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Abstract 
Satellite cells are an adult stem cell population that provide for the regeneration of 

skeletal muscle. Two major families of transcription factors, the paired-box (Pax) factors 

and the myogenic regulatory factors (MRFs), have essential roles in specifying that 

satellite cells become skeletal muscle. It was hypothesized that three of these proteins 

(Pax7, Myf5, MyoD) have particularly important roles in providing this identity, due to 

their unique roles in activating the skeletal muscle program. Each was studied using a 

combination of molecular techniques, including genome-wide microarrays, PCR-based 

systems, protein assays, and immunostaining, to assess their effects on myoblast gene 

expression and function. In the absence of Pax7, adult myoblasts are lost through a p53-

dependent pathway. Pax7 also regulates the expression of numerous genes in myoblasts, 

including Myf5. Alternative splicing within the Pax7 paired domain alters its ability to 

activate expression of target genes, including Myf5. Although Myf5 and MyoD are both 

expressed in growing myoblasts and are grossly redundant, MyoD uniquely primes 

myoblasts for differentiation through its divergent NH2- and COOH-terminal regions that 

flank the conserved bHLH domain. Therefore, Pax7, Myf5, and MyoD supply specific 

myogenic functions in satellite cells that provide for robust repair of injury to skeletal 

muscle tissue. 
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1. Introduction 

Skeletal muscle is an essential tissue that, as its most basic function, provides 

animals with the ability to move. This ability has been extremely important during 

evolution and has allowed animals to develop the intricate forms and behaviors seen 

today. So essential has it been that muscle has evolved into a highly specialized and 

complex tissue with exquisite developmental regulation. However, the lifelong 

inevitability of injury also required that provisions be made for muscle repair and 

adaptation. As body plans became larger and more complicated, specialized cells were 

allocated for this purpose. The molecular mechanisms that produce those cells and 

orchestrate skeletal muscle regeneration are so far coarsely defined. However, 

understanding the genetic basis of those functions is an important goal that could have 

broad medical applications, for the ability to move is now itself an essential function. 

1.1 Adult Skeletal Muscle & Satellite Cells 

Mature skeletal muscle is a largely post-mitotic tissue composed of bundles of 

syncytial muscle fibres. During embryogenesis and early post-natal development, 

successive waves of proliferating myoblasts withdraw from the cell cycle and 

differentiate into myocytes that express numerous genes involved in muscle function. 

They align and fuse into multinucleated fibres, synthesizing and organizing the proteins 

required for contraction. Consequently, fibres develop their typical ultrastrucrure, with a 

striated sarcomeric cytoplasm and myonuclei excluded to the fibre periphery by the bulk 
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of the assembled myofibrils. Individual fibres are separated by their plasma membranes 

and a basal lamina, as well as the surrounding connective tissue. 

Fibres are in turn collected into bundles surrounded by a perimysium layer, and 

those bundles are bundled into the overall muscle by a myomysium (reviewed in Charge 

and Rudnicki, 2004). Alternatively, myofibres can be grouped at a logical (rather than 

spatial) level based on their innervation. Whereas individual fibres are contacted by only 

a single axon at the motor endplate, one motor neuron may have multiple axon termini to 

innervate several fibres that are therefore organized as a motor unit. The force of a 

muscle contraction can thus be modified by the strength of stimulation of a particular 

motor neuron as well as by the progressive recruitment of increasing numbers of motor 

units. 

Adjacent to skeletal muscle fibres, and sandwiched between the plasma 

membrane and basal lamina, are small, quiescent, mononuclear cells known as satellite 

cells (Mauro, 1961) (Figure 1). Whereas microtears and minor damage to the plasma 

membrane can be repaired directly, greater damage leading to necrosis is corrected in a 

progressive response involving the removal of damaged tissue and activation of quiescent 

satellite cells (reviewed in Grounds, 1998). Once activated, satellite cells proliferate, 

differentiate, and fuse into existing or new fibres in order to rebuild the muscle structure. 

Although alternative sources of stem cells have been shown to contribute to regenerated 

skeletal muscle, it is clear that the overwhelming majority of physiological repair is 

provided by satellite cells (Zammit et al., 2002). 
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Figure 1. Isolated skeletal muscle fibre and satellite cell. A satellite cell 
(Pax7+) resides on the surface of the muscle fibre. Many myonuclei (Pax7-) are 
found along the length of the fibre. Background fluorescence of the fibre 
highlights the typical striated appearance of skeletal muscle fibres. Pax7+/FITC, 
green. DAPI, blue (satellite cell nucleus is hidden by overlaid green). 
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In the absence of trauma, skeletal muscle is a very stable tissue with little nuclear 

turnover during a lifetime (Decary et al., 1996). However, even when challenged with 

multiple inflictions of severe injury, satellite cells provide an extraordinary capacity to 

repair and replace the damaged fibres. Satellite cells constitute only 5% of nuclei in the 

adult; however, this percentage is maintained through the lifetime of the animal, even in 

the face of massive regenerative demands (reviewed in Bischoff, 1994; McGeachie and 

Grounds, 1995). This suggests that they have certain stem cell characteristics, including 

the ability to self-renew. 

The potential practical implications of being able to manage and manipulate 

satellite cells are diverse. For example, muscle dystrophies are serious inborn diseases. 

The most critical problem of Duchenne muscular dystrophy, for instance, is the failure to 

adequately repair skeletal muscle damage, leading to degraded and eventual loss of 

muscle function. Augmentation of the satellite cell population could be used in treatment 

to alleviate and delay the loss of function. Satellite cells are also of primary interest for 

gene therapy-based cures that could replace the missing Dystrophin with a gene encoding 

a functional substitute. More generally, normal but ageing individuals generally suffer a 

progressive loss of muscle mass that might eventually be prevented or moderated with 

therapies to motivate or supplement the resident satellite cells. Similarly, muscle wasting 

(cachexia) is a common symptom associated with cancer, and a regenerative therapy for 

muscle would benefit such patients. 

As an extensive but largely post-mitotic tissue, skeletal muscle is considered a 

target for other gene therapies, for which the fibres could act as factories to secrete 
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therapeutic products. As a stable tissue, this could allow for long-term treatment with a 

decreased likelihood of causing a hyperproliferative disorder, as can occur with bone 

marrow-based methods. It is also curious that, despite their many other similarities to 

striated muscle tissue, cardiac fibres do not possess a satellite cell population. The 

possibility of implanting satellite cells for cardiac regeneration has also been widely 

studied. Finally, rhabdomyosarcoma (RMS), a common childhood tumour with a poor 

prognosis, has many features characteristic of skeletal muscle gene expression. Although 

it is unclear whether satellite cells are the source of the tumours (Tiffin et al., 2003), the 

causative chromosomal translocations of the alveolar subtype involve a pair of Pax 

transcription factors that are unique to and required by satellite cells in the adult animal. 

These few examples clearly suggest that understanding how satellite cells work will have 

many applications. 

1.2 Embryonic Myogenesis 

The basic structure of skeletal muscle is patterned during embryogenesis 

(reviewed by Buckingham, 2001; Hollway and Currie, 2005; Tajbakhsh, 2003). Paraxial 

mesoderm is formed bilaterally adjacent to the neural tube in the mouse embryo. This 

mesoderm becomes progressively segmented along the rostral-to-caudal axis into balls of 

tissue known as somites. Through the influence of Shh, Wnt, and BMP signals 

emanating from the notochord, neural tube, surface ectoderm, and lateral plate 

mesoderm, the somites undergo a transition, partitioning into an underlying mesenchymal 

schlerotome (bones and cartilage precursors) and an overlying dermomyotome (skin and 
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muscle precursors). The anterior and posterior regions of the schlerotome give rise to the 

syndetome (tendon precursors) that will connect bone and muscle. The lateral lips of the 

dermomyotome migrate to its ventral surface, with the cells undergoing an epithelial-to-

mesenchymal transition to form a distinct myotome beneath the dermotome. It is the 

myotome that eventually forms the skeletal muscles of the body and limbs. 

A distinction exists between the dorsomedial and ventrolateral portions of the 

myotome (reviewed by Christ and Ordahl, 1995). The dorsomedial region forms the 

epaxial myotome and has responsibility for building the deep back muscles. In contrast, 

the ventrolateral region, or hypaxial myotome, contains the precursors for the muscles of 

the body wall. Additionally, hypaxial myoblasts adjacent to the nascent limb buds are 

induced to delaminate and migrate into the limbs to form the limb muscles. The disparity 

between these two myoblast pools is also evidenced at the molecular level by differing 

dependencies upon the important primary myogenic transcription factors Myf5 and 

MyoD (see Section 1.6; Kablar et al., 1998; Kablar et al, 1997). 

Myogenesis proceeds through several waves of differentiation, beginning with an 

initial group of embryonic myoblasts (reviewed by Hollway and Currie, 2005). 

Embryonic myoblasts form the primary muscle fibres that serve as a scaffold for later 

growth. Secondary fetal myoblasts differentiate around the primary fibres and eventually 

constitute the majority of early post-natal skeletal muscle. Post-natal muscle growth is 

supported by the proliferation of satellite cells that reside adjacent to existing fibres 

within muscle tissue. These myoblasts fuse into existing myofibres or differentiate into 

new myofibres, providing for the considerable hyperplastic muscle growth observed 
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during the adolescent period. Finally, satellite cells have added responsibility for 

repairing damage incurred through injury or exercise during the extent of the animal's 

lifetime. In this, the satellite cell has a singularly important role in post-natal 

myogenesis. 

1.3 Satellite Cells 

Satellite cells originate from the central region of the somitic dermomyotome 

during embryogenesis and migrate into nascent skeletal muscle before taking up their 

typical positions adjacent to the muscle fibres (Gros et al., 2005; Relaix et al., 2005). 

In the neonatal mouse, approximately 20-30% of sub-laminar nuclei are satellite cells, 

although this is reduced to 5% in a neonatal flurry of myogenic differentiation (Bischoff, 

1994). Thereafter, satellite cells have predominant responsibility for the regeneration of 

any moderate to severe damage to the skeletal muscle requiring the addition of nuclei. 

Normally quiescent in the adult, injury produces activation and mobilization of the 

satellite cell pool, whereupon they proliferate until sufficient myoblasts are available to 

repair the compromised muscle fibres (reviewed by Holterman and Rudnicki, 2005). 

Although the somite-derived satellite cells constitute the vast majority of adult 

muscle precursors, several potential alternate sources of myoblasts have been 

demonstrated in experimental models. Dorsal aorta and embryonic blood vessels have 

been shown to give rise to myogenic cells strikingly similar to satellite cells (De Angelis 

et al., 1999). Bone marrow-derived stem cell populations can contribute to the satellite 

cell population, albeit at a very low frequency (LaBarge and Blau, 2002). Similarly, 
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resident side-population (SP) stem cells, which lack expression of any known markers of 

myogenesis, can become myoblasts in some circumstances (Asakura et al., 2002). 

Muscle-resident CD45+Scal+ cells can also be converted to myoblasts and contribute to 

fibre regeneration (Seale et al., 2004). However, the relationship between these other 

populations and satellite cells is unclear. Knowledge of the molecular events controlling 

myogenic determination will be needed to understand how either somitic or alternative 

myoblasts arise. 

Satellite cells are characterized by the expression of several molecular markers. 

The cell-surface marker CD34 is expressed by satellite cells, as are the cell-surface 

receptors Met and Syndecans-3 and -4, and the adhesion molecule M-cadherin (reviewed 

in Dhawan and Rando, 2005). Particularly specific markers are the transcription factors 

Pax7 and Pax3, which are uniquely expressed in quiescent satellite cells and proliferating 

myoblasts but are sharply down-regulated following differentiation (Relaix et al., 2005). 

Such markers also distinguish satellite cells from other adult stem cells. For instance, the 

muscle SP population lacks expression of known myogenic markers (Asakura et al., 

2002). Similarly, CD45+Scal+ cells are Pax7-negative until they have become myogenic 

(Seale et al., 2004). Satellite cells are therefore equipped with unique gene expression 

profiles related to their role in myogenesis. 

1.4 Satellite Cell Quiescence, Activation, and Proliferation 

Satellite cells are quiescent in undamaged adult skeletal muscle, expressing the 

molecular markers discussed in the previous section but lacking detectable protein 
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expression of any myogenic regulatory factors (MRFs; reviewed in Cornelison and Wold, 

1997; Dhawan and Rando, 2005). They lurk beneath the basal lamina and next to the 

muscle fibres, with M-cadherin expression asymmetrically concentrated to the cell 

surface adjacent to the fibre membrane (Irintchev et al., 1994). Inactive hepatocyte 

growth factor (HGF) is sequestered in the extracellular matrix surrounding the fibre 

(Tatsumi et al., 1998). Both CD34 and MNF are uniquely spliced in quiescent satellite 

cells to produce the truncated and P isoforms, respectively, although the functional 

consequence of this is unknown (Beauchamp et al., 2000; Garry et al., 2000). Several 

proteins are implicated in maintaining the quiescent (Go) state, including the TGFJ3 super-

family member MDF8 (myostatin), the E2F-binding pocket protein pi30, and the cyclin-

dependent kinase inhibitor p27 (Cao et al., 2003; McCroskery et al , 2003). Thus, 

satellite cells wait in reserve until called upon in response to damage. 

Release of HGF from the matrix after injury stimulates satellite cell activation 

through the HGF receptor, Met (Tatsumi et al., 1998). Fibroblast growth factors (FGFs) 

are alternative stimuli, particularly FGF2, possibly acting through FGF-R1 or FGF-R4 

(Cornelison et al., 2001; Yablonka-Reuveni et al., 1999). Notably, syndecans-3 and -4 

are heparin sulphate proteoglycans that contribute to HGF and FGF signaling in skeletal 

muscle (Cornelison et al., 2004). Expression of the Delta-1 ligand on local and distant 

myofibres also triggers Notch receptor signaling that is required for the emergence from 

quiescence (Conboy et al., 2003; Conboy and Rando, 2002). In response to these signals, 

satellite cells up-regulate the expression of numerous genes and re-enter the cell cycle. 
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Changes in gene expression are detected very early in the activation process. 

Within 24 hours, M-cadherin increases, CD34 is switched to the full-length isoform, and 

MyoD or Myf5 is induced (Beauchamp et al., 2000; Cornelison and Wold, 1997). By 

48 hours, MNF expression changes to the a isoform, most satellite cells co-express Myf5 

and MyoD, and there is induction of myogenin and MRF4 (Cornelison and Wold, 1997; 

Garry et al., 2000). Expression of Myf5 and MyoD is characteristic of proliferating 

myoblasts, whereas myogenin and MRF4 are confined to myoblasts in the process of 

differentiating (Cornelison and Wold, 1997). Asymmetric distribution of Numb protein 

between daughter cells during early satellite cell divisions correlates with a fate choice, 

with Numb+ progeny forming the proliferating group and Numbnog daughter cells 

returning to repopulate the satellite cell niche (Conboy and Rando, 2002). Following 

Notch-driven myoblast expansion and activation of MRF expression, the proliferating 

cells induce Numb to antagonize Notch signaling, which allows for MRF-driven 

myogenic differentiation (Conboy and Rando, 2002). 

A decline in proliferation signals and an increase in Numb in the presence of high 

levels of MyoD induce expression of cyclin D3, the CDK inhibitor p21, the E2F-binding 

pocket protein Rb, and the differentiation myogenic factor myogenin (reviewed in 

Kitzmann and Fernandez, 2001). This leads to the cessation of the cell cycle and the 

onset of differentiation, in which Myogenin and MRF4 coordinate the expression of 

numerous muscle genes that act collectively to produce functional, contractile muscle 

fibres. Myoblast markers including Pax7, Myf5, and MyoD are down-regulated in 
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mature fibres, having contributed their important functions at the satellite cell and 

myoblast stages. 

1.5 Paired-box (Pax) Genes in Myogenesis 

Two of the nine paired-box transcription factors are known to have essential roles 

in myogenesis. Those two, Pax3 and Pax7, form a closely related subset within the Pax 

gene family, having both related complementary embryonic expression patterns and 

extremely similar genetic and molecular structures. For many years, the homozygous 

Splotch (Sp) mouse mutant was known to lack all appendicular skeletal muscle. The Sp 

mutation (heterozygous equivalent to the human Waardenburg syndrome) was later 

shown to disrupt the Pax3 gene. More recently, the adult PaxT' mouse has been shown 

to lack histologically defined satellite cells and to have essentially no skeletal muscle 

repair (Kuang et al., 2006; Seale et al., 2000). The residual regeneration seen in the 

PaxT1' mouse has been attributed to the minor population of Pax3-expressing cells that 

reside in the interstitial spaces between muscle fibres (Kuang et al., 2006). A proportion 

of Pax7/Pax3 co-expressing cells have also been identified, again pointing to 

heterogeneity within the satellite cell population (Relaix et al., 2005). 

