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Abstract

Satellite cells, the main source of myoblasts in postnatal muscle, are located beneath the myofiber 

basal lamina. The myogenic potential of satellite cells was initially documented based on their 

capacity to produce progeny that fused into myotubes. More recently, molecular markers of 

resident satellite cells were identified, further contributing to defining these cells as myogenic 

stem cells that produce differentiating progeny and self-renew. Herein, we discuss aspects of the 

satellite cell transcriptional milieu that have been intensively investigated in our research. We 

elaborate on the expression patterns of the paired box (Pax) transcription factors Pax3 and Pax7, 

and on the myogenic regulatory factors myogenic factor 5 (Myf5), myogenic determination factor 

1 (MyoD), and myogenin. We also introduce original data on MyoD upregulation in newly 

activated satellite cells, which precedes the first round of cell proliferation. Such MyoD 

upregulation occurred even when parent myofibers with their associated satellite cells were 

exposed to pharmacological inhibitors of hepatocyte growth factor and fibroblast growth factor 

receptors, which are typically involved in promoting satellite cell proliferation. These observations 

support the hypothesis that most satellite cells in adult muscle are committed to rapidly entering 

myogenesis. We also detected expression of serum response factor in resident satellite cells prior 

to MyoD expression, which may facilitate the rapid upregulation of MyoD. Aspects of satellite 

cell self-renewal based on the reemergence of cells expressing Pax7, but not MyoD, in myogenic 

cultures are discussed further herein. We conclude by describing our recent studies using 

transgenic mice in which satellite cells are traced and isolated based on their expression of green 

fluorescence protein driven by regulatory elements of the nestin promoter (nestin-green 

fluorescence protein). This feature provides us with a novel means of studying satellite cell 

transcriptional signatures, heterogeneity among muscle groups, and the role of the myogenic niche 

in directing satellite cell self-renewal.
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INTRODUCTION

Skeletal muscle is composed of multinucleated myofibers that are established during 

embryogenesis by fusion of myogenic cells (myoblasts). Typically, the myofiber nuclei 

(myonuclei) are mitotically inactive. Addition of new myonuclei or the formation of new 

myofibers during postnatal and adult life depends on satellite cells, myogenic stem cells 

located underneath the myofiber basal lamina (Mauro, 1961; Zammit et al., 2006a). During 

postnatal growth, satellite cells are proliferative and contribute progeny that fuse with the 

enlarging myofibers. In mature muscles, satellite cells are typically quiescent, but can be 

activated in response to muscle damage and provide progeny for myofiber repair (Grounds 

and Yablonka-Reuveni, 1993; Hawke and Garry, 2001). Satellite cells are considered 

myogenic stem cells (not merely myogenic progenitors) in view of the findings that, in 

addition to contributing proliferating and differentiating progeny, they can self-renew, which 

fulfills the definition of tissue-specific stem cells (Collins et al., 2005; Day et al., 2007). 

Satellite cells are required throughout life for myofiber growth, repair, and maintenance; 

therefore, stringent regulatory control is needed to maintain a balance among their 

quiescence, proliferation, differentiation, and renewal. Myogenesis of satellite cells follows 

a highly orchestrated genetic program to ensure that transcription of specific genes is 

temporally induced or repressed in accordance with cell-cycle progression and cues from the 

surrounding niche (Charge and Rudnicki, 2004; Zammit et al., 2006a; Shefer and Yablonka-

Reuveni, 2007). The dynamics of gene expression during the myogenesis of satellite cells 

are discussed in detail in this paper.

SATELLITE CELLS EXPRESS THE PAIRED BOX TRANSCRIPTION 

FACTOR, PAIRED BOX GENE 7

The identification of satellite cells in their niche in vivo relied for many years on electron 

microscopy (Mauro, 1961; Grounds and Yablonka-Reuveni, 1993; Yablonka-Reuveni, 

1995; Hawke and Garry, 2001). More recently, several antigens were shown to be expressed 

by satellite cells and were used to identify satellite cells in vivo, or in isolated myofibers. 

