXTRACELLULAR DELTA-LIKE 1
HOMOLOG PROTEIN

Genomic imprinting refers to the monoallelic expres-
sion or repression of genes due to differential epigenetic
modification, most often methylation, of paternal and
maternal chromosomes (Ferguson-Smith and Surani,
2001). Most imprinted genes are grouped into clusters.
Each imprinting cluster is regulated by the same im-
printing control center, but different mechanisms may
be used to establish and maintain the marks of imprint-
ed genes in different clusters (Edwards and Ferguson-
Smith, 2007). Many imprinted genes are important to
individual development, whereas abnormal regulation
of the imprinted loci is often associated with patholo-
gies (Fowden et al., 2006; Kawahara et al., 2007; Ubeda
and Wilkins, 2008; Weksberg, 2010).

Delta-like 1 homolog is a paternally imprinted gene
located within the imprinted DIk1-Dio8 (deiodinase,
iodothyronine, type III) gene cluster on distal mouse
chromosome 12 and encodes an epidermal growth fac-
tor-like protein that can either be a transmembrane or
secreted form. Recent studies have established a key
role for the DIk1-Dio3 gene cluster in the pluripotency
of induced pluripotent stem cells and embryonic stem
cells (Liu et al., 2010; Stadtfeld et al., 2010). In addi-
tion, DIk1 plays important roles in adipogenesis, neuro-
genesis, hematopoiesis and progression of many cancer
types (Moon et al., 2002; Sakajiri et al., 2005; Espina
et al., 2009; Yanai et al., 2010; Bordonaro et al., 2011;
Ferron et al., 2011).

Much interest of DIkl in muscle growth has been
driven by the postnatal muscle hypertrophy phenotype
observed in the torso and hind-limb of callipyge sheep,
a domestic breed with a single nucleotide mutation in
the DIk1-Dio8 imprinted region that leads to abnormal
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expression of several imprinted genes, including DIk
(Freking et al., 2002). Increased expression of DikI is
believed to be responsible for the callipyge phenotype
(Davis et al., 2004). Consistent with this notion, trans-
genic mice that constitutively overexpress DIkl exhib-
ited premature tissue growth, including muscle, during
embryonic development, but delayed postnatal tissue
growth and perinatal lethality (da Rocha et al., 2009).
Conversely, tissue-specific or conditional knockout of
DIk1 mice using Myf5-Cre resulted in reduced BW and
skeletal muscle mass, as well as compromised regenera-
tive capacity (Waddell et al., 2010). The conditional
knockout of DIkI phenotype unequivocally justified the
indispensable role of the DIkl during postnatal muscle
development and regeneration. The observed postnatal
muscle growth retardation was associated with reduc-
tion of fiber numbers and myosin heavy chain IIB gene
expression, whereas impaired regenerative performance
was associated with augmented myogenic inhibitory
signaling mediated by nuclear factor kappa-B and in-
flammatory cytokines (Waddell et al., 2010).

The role of DIkl in muscle growth may be medi-
ated by MuSC. A small fraction of DIkl satellite cells
are involved in the muscle remodeling under myopathy
conditions in mouse models (Andersen et al., 2009).
Depletion of DIkl leads to compromised differentiation
but enhanced self-renewal potential of MuSC (Waddell
et al., 2010). Conversely, DIkl overexpression inhibited
the proliferation but enhanced differentiation of cul-
tured myoblasts in vitro (Waddell et al., 2010). Interest-
ingly, overexpression of DIkl in callipyge sheep muscle
also causes the fiber type switch toward the fast twitch
glycolytic fibers that express the myosin heavy chain
IIB gene (Carpenter et al., 1996). Myogenic lineage-
specific DIkI knockout mice showed similar switches in
myosin heavy chain gene expression, though no overt
changes were detected at the protein level (Waddell et
al., 2010).

Importantly, DIk1 expression during development and
postnatal regeneration is temporally regulated (Wad-
dell et al., 2010). Tts expression is greater during embry-
onic development and gradually decreases after birth.
Although DIk1 is expressed at very low abundance un-
der resting conditions in the adult muscle, its expres-
sion is rapidly upregulated in nascent myofibers during
muscle regeneration. The temporal dynamics of DIik1
expression at different stages of myogenesis indicate a
model in which DIk1 expressed by newly differentiated
muscle cells non-cell-autonomously promotes the differ-
entiation of their neighbor satellite cells and, therefore,
leads to muscle hypertrophy (Waddell et al., 2010). As
MuSC express very low abundance of Dlk1, the role of
DIkl in satellite cell self-renewal and differentiation is
probably non-cell-autonomous. Ongoing efforts should
aim to define the molecular pathways through which
DIk1 regulates the MuSC fate choice. One possible sce-
nario is that DIkl interacts with Notch receptors on
the cell surface of its neighboring MuSC and modulate

the Notch signaling pathway in the MuSC. In support
of this notion, a functional antagonizing interaction be-
tween DIlk1 and Notch signaling pathway has been im-
plicated in the stem cell regulation during neurogenesis
(Surmacz et al., 2011).