Pax7 and Pax3 are transcription factors containing three highly conserved 

domains. Each has a paired domain and a paired-type homeodomain, as well as an 

octapeptide motif in the intervening region between the two DNA binding domains 

(Figure 2). Across these three regions Pax7 and Pax3 are > 95% conserved, suggesting 

that they may provide related or overlapping functions, including the regulation of similar 
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Pax7 503aa 

Pax3 480aa 
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Figure 2. Schematic structures of the myogenic Pax factors. Pax7 and Pax3 
exhibit >95% conservation between their paired, octapeptide, and 
homeodomains. Differential usage of splice acceptor sites at exons 3 and 4 of 
Pax7 result in the inclusion or exclusion of a glutamine residue or glycine-leucine 
dipeptide. The glutamine alternative splicing variation also occurs in Pax3. 
Alveolar rhabdomyosarcoma tumours typically exhibit one of two genomic 
translocations that produce a fusion of the Pax7 or Pax3 DNA binding domains to 
the FoxOI (FKHR) transactivation domain. 
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target genes involved in myogenesis. This hypothesis has been partially borne out by 

replacement of Pax3 with Pax7, which compensates for the loss of Pax3 in neural tube, 

neural crest, and somite development (Relaix et al., 2004). However, the same 

experiments have demonstrated that there are also unique functions, as Pax7 cannot 

rescue the defect in appendicular muscle formation (Relaix et al., 2004). Therefore, those 

data combined with the distinct phenotypes of the PaxT1' and Pax3'A mice indicate that 

Pax7 and Pax3 are each singularly required. 

Pax7 and Pax3 have additional functions in cell survival. Developing myoblasts 

undergo apoptosis during embryogenesis in Sp~' mice, a defect that can be rescued by 

ectopic expression of Pax3 (Borycki et al., 1999). Splotch-related neural tube defects can 

also be rescued by concurrent loss of p53 expression (Pani et al., 2002). Similarly, the 

absence of satellite cells in PaxT'' skeletal muscle has been attributed to their apoptosis 

and is not prevented by Pax3 (Relaix et al., 2006). However, it is not known if these anti-

apoptotic functions are provided through transcriptional regulation of target genes or 

through other mechanisms. 

Through the selective usage of an alternate splice acceptor site at the beginning of 

exon 3, the paired DNA binding domains of both Pax7 and Pax3 can be modified to 

include or exclude a single glutamine residue (Q+"). Specific to Pax7 is a second paired-

domain splicing variation at exon 4 that inserts or deletes a glycine-leucine dipeptide 

(GL+/~). While the Q+/" change is known to affect the DNA binding affinity of Pax3 at 

some sites (Vogan et al., 1996), the in vivo functional consequences of these two 

variations in Pax7 have not been identified. 
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Pax7 and Pax3 are both associated with the development of rhabdomyosarcomas. 

In particular, the alveolar subtype generally exhibits one of two highly characteristic 

chromosomal translocations that fuse the carboxy-terminal transactivation domain of the 

FoxOl (FKHR) transcription factor to the amino-terminal DNA binding domains of 

either Pax7 or Pax3 (Figure 2). Pax7 expression has been additionally associated with 

the embryonal subtype of RMS (Tiffin et al., 2003). Notably, these tumours exhibit 

elements of the skeletal muscle phenotype, including expression of numerous genes 

(including the myogenic regulatory factors) that are markers for skeletal muscle. The 

transcriptional and cell survival functions of Pax7 and Pax3 are thus of keen interest for 

understanding and combating these cancers. 

1.6 The Myogenic Regulatory Factors (MRFs) 

A family of four basic helix-loop-helix (bHLH) transcription factors function as 

master regulatory switches for the skeletal muscle lineage (Figure 3). Their expression is 

unique to this tissue, and ectopic expression of any one of them can cause non-muscle 

cell types to convert to skeletal muscle. The primary MRFs, Myf5 and MyoD, are 

expressed in proliferating myoblasts and exhibit partial redundancy of function. 

Concurrent loss of both genes is a lethal defect resulting from the absence of nearly all 

skeletal muscle tissue. However, single mutation of Myf5 or MyoD is a viable defect and 

produces a comparatively mild phenotype. 

The secondary MRFs, Myogenin and MRF4, are expressed during the process of 

myoblast differentiation. Myogenin, in particular, is essential to establishing functional 
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MyoD 

MRF4 
HLH 

> 

Figure 3. Schematic structures of the myogenic regulatory factors. Using 
MyoD as the prototype for comparison (Bergstrom & Tapscott, 2001), Myf5, 
Myogenin, and MRF4 also have highly conserved bHLH domains composed of a 
basic domain (DNA binding) and a helix-loop-helix motif (HLH; dimerization). 
The MyoD H/C (His/Cys) region is less conserved, but related sequences can be 
aligned in the other MRFs (Bergstrom & Tapscott, 2001). The C-terminal domain 
(CTD) in MyoD contains the important Helix III (H3) that is structurally conserved 
in the other MRFs, although myogenin's has diverged in function (Bergstrom & 
Tapscott, 2001). Transcriptional activation domains (AD) have been delineated 
for MyoD (Weintraub et al., 1991), Myf5 (Braun et al., 1990), Myogenin (Schwart 
et al., 1992), and MRF4 (Mak et al., 1992). 
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muscle fibres. MRF4 is expressed in mature fibres, but its specific role is unclear. It has 

been recently shown that MRF4 can substitute, in a very limited manner, for the loss of 

MyoD and Myf5 during the earliest stages of myogenesis (Kassar-Duchossoy et al., 

2004). Collectively, these four genes activate the skeletal muscle genetic program and 

define the cells of this lineage. 

Myf5 and MyoD are not expressed during quiescence but one or the other is up-

regulated within 24 hours of the activation of a satellite cell. Shortly thereafter, both are 

expressed. It is currently believed that an asymmetric cell division occurs following 

activation, resulting in a daughter cell that down-regulates MRF expression and returns to 

the quiescent satellite cell niche. Myoblasts that continue to express Myf5 and MyoD 

proliferate until there are enough nuclei available to repair the damage, at which point 

they activate expression of Myogenin, differentiating and fusing into muscle fibres and 

expressing MRF4. Notably, Myf5-nul\ myoblasts proliferate poorly and differentiate 

prematurely (Montarras et al., 2000). Conversely, MyoD-mxll myoblasts grow well and 

differentiate poorly, and MyoD-mill mice are deficient in the repair of muscle injuries 

(Megeney et al., 1996; Sabourin et al., 1999). Myf5 has therefore been attributed a 

greater role in the proliferation of myoblasts while MyoD is appears to prepares them for 

effective differentiation. 

Structurally, the four MRFs share a similar genomic organization, and the 

proteins have highly conserved 65 amino acid bHLH domains of which three specific 

residues encode myogenic specificity (Davis and Weintraub, 1992). The helix-loop-helix 

region permits dimerization with bHLH E-proteins such as El2, E47, or HEB, while the 
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basic domains of the heterodimers recognize E-box sites of the consensus sequence 

CAnnTG. An additional conserved alpha-helical domain (helix III) located in the C-

terminal portion of each MRF is key to the detailed model of MyoD function developed 

by the Tapscott group. They have proposed that the promoters of inactive MyoD target 

genes are constitutively bound by Pbx/Meis factors, with which MyoD interacts through 

helix III (Berkes et al., 2004). This interaction recruits histone acetyl-transferase 

complexes to acetylate adjacent histones and MyoD itself (Dilworth et al., 2004). 

Acetylation leads to engagement of SWI/SNF chromatin remodeling complexes that 

provide access to DNA binding sites for the MRFs (and other transcription factors such 

as MEF2) and retention of RNA polymerase II for transcription (de la Serna et al, 2005). 

Notably, the Myogenin helix III acts more like a traditional activation domain and cannot 

substitute for that of MyoD in this sequence of events, whereas the Myf5 and MRF4 helix 

Ill's are more similar to that of MyoD than that of Myogenin (Bergstrom and Tapscott, 

2001). In activated satellite cells (which do not express MRF4) this model therefore 

places Myf5 and MyoD in a key position upstream of Myogenin in providing myogenic 

specification. 
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1.7 Hypotheses and Specific Aims 

Pax7, MyoD, and Myf5 are key factors in adult myogenesis due to their unique 

roles in activating the skeletal muscle program. These functions were explored in three 

segments. 

/. 7.1 Role ofPax7 in myoblast survival 

In addition to its role in myogenic specification, Pax7 appears to have an anti-

apoptotic function in myoblast survival, similar to that of Pax3 in embryonic myogenesis. 

If myoblast apoptosis is p5 3-dependent, then concurrent loss of Pax7 and p53 should 

prevent their death and allow PaxT1' myoblasts to be isolated from .Pax7-null skeletal 

muscle. Therefore, a PaxT/~;p53~/~ mouse line was created and myoblast cultures were 

derived from the skeletal muscles of those mice. 

1.7.2 Pax7 Target Genes in Myoblasts 

Paired-box proteins such as Pax7 are DNA binding transcription factors that 

regulate the expression of downstream genes. Therefore, identification of those target 

genes should define how Pax7 functions in the myogenic specification of satellite cells. 

Ectopic expression of Pax7 in a cell line providing the appropriate co-factors for activity 

allowed for a genome-wide expression comparison between Pax7 lg and Pax7 ow 

myoblasts. Characterization of the differentially expressed genes illuminated a molecular 

model for Pax7 function in adult myogenesis. 
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1.7.3 Differences Between Myf5 and MyoD in Adult Myogenesis 

Myf5 and MyoD are together essential for myogenesis, although they are grossly 

redundant if lost individually. Nonetheless, Myf5-mx\\ and MyoD-mxW myoblasts have 

distinct and complementary defects that indicate that each factor has unique functions. 

The exceptional similarity of the two factors within their conserved bHLH dimerization/ 

DNA-binding domains suggests that the divergent amino- and carboxy-terminal portions 

of each protein provide for the distinct effects. Therefore, by interchanging the 

corresponding regions of the two factors, specific functions of Myf5 and MyoD were 

distinguished and mapped to functional domains in the proteins. 
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Purpose 

To determine if the loss of p53 function rescues the defect in survival and loss of satellite 

cells observed in PaxT "mice. 

Contributions of Co-Authors 

Jeff Ishibashi and Patrick Seale originated this project together. 

Patrick Seale did the original cross of the Pax7-mutant and/?53-null mouse lines. 

Jeff Ishibashi did all of the experimental work and analysis described herein. 
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Abstract 

Loss of p53 rescues the embryonic cell death that occurs in the absence of Pax3, as does 

expression of Pax7 in place of Pax3. This suggests that Pax7 has an anti-apoptotic 

function that could manifest in adult skeletal muscle myoblasts, much as its closely 

related paralog Pax3 has in embryogenesis. Deletion of p53 was therefore tested for the 

ability to rescue the apoptosis of Pox 7-deficient adult myoblasts. In contrast to Pax7-

mx\\;p53+ mice, cultures from Pax7~'~;p53~'~ hind-limb muscles yielded proliferating 

myoblasts that expressed desmin and MyoD, and that differentiated with expression of 

myogenin and myosin heavy-chain. Removal of p53 therefore allows the survival of 

Pax7-null adult myoblasts. 
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Introduction 

An important aspect of Pax3 function in pre-somitic and newly formed somitic 

mesoderm is the prevention of apoptosis (Borycki et al., 1999). It was also observed that 

those somitic regions that survived had compensatory up-regulation of Pax7 expression 

(Borycki et al., 1999). Similarly, the loss of Pax3 in the neural tube during 

embryogenesis causes apoptosis, producing neural tube defects (Phelan et al., 1997); 

however, concurrent loss ofp53 function rescues these cells and prevents the associated 

defect (Pani et al., 2002). Germline substitution ofPax7 into the Pax3 locus 

demonstrated that Pax7 also provides this anti-apoptotic function amongst neural tube, 

neural crest, and somitic regions (Relaix et al., 2004). 

The primary role of Pax7 in satellite cells is considered to be an essential lineage 

specification function (Seale et al., 2000), and strong support continues to accumulate for 

Pax7 having an important role in activating the myogenic program (Chapter 3; Maroto et 

al., 1997; Zammit et al., 2006). However, Pax7 has an additional role in the continued 

survival of adult myoblasts, as Relaix et al. (2006) observed widespread apoptosis in 

postnatal skeletal muscle of Pax7-nu\\ pups and were able to induce apoptosis in cultured 

primary myoblasts by expressing a dominant-negative Pax7. We therefore tested whether 

Pax7-null myoblasts enter apoptosis through a p53-dependent pathway, and whether loss 

of p53 function could compensate for the loss of Pax7. Although there was no rescue of 

the gross Par7-null phenotype, we were able to culture a novel Pax7'l';p53~'~ myoblast 

population that is absent from PaxT'~;p53+ preparations. 
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Materials & Methods 

Mice 

Pax7+/';p53+/~ mice were derived by intercrossing Pax7+/" mice (Mansouri et al., 1996) 

with j953-null mice (Jackson Laboratory). Compound-heterozygous mice were 

intercrossed to generate combinations of Pax7 and JP53 genotypes. Mice were maintained 

at the University of Ottawa Animal Care Facility. 

Myoblast Isolation & Culture 

Myoblasts were isolated and cultured from hind leg muscles of 6-8 week old mice as 

previously described (Huh et al., 2004). For immunocytochemistry, cells were seeded 

onto collagen-coated coverslips and allowed to adhere in growth medium for 24-48 hrs. 

For anti-myogenin and anti-MyHC staining, cells were rinsed with PBS after 24 hrs and 

cultured in differentiation medium (5% horse serum + DMEM + penicillin/streptomycin) 

for 24 hrs or 3 days (respectively). 

Immunocytochemistry 

Coverslips were rinsed with PBS and fixed with 2%PFA for 10 min at room temperature. 

Cells were permeabilized for 10 min with 0.5% Triton-X 100, then blocked with 5% goat 

serum + PBS. Antibodies were diluted into 5% goat serum + PBS for application. 

Primary antibodies used were: anti-desmin (DAKO; D33; 1:200); anti-MyoD (5.8A; 

Pharmingen; 1:250); anti-myogenin (hybridoma supernatant; F5D; 1:5); anti-MyHC 

(hybridoma supernatant; MF20; 1:10). Secondary detection used anti-mouse-FITC or 
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-rhodamine (Chemicon; 1:200). Final PBS washes include O.ljlg/mL of DAPI for 

visualizing nuclei. Coverslips were mounted onto slides with fluorescence mounting 

medium (DAKO). 

Microscopy 

Images were captured using an AxioCam HRm digital camera mounted on Axioplan2 

microscope using 20x/0.50 Plan-NEOFLUAR (Ph2; QO/0.17) or 40x/0.75 Plan-

NEOFLUAR (Ph2; QO/0.17) objectives (Zeiss). Digital images were captured using 

Axiovision software (Zeiss) and processed with Photoshop (Adobe). Cell counting was 

assisted by ImageJ software (http://rsb.info.nih.gov/ij/). 

Results & Discussion 

Previous literature about the role of Pax3 in cell survival (Borycki et al., 1999; 

Pani et al., 2002) prompted us to hypothesize that Pax7 has an anti-apoptotic function in 

adult myogenesis. This cell death could result in the absence of proper satellite cells in 

the skeletal muscle of adult Pax7-rm\\ mice (Kuang et al., 2006; Seale et al., 2000). A 

compound Pax7/p53 mutant mouse line was therefore derived, by intercrossing mice 

carrying null Pax7 or null p53 alleles. Breeding of the resulting Pax7+I~;p53+I~ (and 

eventually also Pax7^'~;p53~1') mice demonstrated that there was no overt rescue of the 

.Pax7-null phenotype. Pax7-null pups remained runted regardless of p53 status, and very 

few survived to weaning. As with PaxT'';p53+ + offspring, the very few that survive to 

adulthood remain much smaller than their littermates and had a typical Par 7-null 

http://rsb.info.nih.gov/ij/
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appearance (Mansouri et al., 1996). Enumeration of the genotypes at three weeks of age 

demonstrated that loss ofp53 failed to provide Pax7-rm\\ pups with improved survival 

(Table I). Although there is the suggestion that loss of p53 may have decreased survival 

(4%ofPaxfl-;p53l- versus 9% of Pax 7~'~;p53+), such a conclusion would require larger 

numbers for support, as PaxT ' pups usually survive at rates of 5-10% (Oustanina et al., 

2004). 

Surprisingly, however, whole preparations from the hind-limb muscles of 6-8 

week-old PaxT ~;p53~' mice revealed the presence of myoblasts representing - 5 % of the 

population (Table II). Immunostaining for myogenic markers desmin (Figure 1) and 

MyoD (Figure 2) definitively show that myoblasts are present. Additionally, these 

myoblasts are capable of differentiating in low-mitogen conditions to express the 

characteristic myogenic differentiation markers myogenin (Figure 3) and myosin heavy-

chain (Figure 4). This contrasts dramatically with PaxT ";p53+ isolations, which contain 

only extremely rare myoblasts (1/150 < 0.7%) (Kuang et al., 2006). Importantly, the 

PaxTl~;p53~'~ myoblasts are capable of proliferating, and maintain their proportion of the 

culture over several passages. This contrasts with PaxT ~;p53+ myoblasts, which do not 

grow in culture (Kuang et al., 2006). 