These antigens include the receptor of hepatocyte growth factor (c-met), hematopoietic 

progenitor cell antigen CD34, syndecan 4, muscle type cadherin (M-cadherin), intergin α7, 

and integrin β1 (reviewed in Charge and Rudnicki, 2004; Zammit et al., 2006a; Kuang et al., 

2007). However, even within the context of the skeletal muscle tissue, these markers, with 

the possible exception of M-cadherin, are not exclusively expressed in cells of the myogenic 

lineage. Nevertheless, the utilization of antibodies against these antigens can assist in 

identifying satellite cells based on their location underneath the myofiber basal lamina.

The seminal study by Seale et al. (2000) introduced the paired box (Pax) transcription 

factor, Pax7, as a transcription factor selectively expressed by satellite cells. This Pax7 

expression by satellite cells has permitted their direct identification on myofibers by 
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immunolabeling (Figure 1). We demonstrated both in the chicken and mouse that resident 

quiescent satellite cells and their proliferating progeny uniformly express Pax7 throughout 

life (Halevy et al., 2004; Shefer et al., 2006; Zammit et al., 2006a; Day et al., 2007). The 

factor Pax7 is a member of a larger family of Pax transcription factors involved in cell type 

and organ determination during embryogenesis of multicellular animals. The Pax proteins 

are characterized by several conserved elements, including 2 DNA-binding domains, a 

paired domain, and a homeodomain (Barber et al., 1999; Vorobyov and Horst, 2006). The 

paralog of Pax7, Pax3, is also expressed by resident satellite cells, but Pax3 transcripts are 

detected at a relative high level only in certain muscle types, such as the diaphragm (Relaix 

et al., 2006; Day et al., 2007). Both Pax3 and Pax7 are expressed during muscle 

development, and they possess both distinct and overlapping roles (Galli et al., 2004; Lamey 

et al., 2004; Relaix et al., 2004; Buckingham et al., 2006). At first, Pax7 appeared to be 

required for the specification of satellite cells (Seale et al., 2000). However, satellite cells 

have been detected in the early postnatal period in Pax7-null mice, and their numbers have 

been determined to decline rapidly, presumably because of apoptosis, leading to impaired 

muscle maintenance (Oustanina et al., 2004; Relaix et al., 2006). Thus, Pax7 is likely to be 

involved in supporting satellite cell survival. The essential role of Pax7 in postnatal muscle 

cannot be compensated for by Pax3, although embryonic muscle development progresses 

normally in the absence of Pax7 (Seale et al., 2000; Oustanina et al., 2004; Kuang et al., 

2006; Relaix et al., 2006). Paired box transcription factor 7 has also been implicated in the 

interplay among proliferation, differentiation, and self-renewal, but its exact role as a 

transcription factor is not well understood (Zammit et al., 2006b; Olguin et al., 2007). 

Overall, the molecular mechanisms underlying the involvement of Pax7 in the life cycle of 

satellite cells awaits further study.

MYOGENIC REGULATORY FACTORS ESTABLISH THE BLUEPRINT OF 

SATELLITE CELL MYOGENESIS

Myogenesis of satellite cells is regulated by a family of muscle-specific transcription factors 

(i.e., muscle regulatory factors; MRF) that are expressed in a temporally ordered manner 

(Yablonka-Reuveni and Rivera, 1994; Zammit et al., 2006a). This family includes myogenic 

determination factor 1 (MyoD), myogenic factor 5 (Myf5), myogenin (also known as 

myogenic factor 4 when first discovered), and myogenic regulatory factor 4 (MRF4, also 

known as myogenic factor 6 and herculin when first discovered), which are involved in 

determining the myogenic fate during early embryogenesis (Ludolph and Konieczny, 1995).