Because DIk1 is an extracellular ligand that exerts its
function through interacting with cell surface receptors
in the neighboring MuSC, it can be classified as a cue
in the stem cell niche. Given the implications of DIkl
in the regulation of MuSC and postnatal muscle hyper-
trophy, it is interesting to investigate the upstream reg-
ulator of DIkl during myogenesis. Emerging evidence
revealed the regulatory mechanisms existing in many
different aspects, involving both cis-regulation (Take-
da et al., 2006) and trans-regulation through media-
tors, such as miRNA and canonical signaling pathways
(Nueda et al., 2007b, 2008; Andersen et al., 2010). For
instance, at least 10 genes and dozens of miRNA were
shown to distribute in the DIk1-Dio3 imprinted clus-
ter on mouse chromosome 12qF1 (Hagan et al., 2009),
which provided the cis-regulatory element candidates
for DIk1 activity in the context of muscle hypertrophy.

INTRAMUSCULAR ADIPOSE
AND FIBROBLASTS AS NOVEL
REGULATORS OF MUSCLE
SATELLITE CELLS

Muscle (i.e., lean) to fat ratio of farm animals is an
important index for meat quality. Greater intramus-
cular adipose tissue (IMAT) content, also known as
marbling adipose tissue in meat animals, is associated
with better meat taste (Dodson et al., 2010a). Likewise,
excess accumulation of adipose tissue, including IMAT,
in the body is a health risk factor associated with meta-
bolic syndromes, such as diabetes, obesity, cardiovascu-
lar diseases, and cancer (Marcus and Stern, 2006; Ben-
Jonathan et al., 2009; Moore et al., 2009; Dodson et al.,
2010a). Among many fat depots, IMAT is of equivalent
size to visceral fat and is localized between muscle fiber
bundles, as characterized by magnetic resonance imag-
ing (Gallagher et al., 2005; Hu et al., 2011). However,
IMAT continues to be relatively less characterized com-
pared with other fat depots and its tissue origin was
believed to be at least partially from adipogenic conver-
sion of MuSC (Vettor et al., 2009).

Taking advantage of the Cre/LoxP-mediated lineage
tracing transgenic mice, it has been shown that IMAT
is derived from a Myf5~ and MyoD™ lineage (Joe et
al., 2010; Starkey et al., 2011). We showed further that
hindlimb IMAT is exclusively derived from a non-Pax3
lineage and can readily differentiate into white adipo-
cytes (Liu et al., 2012). In contrast, brown adipose pro-
genitors are derived from a Pax3" lineage (Liu et al.,
2012). Because hindlimb MuSC are derived from the
Pax3 lineage, these observations argue against the pos-
sibility that IMAT arises from transdifferentiation of
MuSC.
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Under normal physiological conditions, IMAT was
mostly known for its notorious association with in-
creased muscle insulin resistance, muscle wasting, and
diabetes (Schrauwen-Hinderling et al., 2006; Yim et al.,
2007; Taaffe et al., 2009), but whether or not IMAT
and their progenitors play a positive role in the growth
and regeneration of muscle tissue has been unclear. We
recently employed the Rosa”™™ model combined with
Myf5-Cre and aP2-C're driver lines to selectively ablate
either myogenic or adipogenic cell lineages, respectively
(Liu et al., 2012). We found that ablation of muscle
cells facilitates adipogenesis of intramuscular adipose
progenitors. This result is consistent with previous ob-
servations of increased adiposity in dystrophic and atro-
phic muscles. Surprisingly, however, we found that ab-
lation of the aP2-lineage adipogenic cells prevented the
efficient regeneration of acutely injured muscles (Liu
et al., 2012). Although previous studies have demon-
strated that some cytokines released by adipogenic cells
can positively regulate myogenic cell proliferation and
differentiation (Li, 2003; Serrano et al., 2008; Acharyya
et al., 2010; Joe et al., 2010; Palacios et al., 2010; Toth
et al., 2011), our results demonstrated for the first time
that the adipogenic cell lineage plays a positive role and
is required for efficient muscle regeneration after acute
injury (Figure 1B). It would be interesting to examine
whether an appropriate proportion of adipogenic cells
is necessary for the normal growth and maintenance of
the skeletal muscle. Another important question to ad-
dress is at which level adipogenic cells regulate muscle
regeneration. Conceivably, preadipocytes may interact
directly with myogenic progenitors and regulate their
differentiation (Figure 1B). From this point of view,
vessel-associated preadipocytes may be considered as a
cellular component of the satellite cell niche.