Post-natal growth and repair of skeletal muscle requires a functional satellite cell 

population, which becomes heavily depleted prior to adulthood in the absence of Pax 7 

(Oustanina et al., 2004). Recently, it was shown that fetal myoblasts do not co-express 

Pax7 and Caspase3, but that Myf5+ myoblasts undergo apoptosis following down-

regulation of Pax7 expression (Kassar-Duchossoy et al., 2005). Similarly, the absence of 
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Table I. Loss of p53 does not rescue Pax7-null lethality 
(one Pax7+/-;p53+/-, one Pax7+/-;p53-/- parent) 

Pax7 
+/+ 

+/-

-/-

Total 

+/-
57 
89 
14 
160 

p53 
-/-

48 
86 
6 
140 

Total 
105 
175 
20 
300 

+/-
49 
99 
12 
150 

p53 (Expected)* 
-/- Expected 
43 92.5 
86 185 
11 22.5 
150 300 

P-value 0.2482 0.0845 
(ChiSq) 

* Expected survival of 5-10% Pax7-/- pups past weaning (Oustanina, 2004). 
Therefore, used 7.5% to calculate expected number of surviving Pax7-/- pups. 
Pax7+/+ and Pax7+/- are expected to occur with a 1:2 ratio. 

a : no significant difference from expected ratio of p53+/- to -/-
b : no significant difference from expected ratio of Pax7(+/+:+/-:-/-) w.r.t. p53 
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Table II. Desmin+ cells in myoblast cultures 
Desmin* Nuclei % 

+/-;+/- 473 534 89% 
-/-;+/- 0 570 0% 
-/-;-/- 66 1345 5% 
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Pax7+/-; p53+/- Pax7-/-; p53+/- Pax7-/-; p53-/-

Figure 1: Desmin+ myoblasts are found in Pax7-/-;p53-/- cultures. 
Pax7-p53 double-heterozygous myoblast cultures are equivalent to 
wild-type, with more than 95% expressing desmin (arrowhead 
indicates desmin-negative cell). No desmin-positive cells are found in 
Pax7-/~ cultures when a functional p53 allele is present. However, 
approximately 5% of cells in Pax7-p53 double-null myoblast cultures 
express desmin (arrows). 
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Pax7+/+; p53+/+ Pax7-/-; p53+/- Pax7-/-; p53-/-

Figure 2: MyoD+ myoblasts are found in Pax7-/-;p53-/- cultures. 
Similarly to desmin, a comparable proportion of Pax7-/-;p53-/- cells 
express MyoD. Wild-type myoblasts are uniformly stained positive 
whereas Pax7-/-;p53-/- isolations are uniformly negative. 
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Pax7+/-; p53+/- Pax7-/-; p53+/- Pax7-/-; p53-/-
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Figure 3: Pax7-/-;p53-/- myoblasts express myogenin when 
asked to differentiate. When cultured in low-mitogen conditions for 
24 hours, Pax7-/-;p53-/- myoblasts express myogenin and begin to 
elongate as they differentiate. Wild-type myoblasts differentiate very 
efficiently and express high levels of myogenin, but Pax7-/-;p53-/-
cultures are uniformly negative. 
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Pax7+/-; p53+/- Pax7-/-; p53+/- Pax7-/-; p53-/-

Figure 4: Pax7-/-;p53-/- myoblasts express the late marker 
myosin heavy-chain in differentiation. When cultured in low-
mitogen conditions for 3 days, Pax7-/-;p53-/- myoblasts express 
myosin heavy-chain (MyHC). Wild-type myoblasts express high 
levels of myosin, elongate, and fuse into multinucleated myotubes, 
whereas Pax7-/-;p53-/- cultures do not. MyHC (MF20 antibody), red; 
nuclei (DAPI), blue. 
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Pax7 and Pax3 leads to extensive apoptosis and a failure of myogenesis to progress 

beyond the earliest stages (Relaix et al., 2005). A small number of myogenic precursors 

have been identified as a Pax3+ population in adult muscle, although their identification 

as a classical satellite cell or as a muscle-resident myogenic progenitor remains 

controversial (Kuang et al., 2006; Relaix et al., 2006). However, these Pax3 myoblasts 

proliferate very poorly and are inadequate for repairing muscle damage (Kuang et al., 

2006). It is a tempting proposition that the PaxT ~;p53~' myoblasts are Pax3+, with 

enhanced survival and proliferation. 

Nonetheless, loss ofp53 does not rescue the major PaxT1' muscle phenotype, for 

the mice remain runted and the myoblasts that can be isolated are much less abundant 

that in wild-type mice. Therefore, Pax7 must have other functions in self-renewal and 

proliferation that are independent of any cell survival role or are p53-independent. The 

myoblasts described herein may represent an alternative Pax3+/Pax7+ population (Relaix 

et al., 2005) that is otherwise lost in the absence of Pax7. 

Further purification and characterization of this population is required. Wild-type 

bulk myoblast cultures are easily enriched and purified because contaminating fibroblasts 

arrest and die whereas the myoblasts multiply quickly. However, loss of p53 probably 

also prevents the apoptosis of the desminneg cells growing alongside the myoblasts 

precluding a similar enrichment. A FACS-based approach using markers such as 

syndecans-3 or -4, CD34, or integrin-oc7 could allow the myoblast population to be 

purified for culture. Such PaxT1' myoblasts would be a valuable reagent for future 

studies of Pax7 function. 
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Purpose 

To identify genes transcriptionally regulated by Pax7d in myoblasts, as well as 

determining how they are affected by the alternative splice isoforms of Pax7 and their 

potential roles in myogenic determination. 

Contributions of Co-Authors 

Jeff Ishibashi did all of the experimental work and analysis. 
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Abstract 

Adult skeletal muscle repair is mediated by satellite cells that require the 

transcription factor Pax7 for their survival and function. Using comparative microarray 

analysis, we identified numerous transcripts modulated by Pax7, including one encoding 

the myogenic regulatory factor Myf5. Pax7 increases Myf5 RNA and protein in 

myoblasts, and two of four isoforms (Pax7c and Pax7d) can also specifically induce 

Myf5 expression in non-muscle 10T1/2 fibroblasts. The same functional difference is 

observed in the regulation of other target genes and corresponds to an alternatively 

spliced GL" change in the paired DNA binding domain. Chromatin immunoprecipitation 

(ChIP) data also indicate that Pax7 binds to the MyoD -20kb core enhancer and therefore 

regulates both primary myogenic factors. Accordingly, the alveolar rhabdomyosarcoma 

fusion protein Pax7d/FKHR is a potent inducer of both Myf5 and MyoD. These data 

therefore provide a mechanism through which Pax7 can enforce myogenic commitment. 

Abbreviations 

bHLH basic-helix-loop-helix 

ChIP chromatin immunoprecipitation 

FKHR forkhead box 0 1 (FoxO 1) 

GL+" glycine-leucine inclusive (+) or exclusive (-) alternative splicing 

Q+/" glutamine inclusive (+) or exclusive (-) alternative splicing 

MPvF myogenic regulatory factor (Myf5; MyoD; Myogenin, MRF4) 

aRMS/ePvMS rhabdomyosarcoma (alveolar or embryonal) 
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Introduction 

Skeletal muscle has an impressive capacity for growth and regeneration that is 

provided primarily by a resident population of committed skeletal muscle stem cells 

known as satellite cells (reviewed in Bischoff, 1994; Zammit et al., 2002). The majority 

of post-natal muscle growth is fueled by these cells, reducing their frequency from 30% 

of nuclei at birth to a steady-state of approximately 5% in the adult (Bischoff, 1994). 

Normally quiescent in the adult, satellite cells reside adjacent to the muscle fibres beneath 

the basal lamina (Mauro, 1961). Traumatic or injury-induced damage to mature muscle 

is repaired by activating this pool of satellite cells, which proliferate as myoblasts before 

differentiating and fusing into muscle fibres. A fraction of the myoblasts return to 

quiescence without differentiating, replenishing the satellite cell population (rev. in 

Charge and Rudnicki, 2004). At the molecular level, quiescent satellite cells and 

proliferating myoblasts express transcription factors from the myogenic basic helix-loop-

helix (bHLH) and Pax families that commit them to the myogenic lineage and permit 

them to eventually form functional skeletal muscle fibres (rev. in Berkes and Tapscott, 

2005; Holterman and Rudnicki, 2005; Sabourin and Rudnicki, 2000). 

The myogenic bHLH genes (My/5; MyoD; Myogenin; MRF4) encode a family of 

myogenic regulatory factors (MRFs) that are essential for skeletal myogenesis (rev. in 

Berkes and Tapscott, 2005). In the adult, Myf5 and MyoD provide myogenic identity to 

growing myoblasts, with Myf5 associated with proliferation (Megeney et al., 1996; 

Sabourin et al., 1999) and MyoD tending towards differentiation (Ishibashi et al., 2005). 

Myogenin and MRF4 are expressed through differentiation (rev. in Sabourin and 
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Rudnicki, 2000). Individual elimination of any of the four MRFs in mice produces 

unique defects in muscle development. However, the striking exhibition of their 

importance is seen in compound knockout mice such as the MyoD'l';Myf5'l~ (Kassar-

Duchossoy et al., 2004; Rudnicki et al., 1993) or Myf5~'~;Pax3Sp/Sp (Splotch~Pax3-mx\\) 

(Tajbakhsh et al., 1997) mice, each of which fails to develop most skeletal muscle tissue. 

Similarly, ectopic expression of any of the MRFs in non-muscle cells can activate the 

skeletal muscle program. The MRFs are therefore considered master regulatory genes in 

the skeletal muscle lineage. 

Two additional genes, encoding the paired-box transcription factors Pax7 (Jostes 

et al., 1990) and Pax3 (Goulding et al., 1991), are important to skeletal muscle 

development and repair, and function upstream of the MRFs (Relaix et al., 2006; 

Tajbakhsh et al , 1997). They are very similar, sharing a highly conserved structure with 

85% amino acid conservation overall and particularly 94% identity within their DNA 

binding domains. Pax3-mutant Splotch mice have substantial defects in embryonic 

myogenesis and die perinatally, with a complete absence of the muscles of the limbs 

(Bober et al., 1994). Fax7-null pups are severely runted and usually die within 2-3 

weeks of birth (Mansouri et al., 1996; Seale et al., 2000). Notably, PaxT1' skeletal 

muscles are nearly devoid of the satellite cells that are crucial for post-natal muscle 

growth and injury repair (Kuang et al., 2006; Seale et al., 2000). The residual satellite 

cells, including those in axial muscles that continue to express Pax3, are unable to give 

rise to proliferative myogenic precursors and instead are progressively lost, presumably 

by apoptosis (Kuang et al., 2006; Relaix et al., 2006). As such, Pax7 is uniquely required 
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by satellite cells for their myogenic function (Relaix et al., 2005; Seale et al., 2000). 

However, despite the persuasive genetic evidence for the important role of Pax3 and Pax7 

in muscle development, the specific mechanisms by which they function in this lineage 

remain obscure. 

Total Pax7 expression in skeletal muscle is a mixture of four isoforms generated 

by alternative splicing between exons 2 & 3 or exons 3 & 4 (summarized in Table I; 

Ziman and Kay, 1998). The exon 2/3 event produces an inclusion or exclusion of a 

single glutamine residue (Q+" at position #138); the exon 3/4 change results in the 

presence or absence of a glycine-leucine (GL+A at position #180 or #181) (Ziman and 

Kay, 1998). Pax3 uses the same alteration at the Q+" change (Vogan et al., 1996) but 

does not undergo GL+/" splicing (Du et al., 2005). Both Q+/" and GL+/" changes occur 

within the highly conserved paired-box DNA binding domain, suggesting that they could 

modulate the DNA binding site recognition or affinity of the differing isoforms, which 

has been confirmed for the Q+/" change in Pax3 (Vogan et al., 1996). While isoform 

expression has been correlated with neuronal versus myogenic tissue and with mouse 

strain-dependent differences in skeletal muscle regeneration (Kay and Ziman, 1999; 

Ziman and Kay, 1998), a specific function for Pax7 alternative splicing has not been 

shown. 

Pax7 and Pax3, following translocation-induced linkage of their DNA binding 

domains to the transactivation domain of FoxOl (FKHR), become Pax7/FKHR and 

Pax3/FKHR fusion proteins. These fusions are found in the majority of alveolar 

rhabdomyosarcomas (aRMS), the most common childhood tumour, of which the alveolar 
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Table I. Alternative splicing in the Pax7 
paired-box DNA binding domain.1 

Isoform 

A 
B 
C 
D 

Q 
(exon 2/3) 

-
+ 
-
+ 

GL 
(exon 3/4) 

+ 
+ 
-

-
1 Zimanand Kay (1998a) 
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subtype is the most aggressive and carries the worst prognosis (rev. in Xia et al., 2002). 

Pax3/FKHR has been demonstrated to be a strong but improper regulator of Pax3 target 

genes (Fredericks et al., 1995), leading to the hypothesis that mis-regulated activation of 

Pax3 or Pax7 targets by their respective fusions is critical to the development of this form 

of cancer. This is consistent with the intersection of the prominent roles of Pax3 and 

Pax7 in myogenesis with the phenotype of RMS tumours, which are characterized the 

expression of muscle markers including MyoD and Myogenin (Sebire and Malone, 

2003). Understanding Pax7 is therefore important for deciphering the role of 

Pax7/FKHR in aRMS oncogenesis and identifying its therapeutic vulnerabilities. 

To gain insight into Pax7's functions as a myogenic transcription factor, we 

ectopically expressed the four Pax7 isoforms in 10T1/2 fibroblasts, C2C12 myoblasts, 

and primary myoblasts. Our analysis has revealed that Pax7 regulates the expression of 

numerous novel target genes in an isoform-dependent manner. Strikingly, Pax7 generally 

is able to increase My/5 expression in myogenic cells, whereas only the GL" isoforms 

Pax7c and Pax7d can initiate Myf5 expression in non-muscle cells. The Pax7d/FKHR 

fusion oncoprotein is a strong inducer of both Myf5 and MyoD. Regulation of MyoD is 

potentially an effect of DNA binding within the well-characterized MyoD -20kb core 

enhancer. Together, these results provide important insight into the role of Pax7 in 

enforcing myogenic determination. 



Chapter 3 - Pax!-Regulated Gene Expression in Adult Myoblasts 47 

Results 

Identification of candidate Pax7 target genes in myoblasts. 

The C2C12 myoblast cell line expresses low but detectable levels of Pax7, 

suggesting that it would provide a responsive environment in which ectopic Pax7 would 

be functional. Pools of C2C12 myoblasts were therefore infected with retrovirus 

expressing mouse Pax7d (FLAG epitope-tagged on the carboxy-terminus) and a 

puromycin selectable marker. No difference in function between Pax7d and Pax7d-

FLAG tag has been observed (unpublished data). Empty virus (puromycin-resistance 

alone) was used as a control. Infected pools were stably selected with puromycin, after 

which changes in gene expression were examined. Whereas Pax7 expression was very 

low in the control C2C12 pool, high levels of Pax7d were observed in the infected 

population (Fig. SI, available at http://). Expression of Pax7d in C2C12 robustly 

inhibited their normal differentiation into myotubes upon serum withdrawal (Fig. 1), 

similar to Pax3 (Epstein et al., 1995), demonstrating that C2C12 are responsive to Pax7d. 