It was originally thought that quiescent satellite cells did not express any of the MRF, but 

Myf5-driven reporter expression has shown that the Myf5 gene is active in satellite cells 

(Beauchamp et al., 2000; Zammit et al., 2006a). In accordance with this observation, we 

documented a relative high-level expression of endogenous Myf5 transcripts in freshly 

isolated satellite cells (Day et al., 2007). Nevertheless, there appears to be a minor 

population of satellite cells in adult muscle that do not display Myf5-driven reporter activity 

(Beauchamp et al., 2000; Day et al., 2007; Kuang et al., 2007). It has further been proposed 

that satellite cells, which demonstrate Myf5 gene activity, represent committed progenitors, 

whereas the population in which Myf5 gene is inactive represents the stem cell 
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compartment, which may both produce committed progeny and self-renew (Kuang et al., 

2007). Although investigations using the knockin Myf5nLacZ/+ mouse have clearly 

demonstrated Myf5 promoter activity in resident satellite cells (Beauchamp et al., 2000; 

Zammit et al., 2006a; Day et al., 2007), it is not known whether the Myf5 protein is 

expressed in quiescent satellite cells (Yablonka-Reuveni et al., 1999a). Mouse satellite cells 

and myogenic cell lines exhibited the Myf5 protein in proliferating progeny, whereas the 

protein was not detected upon differentiation and fusion into myotubes (Lindon et al., 1998; 

Yablonka-Reuveni et al., 1999a). Additionally, the level of Myf5 protein is modulated in 

proliferating myoblasts; the phosphorylated form of Myf5 is degraded at the G2/M stage of 

the cell cycle (Lindon et al., 1998). Although the implication is that Myf5 activity occurs 

during specific stages of the cell cycle, the exact role of Myf5 may remain elusive until 

detection of the Myf5 protein is reconciled with transcription of its encoding messenger 

RNA. To date, there is no evidence for Myf5 protein expression by quiescent satellite cells. 

During proliferation and differentiation of chicken satellite cells, Myf5 protein expression 

was observed only within Pax7-positive cells and was not detected in myotubes (K. Day and 

Z. Yablonka-Reuveni, unpublished results). This leads to the questions of how Myf5 might 

serve to preserve the continuity of myoblast proliferation and what role it may play in the 

self-renewal of satellite cells that must assume quiescent status.

Expression of MyoD is observed during satellite cell proliferation, whereas their 

differentiation is marked by the onset of myogenin expression, with a concomitant decline in 

Pax7 and Myf5 expression, cell-cycle withdrawal, and subsequent fusion of myoblasts into 

multinucleated myotubes (Yablonka-Reuveni and Rivera, 1994; Yablonka-Reuveni et al., 

1999a; Yablonka-Reuveni and Paterson, 2001; Halevy et al., 2004; Shefer et al., 2006; 

Zammit et al., 2006a). The myogenic regulatory factor MyoD is also expressed by 

differentiating progeny of satellite cells, but the level of this expression seems to depend on 

the extracellular environment. In a serum-rich, mitogen-depleted medium, satellite cells 

undergo only 1 or 2 rounds of proliferation, after which their progeny enter differentiation 

and express myogenin, but not MyoD (Yablonka-Reuveni and Rivera, 1994, 1997b; 

Yablonka-Reuveni et al., 1999a,b). In contrast, the progeny of satellite cells remain 

proliferative for a long time (more than 1 wk) and express MyoD even upon fusion into 

myotubes when grown in our standard rich growth medium (Yablonka-Reuveni and 

Paterson, 2001; Shefer et al., 2006). Satellite cells from MyoD-null mice do not display 

obvious impairment in myogenesis, but the transition into the differentiation phase is 

delayed both in culture and in vivo (Yablonka-Reuveni et al., 1999a; White et al., 2000). 

Thus, the role of MyoD as a regulator of myogenic differentiation is likely compensated for 

by one or several other MRF (Rudnicki et al., 1993).