Another line of evidence supporting intramuscular
adipogenic cells as a component of the MuSC niche is
the direct correlation between the number of preadi-
pocytes and that of satellite cells in skeletal muscles.
Compared with the fast glycolytic extensor digito-
rum lateral muscle, the slow oxidative soleus muscle
is known to contain 2 to 3 times greater MuSC per
myofiber (Collins et al., 2005). Coincidentally, both the
abundance of preadipocytes and the adipogenicity are
also greater in the soleus muscle compared with the ex-
tensor digitorum lateral muscle (Liu et al., 2012). The
muscle-type-specific distribution of IMAT and myo-
genic progenitors may indicate a functional interaction
between the 2 types of cells to maintain muscle tissue
homeostasis and adaptation to different physiological
requirements.

Using similar cell lineage ablation approaches, tran-
scription factor 4 (TCF4) positive intramuscular fibro-
blasts have recently been shown to play an active role
in mediating MuSC proliferation and skeletal muscle
regeneration (Murphy et al., 2011). Both TCF4 expres-
sion and number of TCF4" fibroblasts robustly increas-
es during muscle regeneration, and TCF4" fibroblasts
proliferate in close proximity with MuSC. Intriguingly,

connective tissue fibroblasts also actively regulate mus-
cle fiber type specification and maturation during de-
velopment through TCF4-dependent and independent
signaling pathways (Mathew et al., 2011). These results
demonstrate that dynamic interactions between non-
myogenic fibroblasts and myogenic progenitor cells are
crucial for skeletal muscle development and regenera-
tion (Figure 1B).

In light of the view that preadipocytes and fibro-
blasts comprise cellular components of the MuSC
niche, it becomes particularly important to understand
the molecular mechanisms bridging the crosstalk be-
tween MuSC and niche cells. One possible candidate
would be DIkl, which exerts multiple roles in adipo-
genesis as well as myogenesis. Ectopic expression of
DIkl globally or conditionally in the liver resulted in a
decrease of adipose mass (Lee et al., 2003). In contrast,
mice lacking paternally expressed DIk1 displayed accel-
erated adiposity (Moon et al., 2002). Furthermore, dif-
ferent DIlk1 splice variants have unique roles on porcine
adipogenesis (Samulin et al., 2009). The inhibitory ef-
fect of DIkl on adipogenesis was shown to act through
several mechanisms, including microRNA, IGF-1, and
Notch signaling, which are potent regulators of MuSC
and myogenesis as well (Nueda et al., 2007b, 2008; An-
dersen et al., 2010; Mayeuf and Relaix, 2011; Porrello
et al., 2011; Schiaffino and Mammucari, 2011). Inter-
estingly DIk2, a paralog of DIkI, can also modulate
adipogenesis and regulate D1kl (Nueda et al., 2007a;
Sénchez-Solana et al., 2011). However, how D1kl medi-
ates the interaction between the adipogenic and myo-
genic progenitor cells remains untested. It is possible
that preadipocytes, known to express increased abun-
dance of DIk1, positively regulate the differentiation of
MuSC through a similar mechanism by which nascent
myofibers regulate the differentiation of their neighbor
MuSC (Figure 1B).

In summary, our myogenic and adipogenic lineage
ablation experiments reveal the dynamic interaction
between the 2 tissue types, which is essential for tissue
homeostasis under normal physiological condition, as
well as proper muscle regeneration under pathological
muscle condition (Figure 1B). Undoubtedly, local envi-
ronment and systematic signals are involved in regulat-
ing the dynamics of tissue type composition as seen
in the aging muscle (Gopinath and Rando, 2008). We
anticipate that future work will evaluate the long-term
effect of IMAT on postnatal muscle growth. To address
this question, IMAT-specific ablation or inhibition
model would be valuable. From this regard, it is also
essential to characterize the molecular mechanisms cou-
pling the canonical myogenic and adipogenic pathways.
Recently, the myogenic involvement of the mesoangio-
blasts under muscle dystrophic conditions was shown
to be mediated by one of the adipokines, adiponectin
(Fiaschi et al., 2010). Similarly, it is plausible that simi-
lar adipogenic cues can also coordinate with other cues
in the MuSC niche to regulate MuSC and postnatal
muscle growth.
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SUMMARY AND CONCLUSIONS

We discuss in this review how cellular and molecu-
lar components of the stem cell niche regulate muscle
satellite cells and subsequently muscle growth and re-
generation. Although many of the data are based on
skeletal muscle regeneration models, they are neverthe-
less applicable to muscle growth, which is regulated by
similar cellular and molecular mechanisms involved in
regeneration. It is important to note that most of the
results are based on studies in rodent animal models.
The information available from large farm animals is
relatively scant. We expect that information from mod-
el animals can be transformed to novel approaches that
enhance muscle growth and meat production in animal
agriculture.
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