Total RNA was harvested from triplicate Pax7d+ and control pools to generate 

probes for hybridization to Affymetrix GeneChip microarrays. C2C12-Pax7d samples 

were stringently compared against C2C12-puro samples to derive sets of candidate Pax7-

regulated genes (see Materials & Methods for criteria). There were 26 genes down-

regulated by Pax7d, although only one changed by greater than 4-fold (IGFBP2, 6.5-fold; 

Table II). In contrast, 43 genes were up-regulated (Table III), with a number of them 

exhibiting large changes in expression. PlagLl, for instance, was undetected in control 

C2C12 but highly expressed in Pax7d-expressing C2C12. Others that were considerably 

http://
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C2C12 + Pax7d C2C12 + puro 

Figure 1. Pax7 inhibits C2C12 differentiation. 
Stable over-expression of Pax7d strongly 
inhibited myogenic differentiation compared to 
empty-vector controls, as assayed by fusion and 
expression of myosin heavy-chain (MyHC = red; 
DAPI = blue). Bar = 100 |im. 
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Table II. Pax7d-induced decreases in expression in C2C12 myoblasts 

Symbol GID Fold Name 

insulin-like growth factor binding protein 2 

fibulin 2 

troponin T2, cardiac 

connective tissue growth factor 

tissue inhibitor of metalloproteinase 3 

serine (or cysteine) proteinase inhibitor, E1 

cysteine and glycine-rich protein 2 

RIKEN cDNA 4732435N03 gene 

lysyl oxidase 

aquaporin 1 

serine (or cysteine) proteinase inhibitor, B9b 

thrombospondin 2 

procollagen, type VI, alpha 3 

tubulin, beta 3 

tetraspanin 9 

heparin-binding EGF-like growth factor 

heat shock protein 1 

sphingosine-1-phosphate phosphatase 1 

ankyrin repeat domain 1 (cardiac muscle) 

chemokine (C-C motif) ligand 2 

four and a half LIM domains 1 

annexin A3 

A kinase (PRKA) anchor protein (gravin) 12 

actin, beta, cytoplasmic 

cystatin E/M 

transmembrane 4 superfamily member 1 

Igfbp2 

Fbln2 

Tnnt2 

Ctgf 

Timp3 

Serpinel 

Csrp2 

NM_008342 

NM_007992 

NM_011619 

NM_010217 

NM_011595 

NM_008871 

NM_007792 

4732435N03Rik AV371987 

Lox 

Aqp1 

Serpinb9b 

Thbs2 

Col6a3 

Tubb3 

Tspan9 

Hbegf 

Hspbl 

Sgppl 

Ankrdl 

Ccl2 

Fhl1 

Anxa3 

Akap12 

Actb 

Cst6 

Tm4sf1 

NM_010728 

NM_007472 

NM_011452 

NM_011581 

NM_009935 

NM_023279 

NMJ75414 

NM_010415 

NM_013560 

NM_030750 

NM_013468 

NM_011333 
NM_010211 

NM_013470 

NM_031185 

NM_007393 

NM_028623 

NM 008536 

-6.4 

-3.7 

-3.3 

-3.2 

-2.6 

-2.6 

-2.6 

-2.5 

-2.5 

-2.5 

-2.4 

-2.4 

-2.4 

-2.3 

-2.3 

-2.3 

-2.2 

-2.2 

-2.1 

-2.1 

-2.1 

-2.0 

-2.0 

-2.0 

-2.0 

-2.0 

(2) mean fold change for 2 distinct 

(3) mean fold change for 3 distinct 

probesets in Table II directed at the same transcript 

probesets in Table II directed at the same transcript 
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Table III. Pax7d-induced increases in expression in C2C12 myoblasts 

Symbol GID Fold Name 
Plagll 

Lix1 
Syne2 

Ciparl 

Trim54 

H13ra1 

Mest 

Peg3 

NM_009538 385.0 1 

NM_025681 
BF582734 

AK008716 

NM_021447 

NMJ33990 

NM_008590 

NM_008817 

3110001 A13Rik NM_025626 

Ahr 

Npnt 

Ltb4dh 
Msln 

C1qtnf3 

-
Pparg 

Cd24a 

Pkia 

Nqo1 

Marcks 

Gch1 

Cdh11 
My old 

Cxcr4 
Crlfl 

Sema3e 

Mdfic 

Ass1 

Id3 

Ppap2a2 

Myf5 

Cdh2 

Depdc6 

Prss23 

Id2 

Emb 

Rnf128 

Rnh1 

Olfml 
-
Tob1 

Atp11a 

NM_013464 

NM_033525 

NM_025968 

NM_018857 

NM_030888 

BB369191 

NM_011146 

NM_009846 

NM_008862 

NM_008706 

NM_008538 

NM_008102 

NM_009866 

NM_177390 

NM_009911 
NM_018827 

NM_011348 

NM_175088 

NM_007494 

NM_008321 

NM_008903 

NM_008656 
NM_007664 

NM_145470 

NM_029614 

NM_010496 

NM_010330 

NMJ323270 

NMJ45135 

NM_019498 

BG069607 

NM_009427 

NM_015804 

2210409B22Rik BM207133 

12.3 

11.3 

8.1 

7.2 

5.4 2 

5.0 

4.6 2 

4.6 3 

4.4 
4.1 2 

4.1 
4.1 

3.8 

3.7 

3.4 

3.1 2 

3.0 2 

2.9 

2.6 3 

2.6 
2.6 
2.5 
2.5 

2.5 
2.4 

2.4 
2.4 

2.4 

2.3 2 

2.2 

2.2 
2.2 
2.2 2 

2.1 

2.1 
2.1 2 

2.1 

2.1 

2.1 
2.1 

2.1 

2.0 

pleiomorphic adenoma gene-like 1 

limb expression 1 homolog (chicken) 

synaptic nuclear envelope 2 

castration-induced prostatic apoptosis-related 1 

tripartite motif-containing 54 

interleukin 13 receptor, alpha 1 

mesoderm specific transcript 

paternally expressed 3 

RIKEN cDNA 3110001A13 gene 

aryl-hydrocarbon receptor 

nephronectin 

leukotriene B4 12-hydroxydehydrogenase 

mesothelin 

C1q and tumor necrosis factor related protein 3 

sim. to mouse pentylenetetrazol-related mRNA 

peroxisome proliferator activated receptor gamma 

CD24a antigen 

protein kinase inhibitor, alpha 

NAD(P)H dehydrogenase, quinone 1 

Myristoylated alanine rich protein kinase C substrate 

GTP cyclohydrolase 1 

cadherin 11 

myosin ID 

chemokine (C-X-C motif) receptor 4 

cytokine receptor-like factor 1 

semaphorin 3E 

MyoD family inhibitor domain-containing 

argininosuccinate synthetase 1 

inhibitor of DNA binding 3 

phosphatidic acid phosphatase 2a isoform 2 

myogenic factor 5 

cadherin 2 (N-cadherin) 

DEP domain containing 6 

protease, serine, 23 

inhibitor of DNA binding 2 

embigin 

ring finger protein 128 

ribonuclease/angiogenin inhibitor 1 

olfactomedin 1 

transducer of ErbB-2.1 

ATPase, class VI, type 11A 

RIKEN cDNA 2210409B22 gene 

(1) signal was very low and called absent in control 

(2) mean fold change for 2 distinct probesets in Table II directed at the same transcript 

(3) mean fold change for 3 distinct probesets in Table II directed at the same transcript 

Bold lines indicate those used for real-time PCR validation 
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increased included Lixl (12-fold); Synel (11-fold); Ciparl (8-fold); Trim54 (7-fold); and 

Mest (5-fold). Interestingly, Myf5 expression was consistently increased by Pax7d (2.2-

fold). PCR primers specific to these transcripts were therefore designed in order to 

validate them by real-time PCR as candidate Pax7d targets genes. 

Real-time RT-PCR of the same RNA samples used for the GeneChip analysis 

confirmed that all of these transcripts were increased (unpublished data). Five transcripts 

exhibited increases of similar magnitude or exceeding that suggested by GeneChip 

analysis, whereas one (Synel) showed a minimal (2-fold) change (unpublished data). 

More recent sequence data has allowed the design of primers with greater specificity for 

the PlagLl and Ciparl transcripts. Real-time PCR validation confirmed that PlagLl was 

strongly up-regulated by Pax7d in C2C12 (135-fold). Similarly, Ciparl was up-regulated 

~150-fold, suggesting that the GeneChip probesets are sub-optimal and substantially 

underestimate changes in abundance of that transcript. Six validated candidates were 

used for our analysis of several additional, independently derived samples. 

Pools of C2C12 cells were derived as before, each infected with retrovirus 

expressing one of the four Pax7 isoforms (Table I), or a control (empty) retrovirus. The 

abilities of each of the Pax7 isoforms to increase the expression of our candidate targets 

were then assayed by real-time PCR. Strikingly, Pax7c and Pax7d both produced 

substantial up-regulation of Lixl, Ciparl, Trim54, and Mest transcripts, whereas Pax7a 

and Pax7b were only able to moderately increase the Ciparl and Mest transcripts (Fig. 2 

A). This immediately pointed to a functional importance for the GL+A alternative splicing 

of Pax7. Similar ectopic expression of Pax3(Q") in C2C12 cells had little or no effect on 
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A Pax7 Isoform Regulation of Target Genes in C2C12 Myoblasts 
(normalized to p-acf/n) 

52 

B 

Lix1 Cipart Trim54 Mest Syne2 

Pax7 Regulation of Target Genes in Primary Myoblasts 
(normalized to p-acf/n) 

I Pax7d •7d/FKHRJ3puro 

J7±ft 
Lix1 Ciparl Rnf30 Mest Syne2 

Figure 2. Regulation of candidate target genes by Pax7 isoforms and in 
primary myoblasts. (A) C2C12 myoblasts were stably infected with retrovirus 
expressing one of the Pax7 isoforms (a/b/c/d), and the expression levels of 
candidate target genes were examined by real-time RT-PCR. Pax7c and Pax7c 
produced substantial increases in target expression, whereas Pax7a and Pax7b 
had comparatively little or moderate effect. (B) Primary myoblasts (which express 
high levels of endogenous Pax7) were stably infected with retrovirus expressing 
Pax7d or the Pax7d/FKHR fusion. Ectopic Pax7d impaired the expression of 
targets, whereas Pax7d/FKHR maintained or increased target gene expression 
levels. (A,B) Whereas Lix1, Ciparl, Trim54, and Mest are robustly affected, 
Syne2 showed little change. 
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the levels of these transcripts, suggesting a unique role for Pax7 in their regulation 

(unpublished data). 

In contrast to the C2C12 myoblast cell line, primary skeletal myoblasts express 

high levels of Pax7. We therefore assessed the effects of Pax7d on gene expression in the 

presence of high endogenous Pax7 expression. As shown in Fig. 2 B, over-expression of 

Pax7d reduced the expression of the candidate targets in primary myoblasts (2.5- to 6-

fold decreased), consistent with high levels of ectopic Pax7d interfering with target 

activation by endogenous Pax7. The Pax7d/FKHR aRMS fusion was separately 

introduced in order to find out if it was also capable of regulating these genes. 

Pax7d/FKHR increased the expression of Ciparl and Lixl (2- to 4-fold) (Fig. 2 B) and 

maintained the expression of the others, suggesting that Pax7d/FKHR is a strong 

transactivator that can offset any interference with the endogenous Pax7. 

Pax7 regulates Myf5 and MyoD 

The observation that Myf5 was up-regulated following ectopic expression of Pax7 

was consistent with the hypothesis that Myf5 is a Pax7 target. The microarray result was 

validated by real-time PCR and by traditional RT-PCR and agarose gel electrophoresis, 

demonstrating that the quantity of Myf5 transcript was indeed increased by Pax7d (~3-

fold) while MyoD mRNA levels were unaffected (Fig. 3). Importantly, Myf5 protein 

levels changed coordinately with the observed change in mRNA levels. Expressing 

Pax7d in C2C12 cells resulted in a dramatic increase in Myf5 protein compared to the 

empty vector control (Fig. 4). An exaggerated change in Myf5 protein levels versus 
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Real-time RT-PCR 

• C2C12+Pax7d 
• C2C12+puro 
• 1 ° myoblasts 

Myf5 MyoD Pax7 
(endogenous) 

Transcript (real-time PCR) 

GAPDH 

B C2C12-Pax7d C2C12-puro 

1°Mb10T1/2 1 

Figure 3. Pax7d increases expression of Myf5 in 
C2C12 myoblasts. (A) SYBR green real-time PCR 
showing increased Myf5 transcripts, but no change 
in MyoD transcripts; normalized to GAPDH. (B) 
Conventional RT-PCR for Myf5, MyoD, and GAPDH 
transcripts. Primary myoblasts (1°Mb) are positive 
for Myf5, MyoD, and Pax7; 10T1/2 are negative. 
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C2C12 10T1/2 

Pax7d Pax3 puro Pax7d Pax3 puro 

1 

Figure 4. Pax7d and Pax3 up-regulate Myf5 
protein. (A) Myf5 protein levels are increased 
by Pax7d-FLAG and Pax3-FLAG expression in 
C2C12 myoblasts, while (B) MyoD protein 
levels are unchanged. (C) anti-oc-Tubulin. 
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mRNA has been previously reported in MyoD-/- myoblasts and attributed to a post-

transcriptional mechanism (Sabourin et al., 1999). While Pax3 also produced slightly 

higher levels of Myf5 protein, they remained substantially lower than those induced by 

Pax7d (Fig. 4). MyoD protein levels remained unchanged, in agreement with the 

previous RT-PCR results. When the effects of Pax7d on myogenic factor gene 

expression were re-examined in primary myoblasts, a moderate increase in Myf5 protein 

was observed (Fig. 5 A). Additionally, however, Pax7d decreased the levels of MyoD 

and Myogenin protein, and possibly also endogenous Pax7 (Fig. 5 B and C). In primary 

myoblasts, Pax3 acted very similarly to Pax7d (Fig. 5). 

More generally, all four isoforms of Pax7 showed the same ability to up-regulate 

Myf5 protein in C2C12 cells without effect on MyoD protein levels (Fig. 6). 

Unexpectedly, Pax7 was also able to induce Myf5 protein expression in the non-

myogenic 10T1/2 fibroblast cell line. This occurred without induction of MyoD (Fig. 6; 

unpublished data). Western blotting of protein from Pax7-expressing 10T1/2 cells 

demonstrated that Pax7c and Pax7d were uniquely capable of inducing de novo Myf5 

expression in non-muscle cells (Fig. 6). In contrast, ectopic expression of Pax7a or 

Pax7b was insufficient to induce Myf5 (Fig. 6). 

A pertinent question was whether the induction of Myf5 was occurring at a low 

level across the entire pool of fibroblasts or if a small sub-population was expressing 

higher levels. Immunostaining of fixed cells with anti-Myf5 antibody could not detect 

any positive cells amongst the pools of 10Tl/2+Pax7d (Fig. 7 A). However, ectopic 

expression of the alveolar rhabdomyosarcoma fusion protein Pax7d/FKHR, which is a 
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Primary Myoblasts 
Pax7d Pax3 puro 
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Figure 5. Pax7d and Pax3 regulate MRF 
expression in primary myoblasts. Pax7d and 
Pax3 increase (A) Myf5 and decrease (B) 
MyoD and (C) myogenin protein. (D) Pax7 
protein, ectopic Pax7d-FLAG (*) and 
endogenous (**); (E) Pax7d- and Pax3-FLAG; 
(F) anti-a-Tubulin. 
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Figure 6. Pax7 activates Myf5 expression. 
(A.B)AII Pax7 isoforms upregulate Myf5 protein in 
C2C12 myoblasts (A) whereas only Pax7c and 
Pax7d can activate Myf5 expression in 10T1/2 
fibroblasts (B). Note that (A,B) were the same 
Western blot, but that (B) was exposed 30x 
longer than (A). (C) MyoD levels are unchanged 
by Pax7 overexpression in C2C12 myoblasts, 
and MyoD is not induced in 10T1/2 fibroblasts. 
(D) Each isoform of Pax7 is robustly expressed 
from the retrovirus. (E) a-Tubulin loading control. 
Negative controls (C2C12-puro; 10T1/2-puro) 
were infected with empty retrovirus. 
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A anti-Myf5 B 

Figure 7. Pax7d/FKHR activates Myf5 and MyoD. (A) In a fraction 
of 10T1/2 fibroblasts (<20%), Myf5 protein was detectable by 
immuno-staining with anti-Myf5 antibody, whereas none were visible 
in Pax7d-overexpressing cells (n>1000). C2C12 myoblasts were 
>90% positive. Phase/contrast and FITC greyscale images were 
overlaid and false-coloured, with linear adjustments. Bar, 50 (im. 
(B) Pax7d induces a low level of Myf5 expression in 10T1/2, 
whereas Pax7d/FKHR induces moderate levels. Unlike Pax7d, 
Pax7d/FKHR is capable of inducing MyoD expression in 10T1/2 
fibroblasts at levels comparable to that of C2C12 myoblasts. 
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stronger regulator of Myf5 than wild-type Pax7d (Fig. 7 B), showed that 10-20% of 

infected 10T1/2 cells were positive for Myf5 expression (Fig. 7 A). The activity of the 

Pax7d/FKHR fusion protein was also demonstrated by its ability to induce the expression 

of MyoD (Fig. 7 B). Whereas Myf5 protein levels induced by Pax7d/FKHR were still 

well below those seen in C2C12 myoblasts, the levels of MyoD induced in 10T1/2 were 

comparable to those expressed by C2C12 cells. 

To investigate the hypothesis that My/5 was a direct transcriptional target of Pax7, 

we synthesized primers to amplify a variety of genomic regions for use in chromatin 

immunoprecipitation (ChlP)-PCR. In particular, sites in the Myf5 promoter (-270bp) and 

at -38kb of the Myf5 locus were tested by ChlP. The two well-characterized MyoD 

enhancers (the core -20kb enhancer (Goldhamer et al., 1995) and the -5kb enhancer 

(Asakura et al., 1995; Tapscott et al., 1992)) were also assessed. The carboxy-terminal 

FLAG-epitope tags on each of Pax7d and Pax3 were used to immunoprecipitate them and 

their bound DNA sequences from primary myoblasts, with empty-virus control pools of 

cells used as a baseline. 

Control locipl07, Pgcl, and GAPDH were unchanged, and no enrichment was 

observed for either of the loci examined within the Myf5 regulatory region (-270bp and 

-38kb) or in the MyoD (-5kb) enhancer region. However, the MyoD (-20kb) enhancer 

region implicated in myogenic specification (Kablar et al., 1999) was greatly enriched by 

Pax7- and Pax3-ChIP using two different primer pairs for the PCR (Fig. 8). This, in 

combination with the inhibitory effect of Pax7 and Pax3 in primary myoblasts on MyoD 

expression (Fig. 5) and the induction of high levels of MyoD in 10T1/2 fibroblasts by 
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Figure 8. Chromatin immunoprecipitation (ChIP) of MyoD core enhancer 
region bound by Pax7d and Pax3 in primary myoblasts. Real-time PCR 
showed that a region of the MyoD core (-20kb) enhancer flanked by two different 
pairs of PCR primers (-A, -B) is greatly enriched by chromatin immuno­
precipitation when an anti-FLAG antibody is used to recognize Pax7d- or Pax3-
FLAG expressed in primary myoblasts. In contrast, the quantities of genomic 
DNAfor the MyoD (-5kb) enhancer, Pgd, GAPDH, and p107 loci was 
unchanged. Similarly, there was no indication of enrichment with two primer 
pairs at the Myf5 (-239bp) locus, or at two closely linked sites near Myf5 (-38kb). 
Data was normalized against the p107 locus, which was in close agreement with 
two other control loci, Pgd and GAPDH. 
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Pax7d/FKHR (Fig. 7 B), strongly supports the assertion that MyoD is a direct 

transcriptional target of Pax7 and Pax3. Together, these data provide important insight 

into the mechanism by which Pax7 and Pax3 enforce myogenic commitment. 