Myoblasts are able to proliferate during early phases of the differentiation decision, when 

cells first transit into the myogenin-expressing state, whereas terminal differentiation 

requires permanent withdrawal from the cell cycle (Andres and Walsh, 1996; Kitzmann and 

Fernandez, 2001). Cyclin-dependent kinases, cyclin-dependent kinase inhibitors, cyclin D3, 

and retinoblastoma protein control terminal myogenic differentiation by regulating cell-

cycle withdrawal and expression of genes encoding for structural proteins (Huh et al., 2004; 

De Falco et al., 2006). It has been suggested that MyoD governs the induction of the latter 

cell-cycle regulators (Halevy et al., 1995; Cenciarelli et al., 1999), implying that MyoD must 
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be kept in a transcriptionally inactive form until differentiation-inducing signals are 

conveyed (Song et al., 1998; Kitzmann et al., 1999; Novitch et al., 1999; Perry et al., 2001; 

Puri et al., 2001). Members of the myocyte enhancer factor 2 transcription factor family act 

in concert with MRF to direct the late stages of myogenesis by inducing the expression of 

muscle-specific structural proteins (Molkentin et al., 1995; Black and Olson, 1998). 

Differentiating progeny of satellite cells exhibit enhanced expression of myocyte enhancer 

factor 2A in correlation with the onset of myogenin expression (Yablonka-Reuveni and 

Rivera, 1997a; Kastner et al., 2000; Yablonka-Reuveni and Paterson, 2001; Yablonka-

Reuveni and Anderson, 2006).

MyoD EXPRESSION IS RAPIDLY UPREGULATED UPON SATELLITE CELL 

ACTIVATION

The myogenic regulatory factor MyoD serves as the myogenic master transcription factor 

that directs the upregulation of differentiation-linked genes (Tapscott, 2005). Although 

MyoD is expressed in the proliferating progeny of satellite cells (Yablonka-Reuveni and 

Rivera, 1994; Shefer et al., 2006; Zammit et al., 2006a), its function during proliferation is 

not well understood (see Wyzykowski et al., 2002, for a proposed role). To gain insight into 

the role of MyoD in satellite cells prior to differentiation, we investigated the kinetics of 

MyoD protein expression by satellite cells (Figure 2). Myofibers were isolated from 

extensor digitorum longus muscles of 4- to 6-mo-old male C57BL/6 mice and cultured 

individually, as described previously (Shefer et al., 2006). The expression of MyoD in 

resident satellite cells was compared between myofibers that were supplemented with our 

standard growth medium [Dulbecco’s modified Eagle’s medium containing 20% fetal 

bovine serum, 10% horse serum (HS), and 1% chicken embryo extract; referred to in Figure 

2 as “growth medium”] and myofibers supplemented with low serum medium (Dulbecco’s 

modified Eagle’s medium containing 2% HS and supplemented with insulin-transferrin-

sodium selenite (ITS, Sigma-Aldrich, St. Louis, MO, 1:100 dilution; referred to in Figure 2 

as “HS-ITS medium”). The proportion of satellite cells expressing MyoD at early time 

points was determined by double immunostaining with antibodies against Pax7 and MyoD 

(Figure 2A), as described previously (Shefer et al., 2006). The proliferating progeny of 

satellite cells were identified by tracing cells that incorporated bromodeoxyuridine (Figure 

2B), as described previously (Day et al., 2007). Cells positive for bromo-deoxyuridine were 

either attached to the myofibers or had already migrated away by the time of the analysis. As 

shown in Figure 2, MyoD protein expression was upregulated in satellite cells prior to the 

first round of cell proliferation. Essentially all satellite cells expressed MyoD by 24 h in 

culture (Figure 2A), regardless of the medium in which they were cultured. Nevertheless, 

the number of MyoD-positive cells, and the subsequent number of proliferating satellite 

cells in myofiber cultures supplemented with rich growth medium, was greater (Figure 2B). 

In contrast, differentiation of satellite cells [monitored in the current study by expression of 

cyclin D3, as described in Yablonka-Reuveni et al. (1999a)], was initiated earlier in 

myofiber cultures maintained in the 2% HS-ITS medium (Figure 2C).

Hepatocyte growth factor (HGF) and selective members of the fibroblast growth factor 

(FGF) family are recognized activators of satellite cell proliferation (Tatsumi et al., 1998; 
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Yablonka-Reuveni et al., 1999b; Kastner et al., 2000; Anderson, 2006; Shefer et al., 2006), 

illustrated later in the article. In view of our findings that MyoD expression by satellite cells 

is upregulated before the first round of proliferation, we investigated the hypothesis that 

inhibition of signaling through HGF and FGF receptors may block MyoD expression by 

satellite cells in freshly isolated myofibers. We used pharmacological inhibitors of the HGF 

receptor (i.e., 100 nM PHA665752; a gift from Pfizer, Groton, CT; see Christensen et al., 

2003), the FGF receptor (i.e., 40 μM SU5402; Calbiochem, Fontenay sous bois, France; a 

gift from David Israeli, Genethon, Evry, France; see Mohammadi et al., 1997), or a 

combination of the 2 inhibitors. Both drugs inhibited cell proliferation in primary myogenic 

cultures, indicating drug efficacy in our cell culture conditions. However, these drugs failed 

to prevent our detection of MyoD protein in satellite cells (by 24 h in isolated myofibers) 

even when added before initiating the cultures (i.e., during enzymatic digestion of the 

muscle). The average number of Pax7-positive cells in treated and in control myofibers that 

received only vehicle (i.e., di-methylsulfoxide) did not differ, which eliminated the 

possibility of cell toxicity. A different pharmacological inhibitor (PD98059, Calbiochem, La 

Jolla, CA) known to block the activity of extracellular signal-regulated kinases (mitogen-

activated protein kinases) Erk1 and Erk2, which are downstream targets of HGF and FGF 

receptor tyrosine kinases (Yablonka-Reuveni et al., 1999b), also did not affect MyoD 

expression by satellite cells in freshly isolated myofibers (data not shown).

Collectively, based on our results with the different pharmacological inhibitors, we suggest 

that MyoD expression is not necessarily regulated by the same growth factors known to 

induce satellite cell proliferation. It remains possible that MyoD gene upregulation occurs in 

a very rapid manner during muscle processing and therefore cannot be prohibited by 

blocking receptor tyrosine kinase-signaling activity. In accordance with these results, we 

found that freshly isolated satellite cells from hindlimb muscles that were isolated by 

fluorescent-activated cell sorting, based on their expression of green fluorescence protein 

(GFP) driven by regulatory elements of the nestin promoter (nestin-GFP; Day et al., 2007), 

rapidly upregulated MyoD transcription, as shown by quantitative reverse transcription PCR 

(although the MyoD expression level was only ~20% of that in proliferating satellite cells; 

K. Day and Z. Yablonka-Reuveni, unpublished results). The rapid upregulation of MyoD 

transcripts within several hours after muscle injury (Grounds et al., 1992) provides further in 

vivo support for the hypotheses that satellite cells in adult muscle are committed to rapidly 

entering the MyoD-expressing state. As previously proposed by Bischoff (1990), it is the 

actual interaction of satellite cells with their parent myofiber that may restrain them from 

entering activation. This may be a means for maintaining a proper balance between the 

quiescent cell pool and the occasional activated daughter cells required for maintaining the 

adult myofiber. Once the native association is impaired and satellite cells are no longer 

under the “positional” control of their intact niche, they may rapidly become active, even 

before growth-promoting agents can contribute to cell-cycle progression.

On the basis of results of our immunolabeling studies, we conclude that resident satellite 

cells express serum response factor (SRF; rabbit anti-SRF antibody was from Santa Cruz 

Biotechnology, Santa Cruz, CA). Isolated myofibers from extensor digitorum longus and 

soleus muscles of adult mice exhibited SRF protein expression at a similar level in myofiber 
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nuclei, as well as in satellite cell nuclei; the latter were distinguished from myofiber nuclei 

based on Pax7 immunostaining (Figure 3). It was previously shown that SRF interacts with 

the distal regulatory region of the MyoD gene (Soulez et al., 1996; L’Honore et al., 2007). 