Discussion 

Pax7 is a critical regulator of adult skeletal myogenesis and is required for the 

generation of functional myogenic precursor cells from quiescent satellite cells (Kuang et 

al., 2006; Seale et al., 2000). Without it, Pax:7-null mice have essentially no ability to 

repair damage to their skeletal muscle (Kuang et al., 2006). Whereas its paralog Pax3 has 

been heavily studied due to its essential role in embryogenesis, Pax7 has only received 

attention more recently following the discovery of its role in adult myogenesis (Seale et 

al., 2000). Although their homology and patterns of expression suggest that Pax7 and 

Pax3 are likely to share overlapping functions, their direct substitution has demonstrated 

that this overlap is incomplete and that each has unique responsibilities (Relaix et al., 

2004). This suggests that further study of Pax7 may provide insight into the role of Pax3, 

but might just as easily reveal novel functions specifically provided by Pax7. 

We therefore undertook to define the target genes regulated by Pax7 in myogenic 

cells. By stably expressing Pax7 in the myogenic C2C12 cell line, a set of genes was 

defined by microarray analysis as candidates for regulation. A subset was confirmed by 

real-time PCR as being differentially expressed in response to Pax7. Notably, these 

targets were affected quite differently by alternate isoforms of Pax7, pointing to a 

functional importance for the GL+/" splicing change. The myogenic factor Myf5 was 
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identified as one of the candidates, and further work showed that the changes in mRNA 

expression were reflected at the level of protein. Strikingly, the same GL+/" splicing 

change that was important for the regulation of the other target genes was also essential 

in determining the ability of Pax7 to induce Myf5 expression in a non-muscle fibroblast 

cell line. The aRMS oncogenic fusion protein Pax7d/FKHR produced high levels of 

Myf5 expression but was also able to induce MyoD. This, as well as the finding that 

Pax7 is physically associated with one of two enhancers that regulate MyoD expression, 

provides molecular support to its position in myogenesis upstream from the MRFs. 

Based on our microarray analysis, we chose several genes with large putative 

changes for validation. PlagLl (pleomorphic adenoma-like 1; Zacl; Lotl) expression 

showed the largest increase. PlagLl is normally expressed in brain, bone, and muscle 

(Valente et al., 2005) and is a tumour suppressor gene with anti-proliferative and pro-

apoptotic effects (Spengler et al., 1997), possibly by enhancing p53-dependent gene 

activation (Huang et al., 2001). Lixl (limb expression I), expressed in developing limb 

and brain (Moeller et al., 2002) but otherwise poorly described, was also changed 

substantially. Trim54 (tripartite motif-containing 54; MURF-3; Rnf30) is expressed 

specifically in cardiac and skeletal muscle tissue to stabilize the microtubule network, 

and is required for skeletal muscle differentiation and fusion (Spencer et al., 2000). Its 7-

fold increase in expression with Pax7 is thus quite interesting. Mest (mesodermal-

specific transcript; Pegl) (Kaneko-Ishino et al., 1995) is an imprinted gene that was up-

regulated; it has been observed in developing kidney (Kanwar et al., 2002) and heart 

(King et al., 2002), and its expression in 3T3-L1 cells can increase expression of PPARy 
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(Takahashi et al., 2005). Interestingly, PPARyis also increased 3.4-fold in our 

microarray data (Table III). Rat Ciparl (castration-inducedprostatic apoptosis-related 

protein 1; PARM1) is induced in castrated rat prostate and may be involved in apoptosis 

and prostate tumour immortalization (Bruyninx et al., 1999; Cornet et al., 2003). Syne2 

(synaptic nuclear envelope 2) was increased in the microarray analysis, but this change 

could not verified in later trials. These genes (and others in Tables II & III) will need to 

be further characterized in order to detail their roles in myogenesis and their relationships 

to Pax7. 

Defining a set of uniquely Pax7-regulated target genes creates an important 

toolkit for investigating Pax7. It is noteworthy that they are at best poorly affected by 

Pax3, and therefore determination of their roles in myogenesis will be of great interest. 

They will also provide a useful baseline for comparison of Pax7's responsibilities in the 

adult to those in the developing somites or brain. This will assist in discovering how 

Pax7 is providing functions that are useful in both myogenesis and neurogenesis or that 

are uniquely reserved for skeletal muscle. Finally, current assays for Pax7 function have 

been limited to those available for Pax3, such as in vitro binding assays to consensus 

Pax3 sites (Vogan et al., 1996), Pax3-responsive luciferase reporter genes in vitro 

(Epstein et al., 1996), or a Pax3-responsive transgenic reporter in vivo (Relaix et al., 

2003). Having highly responsive targets allows for specific study of Pax7 at the 

structural level, a task for which they have already been enlisted (J. Ishibashi, 

unpublished data; I. McKinnell, personal communication). 
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The validated targets were up-regulated by Pax7d in C2C12 cells but decreased in 

primary myoblasts (Fig. 2). As primary myoblasts express much higher endogenous 

levels of Pax7 compared to C2C12, ectopic Pax7 may interfere with its function. Strong 

activation by Pax7d/FKHR offset or overcome this effect. These were specific effects of 

Pax7 and Pax7d/FKHR because Syne2 (which failed validation in C2C12) was not 

substantially changed by either Pax7 or Pax7d/FKHR in primary myoblasts. The 

different responses of C2C12 and primary myoblasts are therefore consistent for the 

candidate Pax7 targets genes. 

The differential effects of Pax7c and -d versus -a and -b on target gene expression 

(including Myf5 in 10T1/2 cells) are intriguing, as it has been previously shown that 

splicing changes within the DNA binding domains modify the selection of DNA binding 

sites (Vogan et al., 1996). In this case, increased activation correlates with the absence of 

the GL dipeptide, which is present in the -a and -b isoforms (Table I). Pax3 is effectively 

GL", as this alternative splicing event does not occur with Pax3 (Du et al., 2005). 

Therefore, expression of multiple Pax7 isoforms in myoblasts may provide 

developmental versatility in the regulation of global Pax7 target gene expression. Given 

that our initial microarray work has concentrated on Pax7d, it will be interesting to learn 

if the GL+ isoforms preferentially regulate a distinct set of target genes. Similarly, the 

Q+/ change can be anticipated to affect distinct subsets of targets. The possibility that the 

proportions of the four isoforms are dynamically regulated during development is also 

being examined. 
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The effect of Pax7d on Myf5 expression is consistent across three cell types with 

a range of myogenic potentials and endogenous Pax7 expression (Fig. 4, 5, and 6). 

Particularly interesting is the induction of Myf5 in 10T1/2 cells, which have no existing 

expression of the gene (Fig. 6). This occurs without MyoD, negating the possibility that 

cross-activation amongst the MRFs leads to the appearance of Myf5. It also counters the 

argument that increased Myf5 expression is a compensatory response to decreased MyoD 

levels, similar to the pattern seen in the MyoD-null mouse (Rudnicki et al., 1992) and its 

myoblasts (Sabourin et al., 1999). Therefore, activation of Myf5 as a direct 

transcriptional target of Pax7 survives as a leading hypothesis. Using bacterial artificial 

chromosome transgenics, Zammit et al. (2004) showed that 140 kb of Myf5 upstream 

sequence was required to recapitulate all aspects of Myf5 expression, while a region 

between -88 kb and -140 kb was necessary for consistent expression of Myf5 in satellite 

cells (Fig. S2 B, available at http://). Scanning of this 140 kb region with the Pax3 

paired-box consensus site (Chalepakis and Grass, 1995) and homeobox site ('taat', 

Hayashi and Scott, 1990) yields eleven close matches (Fig. S2 C, available at http://), 

with one site at -96 kb closely resembles the optimized Pax3 binding site described by 

Vogan & Gros (1997). However, the limitations of such an in silico approach are 

evidenced by the absence of such a consensus site at the MyoD core enhancer despite our 

ChIP experimental evidence (Fig. 8). Further work will be required to determine if, and 

where, Pax7 binds to DNA in the Myf5 gene. 

Regulation of MyoD expression by Pax7 is consistent with existing data. Pax3 

induction of MyoD was shown during embryogenesis (Maroto et al., 1997) and the 

http://
http://
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concurrent loss of Pax3 and Myf5 prevents MyoD expression (Tajbakhsh et al., 1997). 

More recently, MyoD was shown to be down-regulated in response to a dominant-

negative Pax7 (Relaix et al., 2006) and increased with Pax7 expression in a Pax7-

negative C2C12 clone (Zammit et al., 2006). The latter result contrasts with our lack of 

effect on MyoD in a pool of C2C12 cells (Fig. 3, 4, and 6), which could also relate to our 

high level of ectopic Pax7d expression (Fig. SI, available at http://). However, direct 

association of Pax7d with the MyoD gene (Fig. 8) in primary myoblasts with decreased 

MyoD expression suggests that Pax7 can directly modulate MyoD expression, perhaps 

also as a repressor. Thus, by increasing Myf5 but limiting MyoD, Pax7 may act to 

maintain a proliferating myoblast population by lowering its propensity for differentiation 

(Ishibashi et al., 2005). In such a model, the high level of MyoD activation by 

Pax7d/FKHR (Fig. 7) would therefore represent mis-expression due to the FKHR 

domain, as has been seen with the Pax3/FKHR fusion at other loci (Fredericks et al., 

1995). 

Pax7 has a critical role in the satellite lineage, but many questions remain as to 

how this is accomplished. An amenable environment (of co-factors, DNA structure, 

signaling, and other influences) is a probable prerequisite for Pax7 function, and may 

underlie the variable activity of Pax7 in different cell types. The combination of isoforms 

introduces still greater complexity. Identification of Pax7-regulated genes is an important 

entry point for addressing all of these issues, and further application to study of the 

Pax7/FKHR fusion in aRMS will yield insight into the tumour phenotype. However, the 

induction of Myf5 by Pax7 remains most notable, for it points to a critical convergence at 

http://
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the "nodal point" of myogenic factor induction (Weintraub et al., 1991) and thus provides 

a molecular connection between Pax7 and myogenic commitment. 

Materials & Methods 

Cell Culture: C2C12 myoblasts were cultured in DMEM with 10% fetal calf serum and 

1% penicillin/streptomycin. Primary myoblasts were isolated from adult C57BL/6 mice 

as described previously (Huh et al., 2004) and cultured on rat-tail collagen-coated plates 

(rat-tail collagen; Roche-Boehringer) in Ham's F-10 medium with 20% FCS, 1% 

penicillin/streptomycin, and 2.5ng/mL human recombinant bFGF (Invitrogen). 

Stable pools were produced by infecting C2C12 cells or primary myoblasts with 

retrovirus made using the 3-plasmid HIT system (Soneoka et al., 1995) as described 

(Ishibashi et al., 2005). Expression plasmids were based on the pHAN backbone (with 

puromycin resistance driven from a distinct SV40 promoter) into which Pax7, 

Pax7d/FKHR, or Pax3 was cloned along with sequence for a carboxy-terminal 3xFLAG 

epitope tag. Control virus expressed EGFP and puromycin-resistance or puromycin-

resistance alone. Infected pools were drug selected with lug/mL puromycin (Sigma) in 

growth medium for at least five days, by which time uninfected control cells had been 

uniformly obliterated. 

Microarray Analysis: Triplicate pools of C2C12 cells stably infected with retrovirus 

expressing Pax7d, or with empty-control retrovirus, were produced. Total RNA was 

purified from cultured cells using the RNeasy Mini kit (Qiagen) according to the 



Chapter 3 - Pax'/'-Regulated Gene Expression in Adult Myoblasts 69 

manufacturer's instructions and quantified by spectrophotometry (OD26o)- Samples 

hybridized to MOE430A GeneChips (Affymetrix, Inc.) at the Ottawa Genome Centre and 

analyzed as previously described (Ishibashi et al., 2005). Criteria used to derive Tables II 

and III included: log-fold change of greater than one (i.e. 2-fold cut-off); significant 

change (Increase or Marginal Increase call); detectable expression above background 

(non-Absent call) for the higher signal, and consistency between replicate samples. Raw 

microarray data is available from StemBase (http://www.scgp.ca:8080/StemBase/; 

Ontario Genomics Innovation Centre; Perez-Iratxeta et al., 2005) as experiment El02 

(samples SI37, S310) and from the National Center for Biotechnology Information's 

Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/; 

Barrett et al., 2005; Edgar et al., 2002) under series accession no. GSE3224 (GSM72628, 

-30, -32, -34...6). 

Primers: PCR primers for RT- and real-time PCR were designed using the online 

Primer3 software (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi; Whitehead 

Institute) (Rozen and Skaletsky, 2000). Wherever possible, primers were designed to 

span at least one intron. Primer sequences specifications are provided in Supplementary 

Table SI. 

RT-PCR: Total RNA was isolated as with microarray samples. For each set of samples, 

equal masses of total RNA (500-750ng) were used as template for first-strand reverse 

transcription (RT) using the RNA PCR Core kit (Perkin Elmer) with random hexamer 

http://www.scgp.ca:8080/StemBase/
http://www.ncbi.nlm.nih.gov/geo/
http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi
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primers. RT products were diluted 2-5 fold with TE to produce a common pool for 

analysis with multiple primer pairs. 

SYBR green real-time PCR reactions were performed in duplicate using an 

MX4000 PCR machine (Stratagene), gathering fluorescence data on FAM (SYBR 

green/experimental) and ROX (loading normalization) channels. Reactions included lx 

iQ SYBR green Supermix (Stratagene), 30nM ROX passive reference dye, 50nM of each 

forward and reverse PCR primer, and 2jil of diluted template in a 20ul volume. 

Fluorescence data was gathered for 40 cycles of {94°C - 30 s; 58°C - 60 s; 72°C - 30 s}. 

Primer specificity was validated by denaturation curve analysis (55-94°C) and direct 

sequencing of the PCR products. Amplification curve plotting and Ct value calculation 

were performed using the MX4000 software (v4.20; Stratagene), with further calculations 

performed using Excel (Microsoft). Traditional agarose gel RT-PCR was performed as 

described above except that component reagents, including standard Taq DNA 

polymerase (New England Biolabs), replaced the SYBR green Supermix. The number of 

cycles to be used was estimated from the real-time PCR plot for GAPDH (24 cycles), 

Myf5 (27 cycles), MyoD (34 cycles), and endogenous Pax7 (37 cycles). 

Western Blots: Total protein was harvested in RIPA lysis buffer fortified with protease 

inhibitors (Complete-Mini; Roche-Boehringer). Protein concentration was determined by 

Bradford assay (Biorad), after which samples (10-25p:g each) were subjected to SDS-

PAGE and electroblotted onto Immobilon-P membrane (Millipore). Membranes were 

blocked in 5% non-fat milk in PBS, prior to sequential probing with primary antibody 
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and HRP-conjugated secondary antibody in blocking solution. Target proteins were 

visualized by ECL (Amersham-Pharmacia) on Biomax XAR film (Kodak). Primary 

antibodies used were: anti-FLAG (M2; l:x; Sigma); anti-Myf5 (C-20; 1:1250; Santa 

Cruz); anti-MyoD (C-20; 1:1250; Santa-Cruz); anti-Pax7 (hybridoma supernatant; 1:5-

1:10; DSHB); anti-a-tubulin (l:x; Sigma). Secondary antibodies were HRP-conjugated 

anti-mouse and anti-rabbit (1:4000; Biorad). 

Chromatin Immunoprecipitation (ChlP)-PCR: ChIP was performed as generally 

described and with the solutions listed in the ChIP kit instructions (Upstate 

Biotechnology), except as follows. Formaldehyde cross-linked (1.0% for 10 minutes at 

room temperature) protein/DNA complexes were isolated from 4xl06 growing primary 

myoblasts by lysis in 400(0.1 of lysis buffer. Genomic DNA was fragmented to an average 

size of 500-600bp by sonication (Vibra-cell; Sonics and Materials Inc.) with 2 x 10 s 

pulses at 20% power. After centrifugation (10 minutes at 14,000 rpm at 4°C), the 

supernatant was split into 2x200p,l aliquots and diluted with 1200(xl of ChIP dilution 

buffer each. A 40|il aliquot (-1.3%) was removed as "Input". Following pre-clearing 

with protein-A/agarose for 30 min at 4°C, FLAG-tagged protein complexes were 

immunoprecipitated with 2.5[lg per 106 cells (5jig/tube) of monoclonal mouse anti-FLAG 

(M2) antibody (Sigma) overnight at 4°C. Immune complexes were captured with 

protein-A/agarose beads (Upstate Biotechnology), washed through a series of buffers, 

and eluted. Input and eluted ChIP DNA were purified by phenol-chloroform extraction 
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and ethanol precipitated, with 2(il GlycoBlue (Ambion) added to visualize the pellet. 

DNA was resuspended in 50ul of lOmM Tris pH8.0. 

The degree of DNA sonication was analysed by agarose gel electrophoresis of 

20(0,1 of the resuspended Input sample followed by ethidium bromide staining. The 

quantities of specific genomic fragments in the ChIP samples were assayed by SYBR 

green real-time PCR. Enrichment of specific fragments was calculated between ChIP 

samples from FLAG versus non-FLAG controls, with normalization against the non­

specific background observed for irrelevant loci pi 07, Pgcl, and GAPDH to verify that 

changes were specific. The widespread agreement (no enrichment) between samples at 

the majority of the loci validates the normalization. The identities of the PCR targets are 

shown in Supplementary Table S2. 

Immunocytochemistry: Cells were fixed with 4% paraformaldehyde, permeabilized 

with 0.5% Triton X-100, and blocked with 5% normal goat serum in PBS. Primary and 

secondary antibodies were applied in blocking solution. Primary antibodies used 

included anti-Pax7 (hybridoma supernatant; Developmental Studies Hybridoma Bank) 

and anti-Myf5 (C-20; Santa-Cruz). Secondary antibodies were anti-mouse and anti-

rabbit conjugated to fluorescein (Chemicon). 4',6-diamidino-2-phenylindole (DAPI) 

(0.25ug/mL in PBS) was used to stain nuclei. Samples were mounted in fluorescence 

mounting medium (DAKO), coverslipped, and imaged using an Axiophot 2 microscope, 

Plan-NEOFLUAR objective (1 Ox/0.30; Phi; oo/0.17) and AxioCam digital camera 
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(Zeiss). Digital images were captured using Axiovision (Zeiss) and processed with 

Photoshop (Adobe). 

Binding Site Search: Genomic sequences from LocusLink (NCBI) were imported into a 

custom database and searched with the Pax3 paired-box consensus sequence 

'tcgtcacrchyha' (Chalepakis and Gruss, 1995) and homeobox consensus sequence 'taat' 

(Hayashi and Scott, 1990) in both directions. The separation between paired-box and 

homeobox was limited to lObp or less (Chalepakis et al., 1994). 
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Figure S1. Pax7 expression in C2C12 myoblasts. (A) Pax7d protein was 
highly expressed in infected C2C12 myoblast pools by Western analysis (a 
low level of Pax7 was detectable in puro controls with a longer exposure; 
10T1/2 fibroblasts were negative). By Northern analysis, both Pax7 and 
control pools expressed similar levels of the retroviral transcript. (B) Ectopic 
expression of Pax7d in C2C12 was readily detectable by immunostaining 
with anti-Pax7 monoclonal antibody compared to the very low level of 
endogenous Pax7. (Pax7 = green) Bar, 100 jim. 
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Figure S2. Pax3 consensus DNA binding sites within the Myf5 regulatory 
region. (A) Several groups have described closely related sequences bound by 
Pax3 or other paired-type homeodomains. In particular, Chalepakis et al. (1995) 
identified a 13bp consensus sequence for Pax3-paired domain binding, while 
Vogan & Gros (1997) identified an optimized Pax3 paired + homeodomain 
binding site. (B) A critical 88 kb-140 kb region is required for Myf5 expression in 
satellite cells and myoblasts (Zammit, 2004). (C) Scanning of the 140 kb of Myf5 
upstream sequence required to recapitulate Myf5 expression (Zammit, 2004) 
identified 11 segments with close matches (11/13 bases) to the Pax3 consensus 
that were also within 10 bp of a homeodomain consensus site. One site (#6) was 
very closely matched (12/13 bases) to the consensus as well as to the optimized 
P3-C-OPT sequence, although most sites had mismatches in the core 'gtcacgc' 
motif described by Jun & Desplan (1996). paired domain (green); homeodomain 
(blue); overlapping site (orange); mismatch with core base (red), non-core base 
(lowercase) 
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Table S2. ChIP PCR Target Loci 
Name Product Primer Sequence and Location 
MyoD (-20kb) MyoD core enhancer, ~20kb upstream from start site. 

-A 237 bp large PCR product covering most of enhancer 
F - 5' g g g c a t t t a t g g g t c t t c c t 3' 20 mer 
R - 5' ccctaggcctgagctagaga 3' 20 mer 

-B 103 bp smaller PCR product towards distal end of enhancer 
F - 5' g c t t c t t t c g g c c a a g t a t c 3' 20 mer 
R - 5' c c a a c t g g c t g t g t t g t g a 31 19 mer 

MyoD (-5kb) 202 bp MyoD DRR enhancer region, ~5kb upstream from start site. 
F - 5' acaggtccagactgggtagg 3' 20 mer 
R-5 ' t t t c a g c t c c c t t g g c t a g t 3' 20 mer 

Myf5 (-239bp) 
-A 322 bp 

-B 159 bp 

Myf5 (-38kb) 
-A 340 bp 

-B 461 bp 

3' 
3' 

3' 
3' 

20 mer 
20 mer 

20 mer 
20 mer 

Myf5 promoter region, ~239bp upstream from start site, 
larger product centred at -270bp 
F - 5' atccatgaaaatgccacctc 
R-5 ' g g t c c c t t t g a c g c t a a t g a 

smaller product centred at -190bp 
F - 5' aatgtcttgctaccgtgctg 
R-51 ctggtccctttgacgctaat 

Myf5 gene, approximately 38kb upstream from start site. 
centred at ~ -37kb 
F - 5' gaacctcagagggatttcttcaaa 3' 24 mer 
R-51 tgccccaatctactgataaggatt 3' 24 mer 
centred at ~ -37.5kb 
F - 5' caggatgtgtctgtatcagacgtg 3' 24 mer 
R-5' agttgttttctacacacccaccaa 3' 24 mer 

p107 290 bp 4kb3'ofp107locus 
F - 5' aaaaggccagg tc tca tcc t 3' 20 mer 
R-5 ' t c t t c a c c t c c a g g a g t g c t 3' 20 mer 

Pgd 191 bp 2kb 3'of Pgd locus 
F - 5' c t t c g t t t g g g a a a c t c a g c 3' 20 mer 
R-51 a tggcagcgac tcca tac t c 3' 20 mer 

GAPDH 228 bp within GAPDH coding sequence 
F - 5' t c g g t g t g a a c g g a t t t g 3' 18 mer 
R-5 ' gg tc tcgc tcc tggaaga 3' 18 mer 
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Supplemental Data - Myf5-Luciferase Reporters 

The previous work in Chapter 3 demonstrated that Myf5 expression is regulated by 

Pax7. However, it was not shown that this regulation was a direct result of Pax7 binding to 

DNA in the Myf5 gene. Dual-luciferase reporter assays were used to test the functional 

requirement for specific Myf5 gene regulatory sequences in driving Pax7 responsive gene 

expression. A candidate region that could be involved in Pax7's effect on Myf5 was 

identified; however, unexpectedly broad gene expression changes limit the strength of this 

conclusion. 

Results and Discussion 

The goal for this reporter assay was the demonstration that a response was due to the 

interaction of our transfected gene with a putative regulatory sequence in the reporter. It was 

therefore incumbent that the basic reporter plasmid (lacking the sequence of interest) and the 

normalization gene were themselves stable and invariant between treatments. These 

assumptions were tested, in order to assess the practicality of assaying candidate Pax7-

responsive regulatory sequences in transfected cells. 

Pax7 expression plasmids were co-transfected with firefly luciferase (Flue) and 

Renilla luciferase (Rluc) reporters into 10T1/2, C2C12, or primary myoblasts. Pax7/FKHR 

was used in parallel to Pax7, as it (like Pax3/FKHR) has been shown to be a strong 

transactivator of Pax target genes. The initial Flue reporters were highly variable in the 

presence of Pax7 or Pax7/FKHR (Supplemental Figure S3). The common Flue reporter 
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Figure S3. Pax7 activates 
Myf5-Luciferase reporter 
plasmids through an 
element between -200 bp 
and -918 bp. (A) Firefly 
luciferase reporter plasmids 
with no promoter or only 
minimal promoters are 
upregulated by 
Pax7d/FKHR. The pGL3 
backbone was particularly 
responsive, whereas the 
reconstructed pFL 
backbone was much more 
stable. Note that the 
absolute activities were 
much lower in the absence 
of a promoter. (B) Addition 
of a region of the Myf5 
promoter between -200 and 
-918 correlates with a slight 
increase in luciferase 
reporter activity with Pax7d 
and with Pax7d/FKHR. 
(C) The extended-1526 
region is responsive to 
Pax7c and Pax7d, whereas 
the shorter promoter 
fragment is not. 
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plasmid pGL3, driven only by a minimal SV40 promoter, was induced up to 25-fold by 

Pax7/FKHR. The pGL3-basic plasmid, which entirely lacks a promoter, was also up-

regulated several-fold. To overcome this problem, the reporter was reconstructed in an 

alternative backbone. The PGK promoter produced high-level expression and mild (2-fold) 

responsiveness to Pax7/FKHR. Alternative, minimal promoters of 150-200 bp (plus 5'UTR) 

from the Myf5 and MyoD genes (pFL-M5 and pFL-MD, respectively) showed moderate 

basal expression that was unaffected by Pax7 and minimally (2- to 3-fold) increased by 

Pax7/FKHR. 

The Rluc reporters driven by common viral promoters such as SV40 or CMV were 

also responsive to Pax7 (not shown). This had the unfortunate consequence of creating 

artifactual changes in the normalized Flue response. The PGK promoter was the most stable 

of the set in the presence of Pax7 and Pax7/FKHR, with variation of less than 2-fold. 

Fragments of Myf5 and MyoD genomic DNA were cloned into the pFL-M5 vector so 

that they could be tested for regulation by Pax7. A series of proximal Myf5 gene fragments 

were initially used, starting from +116 bp, -200 bp, -918 bp, -1526 bp, and from -4.6kb 

(relatively to the transcriptional start site), in increasing order of length. Transfection of 

these reporters along with a Pax7d expression plasmid into 10T1/2 produced a 2-fold 

increase in activity that correlated with the addition of the -918 bp to -200 bp region 

(Supplemental Figure S3B). In agreement with the specific activation of Myf5 by Pax7 

isoforms -C and -D, the (-918) and (-1526) reporters were up-regulated by Pax7C and Pax7D 

by 2-fold relative to Pax7A, Pax7B, or the control (Supplemental Figure S3C). The 

magnitude of this activation is similar to that of Myf5 mRNA expression in C2C12. These 
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data therefore suggest that a Pax7C/D responsive element exists in the Myf5 -918 bp to -200 

bp region. One potential Pax3-consensus site is found within this region (Figure S2). 

However, given the variability encountered with the basic Flue and Rluc reporter plasmids, 

closer examination of this fragment will be required to isolate the specific sequence motif 

involved and to determine if it is physically interacting with Pax7 protein. 

Materials and Methods 

Cloning 

The pFL backbone was created by substituting the firefly luciferase coding sequence from 

pGL3 for the Renilla luciferase sequence in pRL. Myf5 and MyoD promoter fragments were 

amplified by PCR, inserting an Ncol restriction sites across the ATG start site at the 3' end of 

the fragment. These products were cloned into the pGL3 and pFL backbones using that Ncol 

site to align the fragments with the luciferase ATG. Longer upstream portion of the Myf5 

promoter were retrieved from the plasmid pMyf5(5kb)EGFP and cloned seamlessly into 

pFL-M5. 

Cell Culture & Transfections 

Fibroblast 10T1/2 cells seeded on 6 cm plates were transfected by calcium phosphate 

precipitate with 5|lg of pFL reporter plasmid, 2-4|ig of expression plasmid, and 50ng of pRL-

PGK Renilla luciferase plasmid for 48 hours. Cells were collected, lysed with passive lysis 

buffer and freeze-thawed at -20°C. Lysates were assayed with the dual luciferase assay kit 

(Promega) using an auto-injecting luminometer (Berthold). 
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Purpose 

To establish the differential roles of MyoD and Myf5 in proliferating myoblasts, and to 
identify the molecular domains involved in providing those distinct functions. 
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Abstract 

MyoD and Myf5 are basic helix-loop-helix transcription factors that play key but 

redundant roles in specifying myogenic progenitors during embryogenesis. However, 

there are functional differences between the two transcription factors that impact 

myoblast proliferation and differentiation. Target gene activation could be one such 

difference. We have used microarray and polymerase chain reaction approaches to 

measure the induction of muscle gene expression by MyoD and Myf5 in an in vitro 

model. In proliferating cells, MyoD and Myf5 function very similarly to activate the 

expression of likely growth phase target genes such as L-myc, m-cadherin, Mcpt8, Runxl, 

Sppl, Sixl, IGFBP5, and Chrn/31. MyoD, however, is strikingly more effective than 

Myf5 at inducing differentiation-phase target genes. This distinction between MyoD and 

Myf5 results from a novel and unanticipated cooperation between the MyoD NH2- and 

COOH-terminal regions. Together, these results support the notion that Myf5 functions 

toward myoblast proliferation, whereas MyoD prepares myoblasts for efficient 

differentiation. 
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Introduction 

The process of skeletal muscle differentiation is orchestrated by a family of four 

conserved basic helix-loop-helix (bHLH) transcription factors that are collectively known 

as myogenic regulatory factors (MRFs). Mice harboring single mutations of either MyoD 

or Myf5 are viable and do not have overt muscle phenotypes, suggesting that MyoD and 

Myf5 have considerable overlap in their roles (Braun et al., 1992; Rudnicki et al., 1992). 

However, either MyoD or Myf5 is required for proper myogenesis during embryogenesis 

because compound MyoD I Myf5-m\\\ mice lack essentially all skeletal muscle tissue at 

birth (Rudnicki et al., 1993; Kassar-Duchossoy et al., 2004). In contrast, myogenin is 

important for the terminal differentiation and fusion of myoblasts into mature muscle 

fibers (Rawls et al., 1998; Vivian et al., 2000). MRF4 appears to have a role as a 

determination factor in a subset of myocytes in the early somite and as a differentiation 

factor in later muscle fibers (Kassar-Duchossoy et al., 2004). 

Postnatal growth and regeneration of skeletal muscle is mediated primarily by a 

pool of myogenic stem cells known as satellite cells, which reside adjacent to the fibers. 

In response to damage through injury or exercise, these satellite cells activate expression 

of MyoD and Myf5 and undergo numerous rounds of proliferation as myoblasts. A small 

number of myoblasts return to a quiescent state, thus replenishing the pool of satellite 

cells; the remainder continue their differentiation, fusing into existing or new myofibres 

and expressing myogenin and MRF4 while down-regulating Myf5. In contrast to wild-

type myoblasts, MyoD-mi\l myoblasts grow more quickly, show aberrant expression of 
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muscle markers, and differentiate inefficiently (Sabourin et al., 1999), a phenotype that is 

the cause of the regeneration deficit exhibited by compound dystrophic (max) MyoD-miU 

animals (Megeney et al., 1996). Conversely, Myf5-m\\\ myoblasts proliferate poorly and 

differentiate precociously (Montarras et al., 2000). The sequence of MRF expression in 

activated satellite cells, in conjunction with the phenotypes of single-null myoblasts and 

animals, argue that MyoD and Myf5 do not have identical roles in myoblast proliferation 

and induction of differentiation. 

MyoD and Myf5 target genes have largely been examined after the onset of 

differentiation and, hence, are involved in producing the enormous phenotypic shift from 

a proliferating myoblast to a contractile, multinucleated muscle fiber. Although it has 

been suggested that MyoD and Myf5 transactivation is checked in growing myoblasts 

(whether by degradation [Thayer et al., 1989], modification [Lindon et al., 1998], 

signaling [Vaidya et al., 1989; Li et al., 1992], or interfering heterodimerization [Benezra 

et al., 1990]), the distinct phenotypic differences that are exhibited by growth phase 

MyoD- and Myf5-mx\\ myoblasts suggest that MyoD and Myf5 do have active roles in 

myoblasts. Indeed, Wyzykowski et al. (2002) identified Id3 and NP1 as target genes of 

MyoD under growth conditions. 

Distinguishing the distinct functions of MyoD and Myf5 is complicated by their 

abilities to auto- and cross-activate expression from the endogenous loci (Tapscott et al., 

1988; Braun et al., 1989; Thayer et al., 1989; Wyzykowski et al., 2002). Such a circular 

network could account for the stabilization and irreversibility of the commitment of a cell 

to a myogenic fate (Thayer et al., 1989; Weintraub et al., 1991a). However, gene 
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expression changes resulting from the introduction of exogenous MyoD or Myf5 could be 

an indirect effect that is mediated through the other MRF. Expression of MyoD in the 

absence of Myf5 (and vice versa) permits the comparative evaluation of each factor's 

functions in myogenic commitment. 