Thus, it is possible that events linked to SRF activity may be involved in the rapid induction 

of MyoD gene expression in satellite cells.

Pax7-POSITIVE/MyoD-NEGATIVE CELLS REAPPEAR IN SATELLITE CELL 

CULTURES: EVIDENCE FOR SATELLITE CELL SELF-RENEWAL?

Although quiescent satellite cells commonly express Pax7, proliferating progeny coexpress 

Pax7 and MyoD. Myoblasts that enter into the differentiation phase feature a decline in Pax7 

along with myogenin induction. Based on the consistent reappearance of Pax7-positive/

MyoD-negative cells in primary cultures, in single myofiber cultures, and in clones of 

satellite cells, we suggest that this population represents cells that enter self-renewal, as 

shown schematically in Figure 4 (Halevy et al., 2004; Zammit et al., 2004; Shefer et al., 

2006).

NESTIN-GFP TRANSGENIC EXPRESSION BY RESIDENT SATELLITE 

CELLS AND THEIR Pax7-POSITIVE/MyoD-NEGATIVE PROGENY: 

EVIDENCE FOR SATELLITE CELL SELF-RENEWAL

Our recent studies on the expression of the nestin-GFP transgene by satellite cells provide 

further support that proliferating progeny of satellite cells give rise to both differentiating 

myoblasts and a self-renewing population of satellite cells (Day et al., 2007). Nestin is an 

intermediate filament protein that was originally identified in neural progenitors. However, 

endogenous nestin expression was subsequently detected in a wide range of progenitor cells, 

including proliferating and differentiating myoblasts (summarized in Day et al., 2007). 

Unexpectedly, when investigating transgenic mice expressing GFP driven by regulatory 

elements of the nestin gene, we identified GFP expression within resident satellite cells, 

which permitted characterization of these cells in their niche (Day et al., 2007). Sorted 

nestin-GFP-positive cells exclusively acquired a myogenic fate even when supplemented 

with media supporting nonmyogenic development. Nestin-GFP expression declined 

following satellite cell activation and was reacquired by nonproliferating Pax7-positive 

progeny in highly differentiated myogenic cultures composed mainly of extensive networks 

of myotubes. Our recent studies demonstrated that sorted nestin-GFP-positive cells isolated 

from such highly differentiated myogenic cultures give rise to proliferating and 

differentiating myoblasts as well as to new nestin-GFP-positive expressing cells (K. Day and 

Z. Yablonka-Reuveni, unpublished results). We propose that the dynamics of the nestin-

GFP expression pattern reflect satellite cell self-renewal. Another notable observation was 

that renewed cells always developed in close association with myotubes, suggesting a role 

for the myogenic environment generated by myotubes in directing myoblasts to enter the 

satellite cell compartment. Furthermore, our clonal studies, which showed the re-emergence 

of nestin-GFP-positive cells in progeny of individual satellite cells (Day et al., 2007), also 

demonstrated that not all clones gave rise to nestin-GFP-positive cells. The outcome of our 

clonal analysis may imply that the initial pool of satellite cells (nestin-GFP-positive cells) is 

Yablonka-Reuveni et al. Page 7

J Anim Sci. Author manuscript; available in PMC 2015 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



heterogeneous and composed of cell subsets that can self-renew (i.e., give rise to new nestin-

GFP-positive cells) or produce only differentiating myoblasts. Our hypothesis that satellite 

cells self-renew in an environment generated by myotubes does not preclude the 

contribution of intracellular mechanisms, such as differences in proliferative rates (Schultz, 

1996) or asymmetrical cell division (Shinin et al., 2006; Kuang et al., 2007) to self-renewal.

NESTIN-GFP TRANSGENE EXPRESSION PERMITS INSIGHT INTO 

SATELLITE CELL MOLECULAR SIGNATURES

From our recent studies on satellite cells in nestin-GFP transgenic mice, we established a 

novel direction for analyzing the molecular signature of satellite cells. With the ability to 

sort freshly isolated satellite cells (GFP-positive), gene expression by satellite cells can be 

compared across different muscle groups (Day et al., 2007). Indeed, we showed that satellite 

cells from all muscle groups expressed Pax7 and Myf5, whereas Pax3 was expressed in 

satellite cells from diaphragm muscles, but not from hindlimb muscles. We also investigated 

transcription factors that were previously shown to promote nestin expression by binding to 

the second intron enhancer region of the nestin gene, which we hypothesized could also 

account for directing the nestin transgene expression in satellite cells (Tanaka et al., 2004). 

Specifically, expression of mouse brain-2 gene, a POU domain transcription factor, was 

detected in nestin-GFP-negative, but not in nestin-GFP-positive, cells. Expression of the 

sex-determining region Y-box (Sox)2 gene was below detection levels in both populations 

(Day et al., 2007). Therefore, the mouse brain-2 gene and Sox2 may not regulate nestin-GFP 

in satellite cells. Additionally, we analyzed the expression of Sox8 and Sox9, which were 

previously reported to be expressed in satellite cells (Schmidt et al., 2003). These 2 Sox 

genes were expressed in both nestin-GFP-positive and nestin-GFP-negative sorted cells, 

which indicated that these 2 transcription factors are not exclusive to satellite cells (Day et 

al., 2007).

SUMMARY

Herein we summarized recent studies carried out in our laboratory, which were aimed at 

elucidating the transcriptional signature of satellite cells. We attempted to decipher 

molecular paths that control the decision between myogenic differentiation vs. renewal of 

satellite cells (Day et al., 2007). We are also interested in elucidating how environmental 

cues may direct satellite cells into other mesenchymal lineages in disease and aging (Shefer 

and Yablonka-Reuveni, 2007). In pilot studies, we demonstrated that freshly sorted nestin-

GFP-positive satellite cells could be transduced with lentiviruses to deliver reporter genes 

for investigation of gene function during different stages of myogenesis. By using this 

approach to over-express or knock down genes of interest (e.g., Pax7, Myf5, MyoD) in 

satellite cells, we will gain insight into their individual functions during myogenesis. 

Additionally, understanding the regulation of nestin-GFP transgene expression in satellite 

cells and their self-renewed progeny will provide new information about transcriptional 

mechanisms that control self-renewal. Greater understanding of satellite cell genetic 

programs may contribute to developing strategies for enhancing muscle growth, an 

important aspect of meat production, myofiber maintenance, and combating the age-

dependent decline of muscle mass and strength in humans.
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Figure 1. 
Resident satellite cells can be traced by their expression of the paired box (Pax) transcription 

factor, Pax7. A) Immunolabeling of a myofiber isolated from the extensor digitorum longus 

muscle of the adult mouse and reacted with an antibody against Pax7 (obtained from 

Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA). The top panel 

depicts merged phase and immunostained images; the bottom panel depicts parallel merged 

phase and 4′,6-diamidino-2-phenylin-dole-stained images, which show myonuclei. Bar = 15 

μm. B) Illustration of the myofiber shown in panel A, which schematically depicts the Pax7-

positive (Pax7+) satellite cell positioned beneath the basal lamina, corresponding with the 

immunostained panel above. The continuous basal lamina is formed around myofibers in 

late stages of embryogenesis, correlating with the appearance of satellite cells (Yablonka-

Reuveni, 1995). It is conceivable that unique interactions between the satellite cell and the 

myofiber basal lamina may establish the satellite cell niche, regulate satellite cell lineage 

commitment, and control the extent of proliferation, differentiation, and renewal.
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Figure 2. 
Kinetics of satellite cell activation [myogenic determination factor 1 (MyoD) expression; 

panel A], proliferation [bromodeoxyurine (BrdU) uptake; panel B], and differentiation 