To this end, we reintroduced MyoD or Myf5 into a MyoD I Myf5 double-null 

(double knockout [dblKO]) fibroblast cell line that was maintained in high serum growth 

conditions. These cell lines are normally non-myogenic but can be converted to skeletal 

muscle upon the exogenous expression of MyoD or Myf5. Microarray analysis identified 

numerous differentially regulated genes, which were further validated by examining 

specific candidates using real-time PCR. A number of growth phase targets were 

identified, demonstrating that MyoD and Myf5 are transcriptionally active in 

proliferating cells. Surprisingly, we did not find unique targets, and both MRFs were able 

to induce the expression of these genes. 

MyoD, however, was strikingly more effective at activating differentiation 

markers than Myf5. Additional support for functional differences between MyoD and 

Myf5 were obtained by using chimeric MRFs that interchanged their NH2-terminal, 

bHLH, and COOH-terminal domains. The bHLH domains (DNA binding and 

dimerization) are highly conserved between the two genes, whereas their NH2- and 

COOH-terminal regions are more divergent. Whereas Myf5 was inefficient at inducing 

differentiation gene expression, the activation of a cohort of these markers by the 

chimeric MRFs provided strong evidence for cooperative gene activation by the NH2-

terminal and bHLH + COOH-terminal regions of MyoD. MyoD-miW primary myoblasts 
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have a greatly reduced expression of the same genes relative to wild-type myoblasts. 

Therefore, these data support the idea that Myf5 is biased toward myoblast proliferation, 

whereas MyoD promotes myoblast differentiation (Sabourin et al., 1999; Seale et al., 

2001). 

Results 

MyoD and Myf5 activate skeletal muscle genes in growth conditions 

To circumvent the potential problem of auto- and cross-activation by the primary 

myogenic factors (Braun et al., 1989; Thayer et al., 1989; Weintraub et al., 1991b; 

Hollenberg et al., 1993), we infected clonal double-null MyoD-''\Myf5''' (dblKO) 

embryonic fibroblast lines with retrovirus expressing MyoD or Myf5 or with empty 

control retrovirus. With this approach, we were able to assess which genes were common 

targets of MyoD and Myf5 versus those that could be uniquely regulated by one or the 

other primary MRF. These genes could be directly activated by MyoD or Myf5 or could 

be indirectly activated through an intermediate transcription factor; we considered both 

classes to be downstream targets of the primary MRFs. Shortly after infection of the 

dblKO target cells with retrovirus, positive-expressing cells were purified by FACS based 

on GFP fluorescence expressed from the bi-cistronic retroviral transcript (Fig. 1, A and 

B). Pools of >106 cells were then harvested for total RNA after a further 24 h of culture 

in high serum growth conditions. Fluorescently labeled probes generated from 

biological- triplicate RNA samples were hybridized to MG-U74Av2 GeneChips, each 

containing probesets directed at -6,000 genes and an additional -6,000 ESTs. 
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Figure 1. Preparation of RNAfor GeneChip analysis. (A) Representative FACS 
plots of MyoD-/-;Myf5-/- fibroblasts infected with retrovirus expressing MyoD, 
Myf5, or no gene as well as GFP from an internal ribosomal entry site (IRES) 
within the same transcript. GFP expression amongst sorted cells after 24 h of 
culture was verified by fluorescence microscopy immediately before harvesting for 
total RNA. SSC, side scatter; FL1, fluorescence channel 1; G, gate; R, region. The 
circled regions denote the sorted populations. Bar, 10041m. (B) Northern blot 
demonstrating equivalent levels of retroviral transcript expression amongst 
samples. (C) Western blots demonstrating robust MyoD or Myf5 expression in 
corresponding samples. 
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Comparison of MyoD or Myf5 arrays with control arrays produced candidate lists that 

were considered to contain genes potentially regulated by MyoD or Myf5 during growth 

phase (Table I and Table SI, available at http://www.jcb.org/cgi/content/fiill/ 

jcb.200502101/DCl). 

MyoD expression in a MyoD I Myf5 double-null background produced increases 

in 47 genes (including L-myc and cadherin-15), whereas only 17 genes were increased by 

Myf5. Of these genes, 11 were common targets of both MyoD and Myf5; eight were 

activated to similar degrees by both {Chrnfi 1, Mcpt8, Sppl, Sixl, Runxl, Idb2, Ugcg, and 

Kctdl2 ), whereas the others were more strongly activated by MyoD (IGFBP5, H19, and 

a-actin ). In contrast, only six genes were down-regulated by either MyoD or Myf5 (none 

by both), and only four had fold changes of < -2 ( Tcf20, -4.9; DM, -2.9; Tgfj3R3, -2.7; 

and S100al3, -2.0). Relaxing the stringency of the selection criteria had only a moderate 

effect, producing 70 increases by MyoD and 32 increases by Myf5 versus 5 and 14 

decreases, respectively (Tables S1-S4, available at http://www.jcb.org/cgi/content/full/ 

jcb.200502101/DCl). 

One goal of our study was to identify targets that are uniquely regulated by Myf5 

but not by MyoD (and vice versa). However, very few genes were suggested by the 

microarray data to be increased by Myf5 and not by MyoD, and real-time PCR directed at 

several of those transcripts, in turn, did not support them as targets (Skiip, Table I; Rejbpl 

and Snk, unpublished data). In contrast, 36 genes were up-regulated by MyoD but not by 

Myf5. The majority of these targets (e.g., myogenin, myosin heavy chain, and troponin-

7), however, are associated with skeletal muscle differentiation. 

http://www.jcb.org/cgi/content/fiill/
http://www.jcb.org/cgi/content/full/
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Table I - Candidate MyoD/Myf5 target genes 

Gene GID 

GeneChip (U74Av2) 

Fold1 

MyoD Myf5 myogenin 

Call2 

GFP 

Real-time PCR 

Fold3 

MyoD Myf5 

Transcription Factors 
myogenin 
sine oculis-relatcd homeobox 1 (Sixl) 
inhibitor of DNA binding 2 (Idb2) 
runt related transcription factor 1 (Runxl) 
hairy and enhancer of split 6 (Hes6) 
lung care, myc related oncogene 1 (L-myc) 

Adhesion and Receptors 
cholinergic receptor, nicotinic, beta-1 
cholinergic receptor, nicotinic, gamma 
cholinergic receptor, nicotinic, alpha-1 
cadhcrin 15 (m-cadherin) 
transmembrane 4 superfamily member 6 
discoidin domain receptor family, 1 

Secreted Factors 
insulin-like growth factor binding protein 5 
mast cell protease 8 (Mcpt8) 
secreted phosphoprotein 1 (Sppl) 

ESTs 
RIKEN cDNA 1190002N15 gene 
cDNA clone 
RIKEN cDNA 2610201 Al3 gene 
cDNA clone 

Others 
HI9 fetal liver mRNA 
C1 q/tumor necrosis factor related protein 3 
K+ channel tetramerisafion domain 12 
protein kinase inhibitor, alpha (Pkia) 
UDP-glucose ceramide glucosyltransferase 
paternally expressed 3 (Peg3) 
enolase 3, beta muscle 
H2B and H2A histones 
alpha-methylacyl-CoA racemase 
ankyrin repeat domain 1 (cardiac muscle) 
SH3-domain GRB2-like Bl (endophilin) 
WNT1 inducible signaling pathway 1 
ADP-ribosylation factor-like 6 interact, prot. 5 
SKI interacting protein (Skiip) 
enabled homolog (Drosophila) 

Differentiation Markers 
actin, alpha, cardiac 
troponin C, cardiac/slow skeletal 
actin, alpha 1, skeletal muscle 
troponin T3, skeletal, fast 
myosin light chain, phosphorylatable, fast sk. 
myosin, light polypeptide 4 
troponin T2, cardiac 

XI5784 
X80339 

AF077861 
D26532 

AW048812 
XI3945 

M14537 
X03818 
Ml 7640 

AJ245402 
AF053454 

L57509 

LI 2447 
X78545 
X13986 

AW125453 
AW120874 
AA222883 
AA796831 

X58196 
AI315647 
AI842065 

AW 125442 
AI853172 
AF038939 

X61600 
X05862 
U89906 

AF041847 
AI842874 
AF100777 
AW049647 
AW046671 

D10727 

M15501 
M29793 
Ml 2347 
L48989 

AV290649 
Ml 9436 
L47600 

10.1 
3.8 
3.6 
3.4 
2.7 
2.3 

24.6 
9.3 
8.4 
4.2 
2.6 
2.3 

142.6 
11.7 
8.3 

5.0 
3.2 
1.4 
1.1 

35.6 
5.8 
4.9 
4.6 
4.3 
3.6 
3.5 
3.3 
3.0 
3.0 
2.2 
2.2 
2.1 
1.2 
1.9 

240.7 
172.8 
93.3 
49.3 
43.5 
28.5 
21.4 

1.2 
3.5 
2.4 
2.9 
0.9 
1.5 

16.0 
2.0 
2.6 
0.5 
2.3 
1.6 

9.8 
11.1 
5.7 

1.7 
1.3 
2.1 
2.1 

6.1 
1.9 
6.0 
1.6 
3.3 
1.0 
1.8 
0.6 
2.0 
3.0 
1.4 
2.3 
1.5 
4.8 
2.4 

3.1 
9.3 
9.2 
2.8 
3.0 
2.1 
2.6 

2.8 
2.2 
2.7 
3.3 
1.1 
0.8 

15.8 
4.8 
2.5 
1.9 
2.5 
2.6 

7.0 
14.4 
4.6 

2.9 
1.9 
1.2 
1.7 

13.7 
3.1 
3.2 
2.1 
2.9 
1.9 
2.0 
1.7 
1.7 
3.1 
2.0 
2.6 
1.6 
3.6 
2.9 

9.6 
16.8 
14.7 
10.4 
4.6 
6.8 
3.4 

A 
P/A 

P 
P/A 
A 
A ' 

A 
A 
A 
A ' 

P/A 
A 

A 
A 
P 

P/A 
P 
P 
P 

P/M/A 
P : 

P/A ' 
A 
P 
P 
P 
A 

P/A 
P 
P 
P 
P 

P/A 
P/A 

A 
A 

M/A 
A 
A 
A 

P/A 

27.0 
2.6 

-
4.3 
1.3 

1 4.7 

5.0 
18.1 
3.2 

' 290.6 

-
-

123.1 
6.2 
11.5 

-
-
-

' 1.1 
1.8 
-
-
-
-
-
-
-
-
-

1.0 
-

42.9 
1.8 

265.6 

-
3850 

-
-

8.4 
2.2 

-
2.7 
1.0 
2.6 

6.1 
16.4 
1.9 

85.4 

-
-

89.0 
15.6 
18.5 

-
-
-

-
1.3 
1.0 
-
-
-
-
-
-
-
-
-

0.5 
-

10.1 
1.0 

130.9 
-

1540 

-
-
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myosin, heavy polypeptide 3, skeletal 
troponin Tl , skeletal, slow 
ATPase, Ca++ transporting, cardiac fast 1 
troponin I, skeletal, slow 1 
myosin, light polypeptide 1 
retinoblastoma 1 
ryanodine receptor 1, skeletal muscle 
myosin binding protein H 
sarcoglycan, beta 
myocyte enhancer factor 2A (MEF2A) 
growth arrest and DNA-damage-induciblc 45 al] 
cyclin-dcpcndent kinase inhibitor 1A (P21) 

M74753 
AV213431 

X67140 
AJ242874 
X12973 
M26391 
D38216 
U68267 

AB024921 
AW045443 

U00937 
AW048937 

17.0 
16.4 
11.0 
10.5 
9.3 
5.5 
4.7 
3.9 
3.5 
3.1 
2.5 
2.2 

0.8 
0.8 
1.1 
0.9 
0.7 
1.6 
1.2 
0.5 
1.0 
1.2 
0.9 
1.1 

2.0 
0.8 
1.9 
2.7 
1.6 
1.5 
1.2 
1.5 
1.8 
1.4 
1.1 
1.0 

A 
A 
A 
A 
A 
A 
A 
A 
A 

P/A 
P/A 

P 

-
-
-
-
-
-
-
-
-

0.8 

-
1.4 

-
-
-
-
-
-
-
-
-

0.9 

-
1.4 

1 Average fold change forpairwise comparisons of MyoD/Myf5/myogenin vs. GFP, from log-fold change in MAS5.0 
2 Present/Marginal/Absent call from Affymetrix MAS5.0 
3 Fold change based on ACt between MyoD/Myf5 vs. puro-alone Realtime PCR, normalized to GAPDH expression 
4 Added following manual inspection of dataset 
5 Clq and K+channel identified in current annotations; previously listed as ESTs 
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At least six of the identified targets are transcription factors (Table I) and may 

themselves regulate the expression of other genes. Foremost amongst them is myogenin, 

which is an MRF that is activated by MyoD immediately upon the switch to 

differentiation conditions (Hollenberg et al., 1993; Bergstrom et al., 2002). Therefore, we 

examined (by GeneChip analysis) the possibility that our candidates were activated 

indirectly by myogenin using myogenin retrovirus-infected dblKO cells that were 

prepared as for MyoD and Myf5. 50% (13/26) of myogenin targets were also downstream 

from MyoD and Myf5. However, for most non-differentiation class genes, our 

microarrays indicated that target activation was similar between MyoD, Myf5, and 

myogenin treatments, which contrasts with the considerable induction of myogenin by 

MyoD (10-fold) compared with Myf5 (1.2-fold;Table I). This suggests that these genes 

are common targets of MRFs rather than being strictly dependent on myogenin. 

To identify potential growth phase targets of MyoD, probable differentiation 

markers were removed using previous work by Bergstrom et al. (2002). They used an 

inducible MyoD-ER fusion system to examine gene expression by microarray analysis 

during early differentiation in low serum conditions(Bergstrom et al., 2002). They 

identified nine subsets in their data by using a clustering algorithm to find coordinate 

patterns of temporal regulation, including those with transient increases, early or delayed 

increases, and decreases in expression. Of the 571 genes identified by Bergstrom et al. 

(2002), we mapped 298 to probesets on the MU74Av2 GeneChip on the basis of 

GenBank, Unigene, or LocusLink IDs. Of these 298, 22 genes were also found to be up-

regulated by MyoD in our experiment, and an additional seven were also up-regulated by 
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Myf5. This provided added support to our data. A portion of these genes fell within 

Bergstrom clusters 5 and 6 and primarily represented differentiation-specific targets such 

as structural genes (e.g. myosin and troponin). However, others within clusters 1-4 (early 

induction) and 7-9 (decreased expression through differentiation) were also seen to have 

increased expression in our GeneChip data and were considered as possible growth 

targets. 

All of the genes identified in Table I are robustly expressed by proliferating wild-

type primary myoblasts (Fig. 2). Most (47/53 = 89%) of these genes are decreased in 

MyoD~f~ myoblasts, whereas the remainder (6/53) exhibit a mixture of increase/no 

change/decrease calls and moderate fold increases. Differentiation markers are vastly 

decreased (up to 140-fold for myosin heavy chain-3 or troponin TV), whereas most 

putative growth-phase genes showed only moderate changes (e.g., approximately eight­

fold for m-cadherin or L-myc and -2.7-1.8- fold for Sixl or Runxl ). 

Thus, in high serum conditions, MyoD and Myf5 are capable of regulating the 

transcription of numerous genes. The growth phase regulation of a selection of those 

candidates was then specifically examined. 

Growth phase candidate validation by SYBR Green real-time PCR 

The expression of these candidate genes was re-examined using a second set of 

independently derived RNA samples. This second set was produced by the infection of a 

distinct dblKO cell line with drug-selectable retrovirus, yielding proliferating puromycin-

resistant pools of cells that were expanded for 2 wk under drug selection. SYBR Green 
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Figure 2. Decreased expression of differentiation markers by MyoD-/- primary 
myoblasts. Expression levels in MyoD-nuW primary myoblasts of the genes in Table I 
show that the majority of differentiation markers are greatly reduced relative to wild-type 
myoblasts (e.g., Myh3 to myogenin). In contrast, genes that are regulated in growth 
phase by MyoD and Myf5 are reduced to a lesser degree, if at all (e.g., Mcpt8, Six1, and 
Runxl). Calls are shown for wild-type (n = 3) or MyoD-/- (n = 3) myoblasts. P, present; 
M, marginal; A, absent. Change calls are shown for nine pairwise comparisons between 
wild-type and MyoD-/- myoblasts. I, increase; Ml, marginal increase; NC, no change; 
MD, marginal decrease; D, decrease. 
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real-time PCR was used to quantitate target gene transcript levels using PCR primers that 

were chosen to span at least one intron wherever possible. The specificity of the PCR was 

verified by denaturing curve analysis and direct sequencing of the products. 

The majority of the genes that were selected as possible growth phase target genes 

in the GeneChip data were also found by real-time PCR to be up-regulated (Table I). The 

estimates of the fold up-regulation of Six 1, Runxl, L-myc, IGFBP5, and Mcpt8 were 

similar by either technique. Sppl was increased more, and Chrnfil was increased slightly 

less as estimated by real-time PCR; nonetheless, each was significantly increased by 

MyoD and Myf5. The increases in m-cadherin and myogenin levels by real-time PCR 

were much greater than by microarray, probably as a result of the lower background of 

the PCR assay. Again, however, the consistency of the changes in target expression that 

were produced by MyoD and Myf5 contrast with the variable induction of myogenin by 

MyoD and Myf5, arguing that this is not a strictly indirect effect. 