[cyclin D3 (cyclinD3) expression; panel C] in myofiber cultures isolated from the extensor 

digitorum longus muscle of the adult mouse and maintained in growth medium or in serum-

poor medium containing 2% horse serum (HS) supplemented with insulin-transferrin-

sodium selenite (ITS; i.e., HS-ITS medium). Significant differences (P < 0.05) between 

treatment groups within panels A, B, and C are marked with asterisks. A) Single myofiber 

cultures were analyzed by double immunofluorescence for Pax7 and MyoD (using mouse 

and rabbit primary antibodies, respectively), and cells were monitored for the number of 

cells expressing both MyoD and Pax7 [MyoD-positive (MyoD+)/Pax7-positive (Pax7+)] 

compared with the total number of satellite cells (i.e., all Pax7+ cells). Data for the various 

time points were evaluated for statistical differences using the nonparametric Friedman test 

for repeated measures. Results are from 3 independent experiments and depict the average 

number (±SD) of MyoD+/Pax7+ cells out of the total number of Pax7+ cells; a minimum of 

42 myofibers were analyzed per time point. B) Individual myofiber cultures received a 4-h 

pulse of 2.5 μM BrdU at the time points indicated on the x-axis and were then fixed and 

processed for immunofluorescent detection of nuclei that incorporated BrdU (BrdU-positive, 

BrdU+), thus representing cells in the S phase of the cell cycle during the exposure to BrdU. 

Data for the various time points were evaluated for statistical differences by using Student’s 

t-test. Results are from 4 independent experiments and depict the mean (±SD) for a 

minimum of 47 myofibers per time point. C) Emergence of differentiating myoblasts [cells 

positive for both cyclinD3 and MyoD (cyclinD3+/MyoD+) out of all MyoD+ cells] in 

cultures of isolated myofibers. Myofibers were analyzed by double immunofluorescence for 
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MyoD and cyclinD3 (using mouse and rabbit primary antibodies, respectively). Data for the 

various time points were evaluated for differences by using Student’s t-test. Results are from 

3 independent experiments and depict the mean (±SD) for a minimum of 48 myofibers per 

time point.
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Figure 3. 
Expression of serum response factor (SRF) by satellite cells in freshly isolated myofibers 

from extensor digitorum longus (EDL, panels A, A′, and A″) and soleus (SOL, panels B, B′, 

and B″) muscles harvested from the adult mouse. Myofibers were analyzed by double 

immu-noflurescence for the paired box transcription factor 7 (Pax7) and SRF by using 

mouse and rabbit primary antibodies, respectively. Myonuclei and satellite cell nuclei are 

positive for SRF and 4′,6-diamidino-2-phenylindole (DAPI), whereas satellite cells (arrows) 

are detected by their specific expression of Pax7. Bar = 15 μm.
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Figure 4. 
Our working model of satellite cell activation, proliferation, differentiation, and self-renewal 

based on the expression patterns of the paired box transcription factor 7 (Pax7), myogenic 

determination factor 1 (MyoD), and myogenin (Myog). The present model is derived from 

our reports on the myogenesis of chicken, rat, and mouse satellite cells (Yablonka-Reuveni 

et al., 1999b; Kastner et al., 2000; Halevy et al., 2004; Shefer et al., 2006; Day et al., 2007). 

The proliferating myoblast population is represented by the Pax7-positive (Pax7+)/MyoD-

positive (MyoD+) mononuclear cells. Nuclei that are MyoD+/Myog-positive (Myog+) (and 

no longer express Pax7) are found within differentiated mononuclear cells and myotubes, 

whereas a minor population of Pax7+/MyoD+/Myog+ cells represents a transitional stage 

within recently differentiated myoblasts; newly formed myotubes occasionally display 

Pax7+/ MyoD+/Myog+ nuclei as well. Renewed cells [Pax7+/MyoD-negative (MyoD−)] also 

express green fluorescence protein (GFP) when satellite cell cultures are established from 

transgenic mice expressing GFP driven by regulatory elements of the nestin gene (nestin-

GFP). Nestin-GFP transgene upregulation in mononuclear cells indicates reentry into the 

satellite cell niche. FGF = fibroblast growth factor; HGF = hepatocyte growth factor.
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