Approximately one-third of the candidates that were selected for real-time PCR 

validation did not exhibit significant changes in the stable pool samples (Table I). These 

genes tended to be those that had modest fold changes in the GeneChip data (e.g., Hes6, 

Pkia, Skiip, andp21). Probesets for differentiation markers that exhibited larger changes 

by microarray (such as cardiac troponin C and MEF2A) were likely seen as a result of 

spontaneous differentiation in the original GeneChip samples and were minimized in 

these proliferating cultures. These observations support the conclusion that the stable 

pools lacked the spontaneously differentiating cells that were observed in our original 

samples. 
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Wyzykowski et al. (2002) used the same inducible MyoD system as Bergstrom et 

al. (2002) to generate inputs for a representational difference analysis protocol. They 

identified Id3 and NP1 as growth phase targets of MyoD (Wyzykowski et al., 2002). 

Their cells were maintained in a high serum growth medium during MyoD induction, 

suggesting that Id3 and NP1 are not differentiation targets that are expressed simply as a 

consequence of serum deprivation. Rather, they are induced in the presence of 

cyclohexamide, indicating that they are likely to be direct targets of MyoD that do not 

require intervening protein synthesis for activation. In contrast, our GeneChip 

experiments did not reveal an induction of Id3 or NP1 in dblKO cells by either MyoD or 

Myf5. To assess whether this was a consequence of low sensitivity to those genes, we 

used SYBR Green real-time PCR to specifically examine the expression of Id3 and NP1 

in both the GeneChip RNA samples and in RNA from drug-selected pools; however, no 

significant changes were detected (unpublished data). It is likely that these 

inconsistencies are attributable to the numerous differences in our experimental systems, 

including the method of MyoD expression, the type of host cell used, and possibly the 

presence/absence of endogenous MyoD and Myf5 genes. 

From this combination of GeneChip and real-time PCR analyses, we defined a 

validated set of growth phase targets. Notably, MyoD and Myf5 were both capable of 

regulating each of these genes, and none were strictly associated with one MRF. These 

targets were then applied to examine the differences in function between corresponding 

regions of MyoD and Myf5. 



Chapter 4 - Cooperation Between MyoD Domains 108 

Association of growth phase gene activation with MyoD and Myf5 domains 

Within their bHLH regions, Myf5 and MyoD exhibit 88% identity and > 95% 

homology at the amino acid level. In contrast, the regions that are NH2 and COOH 

terminal to this highly conserved DNA-binding region exhibit considerably more 

differences in sequence and function (Gerber et al., 1997). Therefore, we hypothesized 

that functional differences between MyoD and Myf5 would be a consequence of their 

divergent NH2- and COOH-terminal domains rather than a result of the bHLH 

recognition of discrete DNA sequences. To test this, chimeric MRFs were built, 

interchanging the MyoD and Myf5 NH2- and COOH-terminal regions around their bHLH 

domains. This yielded six chimeric MRF genes (termed d5d, d55, 55d, 5d5, 5dd, and dd5, 

where d denotes the portion derived from MyoD and 5 denotes the portion derived from 

Myf5) in addition to the full-length wild-type MyoD and Myf5 (Fig. 3 A). 

Retrovirus expressing one of the chimeric MRFs was introduced into dblKO 

fibroblasts, yielding drug-selected pools of >105 clones from which RNA and protein 

were extracted for analysis. The growth phase targets identified previously were then 

assayed within these samples by SYBR Green real-time PCR. 

Both glyceraldehyde-3-phosphate dehydrogenase {GAPDH) transcript (input 

RNA quantity; reverse transcription) and MRF protein levels (MRF expression) were 

used to enable equitable comparisons by providing normalization between samples. 

GAPDH transcripts were quantified by real-time PCR. Relative protein expression levels 

of full-length and chimeric MRFs were derived by direct digital densitometry of Western 

blots probed with three primary antibodies that each recognized unique but overlapping 
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Figure 3. Gene expression induced by chimeras in growing dbIKO cells. 
(A) Schematic of MyoD/Myf5 chimeras. Chimeric MRFs were constructed by 
interchanging the corresponding NH2-terminal, bHLH-, and COOH terminal 
regions of MyoD and Myf5. (B) Levels of MRF and tubulin protein expression in 
each pool. The combination of three different epitopes that were recognized by 
MyoD and Myf5 antibodies was used to normalize the expression results in C for 
relative MRF expression. Puro, puromycin-resistant empty vector negative 
control. (C) Induction of transcripts for potential growth phase targets by each of 
MyoD, Myf5, and the chimeric MRFs (normalized to MRF protein and GAPDH 
transcript levels). Numbers on y-axis indicates fold changes. 



Chapter 4 - Cooperation Between MyoD Domains 110 

sets of four MRFs (Fig. 3 B). All of the chimeras were demonstrated to be capable of 

regulating the genes identified in the previous analysis, producing substantial increases in 

expression compared with the puromycin-alone negative control pool. 

After normalization, 5dd tended to be the poorest relative activator, whereas 55d 

was (in most cases) the best (Fig. 3 C). However, in contrast to the other samples, these 

two chimeras were subject to significant normalization corrections (Fig. 3 B), which may 

have tended to overstate their effects. Nonetheless, no single region of MyoD or Myf5 

strictly correlated with enhanced or decreased relative activation. In certain cases (e.g., 

Chrnftl, m-cadherin, and Sppl), there is a tantalizing suggestion that the Myf5 bHLH 

domain could have greater activity than that of MyoD, although this pattern is not borne 

out amongst the others. Chimeras dd5 and d55 have a greater effect than MyoD or d5d. 

This might suggest that an interaction between the flanking portions of MyoD acts to 

suppress transactivating activity, which is an effect that is disrupted when a portion of 

Myf5 is substituted. A similar effect was observed in deletion studies of MyoD 

(Weintraub et al., 1991b). Thus, for growth-phase genes, the corresponding domains of 

MyoD and Myf5 are otherwise interchangeable, and differences emerge only with respect 

to the degree of target induction. 

The MyoD NH2- and COOH-terminal domains cooperate to induce differentiation 

A significant number of potential MyoD target genes that were identified by 

GeneChip analysis were differentiation markers. Wild-type MyoD and Myf5 and 

chimeras were expressed in dblKO cells using retrovirus and were maintained for 3 d in 
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growth conditions before harvest. The proportion of infected cells was very similar 

between pools (see Fig. 5 A). Differentiation marker expression was examined by real­

time RT-PCR (Fig. 4 A). This set of vectors included a COOH-terminal FLAG epitope 

tag that allowed for the normalization of gene expression against MRF protein levels 

(Fig. 4 B). Two growth phase markers {Chrnfyl and Runxl, identified in the 

aforementioned GeneChip experiment) showed little relative difference between MyoD, 

Myf5, and the chimeras. In concordance with the GeneChip results, however, the 

expression of MyoD produced a considerable activation of genes such as the cholinergic 

receptor a and ysubunits, myogenin, a-actin, myosin, and troponin (Fig. 4; Table II 

shows un-normalized changes vs. empty vector controls). In comparison, the level of 

Myf5 induction of these genes was moderate relative to the empty vector control. 

Substitution of the MyoD COOH terminus into Myf5 (55d) was not sufficient in 

growth phase to cause differentiation and could produce only modest increases in the 

expression of numerous differentiation markers. Replacement with the MyoD NH2 

terminus alone (d55) also resulted in just moderate gene induction relative to full-length 

Myf5. Importantly, the concurrent presence of MyoD NH2- and COOH-terminal regions 

(d5d) resulted in activity approaching that of full-length MyoD. 

The same pools of dblKO cells expressing one of the wild-type or chimeric MRFs 

were challenged to differentiate under reduced serum conditions. When the MyoD 

COOH terminus was present (MyoD; d5d, 5dd, and 55d), there was enhanced 

differentiation compared with the corresponding Myf5 region (Myf5; dd5, d55, and 5d5; 

Fig. 5 B). Deletion of the putative cdk4-interacting domain (Zhang et al., 1999) from the 
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Table II - Fold-Activation of Myogenic Genes by Real-time PCR 
(relative to GFP; normalized to GAPDH, but NOT to FLAG protein) 
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Figure 5. MyoD NH2 and COOH termini cooperatively promote 
differentiation. The expression of MyoD/Myf5 chimeric MRFs that included 
the MyoD NH2- or COOH terminal regions in MyoD-/-;Myf5-/- fibroblasts 
produced more efficient differentiation in low serum conditions than those 
with the corresponding Myf5 region. (A) Percentage of infected cells in each 
pool based on GFP expression immediately before differentiation. (B) 
Percentage of total nuclei (n > 1,000) found within a differentiated myosin 
heavy chain cell, normalized to A. (C) Myosin heavy chain immunostaining 
of differentiated pools (MF20, red; DAPI, blue). Bar, 100 |im. 
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COOH-terminal region of full-length MyoD or insertion of this region into the 

corresponding location of Myf5 does not significantly affect these results based on 

protein (myosin heavy chain immunostaining) or RNA (real-time PCR) markers (Punch, 

V., personal communication). The MyoD NH2 terminus also had a noticeable effect on 

differentiation (Fig. 5 B, compare MyoD with 5dd, d5d with 55d, dd5 with 5d5, and d55 

with Myf5). The MyoD bHLH domain, which has previously been connected to cell 

cycle arrest (Crescenzi et al., 1990; Sorrentino et al., 1990), enhanced differentiation 

when combined with the MyoD COOH-terminal region (Fig. 5 B, compare MyoD with 

d5d and 5dd with 55d) but had little effect otherwise. Overall, the combined NH2- and 

COOH-terminal portions of MyoD (MyoD and d5d) were most effective in producing 

robust differentiation, whereas the two MRFs lacking both (Myf5 and 5d5) were the 

poorest. Thus, in both growth and differentiation conditions, the MyoD NH2- and COOH-

terminal regions cooperate to strongly activate the myogenic differentiation program. 

Discussion 

Previous work has suggested that there are unique roles for MyoD and Myf5 in adult 

myogenesis (Megeney et al., 1996; Sabourin et al., 1999; Montarras et al., 2000). To 

investigate the possibility that these phenotypes are a result of the activation of unique 

target genes by each of these transcription factors, we conducted genome-wide surveys of 

gene expression changes in response to MRF expression. The embryonic fibroblast cells 

that were used are normally non-myogenic but can be converted to myoblasts by ectopic 
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MRF expression. Importantly, they were derived in a MyoD' ~;Myf5~' background, 

precluding cross-activation between MyoD and Myf5. 

Our microarray data indicates that MyoD expression induces more myogenic 

genes than Myf5, often to a greater degree. Comparison of our data with a previous study 

(Bergstrom et al., 2002), however, demonstrated that the majority of these MyoD-

regulated targets are markers of differentiated skeletal muscle. Thus, a unique function of 

MyoD (vs. Myf5) is a strong ability to induce differentiation. MyoD-mxW primary 

myoblasts have vastly reduced levels of differentiation marker gene expression (Fig. 2), 

which is consistent with the phenotypic data on single-null primary myoblast cultures; in 

the absence of MyoD, the myoblasts proliferate well and differentiate poorly (Sabourin et 

al., 1999), whereas in the absence of Myf5, the opposite is true (Montarras et al., 2000). 

The moderate reduction of levels of growth-phase genes in MyoD-null myoblasts likely 

indicates a preference for activation by MyoD that Myf5 compensates for only partially. 

A previous study by Seale et al. (2004) used representation difference analysis to 

identify potential satellite cell markers and MyoD target genes using primary myoblasts 

from MyoD''' mice as a model for early satellite cell activation. The decreased expression 

of many genes (including Chrny, Chrnal, myogenin, troponin Tl, H19, and Peg3) was 

seen (Seale et al., 2004); these genes were up-regulated by MyoD expression in our 

experiments, supporting the contention that MyoD regulates these genes and promotes 

differentiation. However, Seale et al. (2004) also showed that levels of numerous genes 

(e.g., k-cadherin, integrin-oJ', Plgf, VCAM1, Igsf4a, Tcr(xvl3, laminin (i5, neuritin-1, and 

KlralS) are increased in MyoD1' myoblasts, which express considerable Myf5. None of 
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these genes was identified in the current study as a Myf5 target. Thus, although MyoD 

and Myf5 have critical roles in the myogenic program, other transcription factors (e.g., 

Pax3 or Pax7) are likely needed to produce the full spectrum of normal myoblast gene 

expression. 

We initially focused on the genes that were activated in the proliferating 

population by pruning our microarray results of differentiation genes. To assist in this, we 

leveraged the work of Bergstrom et al. (2002), who used an inducible MyoD in 

differentiating dblKO cells. Their identified target genes were those induced by serum 

deprivation, growth arrest, and MyoD activity in the context of those conditions. 

However, their data also included genes that are induced immediately before growth 

arrest but remain up-regulated either as a result of a failure of their RNA levels to decay 

to baseline during the early times of the experiment or because expression continues in 

differentiation. Thus, we identified a set of genes that were growth phase targets of 

MyoD and Myf5. Furthermore, real-time PCR validation confirmed that they were not 

unique targets but, rather, that they all could be induced by either of these MRFs. 

These similarities in function are perhaps not surprising. Both MyoD- and Myf5-

null mice possess grossly normal skeletal muscle, indicating that there is redundancy and 

compensation for the loss of either factor during development. Indeed, only with the 

concurrent loss of MRF4 activity does the defect in skeletal myogenesis become fully 

penetrant (Kassar-Duchossoy et al., 2004). Therefore, rather than MyoD and Myf5 each 

having a unique set of target genes that they are responsible for activating, it is reasonable 

that these two factors are capable of regulating the same downstream targets. Differences 
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in MyoD and Myf5 function in proliferating cells may instead vary in the strength of their 

effect on similar sets of genes. Whether MyoD and Myf5 function similarly during 

differentiation is a distinct question. 

Previous work by Wyzykowski et al. (2002) suggested that Id3 and NP1 were 

both activated by MyoD in myoblast growth phase. Although our data does not show this, 

the differences between our methods and theirs are considerable and are more than 

adequate to explain the discrepancy. The cell types in which the experiments were 

conducted are a primary example: Wyzykowski et al. (2002) used 10tl/2 fibroblasts 

(genetically wild type), whereas our fibroblasts were derived from MyoDIMyf5 

compound-mutant animals (it is also likely that our cells have disrupted MRF4 function; 

Kassar-Duchossoy et al., 2004). It is quite conceivable that the presence of other 

myogenic factors could be capable of modulating MyoD activity. 

An important conclusion to be drawn from these data is that both MyoD and 

Myf5 are active transcription factors in proliferating myoblasts (previously shown for 

MyoD by Wyzykowski et al., 2002). Rather than passively awaiting a differentiation 

signal, these two factors induce the expression of myoblast growth-phase genes. MyoD 

and Myf5, therefore, act not only to commit the cell to a myoblast identity but also to 

prepare the myoblast for skeletal muscle differentiation. 

The expression of MyoD or Myf5 led to the down-regulation of only a very small 

number of genes. This could indicate that they act primarily as transcriptional activators 

in high serum conditions. However, our experimental system involved converting a 
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fibroblast cell type to the myogenic lineage and, thus, was incapable of detecting MRF-

mediated suppression of any genes that were not initially expressed in the control cells. 

Myogenin is not usually found in proliferating myoblasts and is induced at the 

onset of differentiation (Hollenberg et al., 1993; Weintraub, 1993; Bergstrom et al., 

2002). The non-differentiation targets that were assayed (e.g., Sixl, Runxl, Mcpt8, and 

Sppl) were induced to similar levels by either MyoD or Myf5, whereas myogenin was 

induced strongly by MyoD (10-fold) but only weakly by Myf5 (1.2-fold). Thus, although 

myogenin can activate similar targets to MyoD (Wyzykowski et al., 2002) and Myf5 

(Table I), indirect regulation through myogenin is not dominant. The over-expression of 

myogenin alone was much less effective than MyoD at inducing differentiation marker 

transcripts, also demonstrating that MyoD has distinct functions that are not simply 

consequences of myogenin induction. 

The high level of structural conservation between MyoD and Myf5, particularly in 

the bHLH domain, provides a strong rationale for our observation that there are few, if 

any, unique growth phase target genes of MyoD or Myf5 (this might be extended to 

myogenin - the conserved bHLH domain may allow the induction of growth targets, 

although myogenin would not usually be found in growing cells). It has been shown 

previously that just three differing amino acids between the MyoD and E12 bHLH 

regions encode specificity for the myogenic program (Davis and Weintraub, 1992). 

However, our results suggest that the three non-conservative and five conservative amino 

acid substitutions between MyoD and Myf5 bHLH domains are not likely to be involved 
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in overt target gene selection, although they could potentially provide sufficient variation 

for more subtle types of regulation. 

Chimeric MRFs, in which the NH2-, bHLH-, and COOH terminal domains of 

MyoD and Myf5 were interchanged, were used to explore which portions of MyoD might 

provide for enhanced myogenic differentiation. Strikingly, only the d5d chimera 

approached MyoD levels of differentiation gene expression, whereas the other chimeras, 

Myf5, and myogenin were many times less effective. The MyoD NH2- and COOH-

terminal regions had much less activity when separated, thus indicating a functional 

interaction between them. 

In contrast to growth conditions (Fig. 4), differentiation conditions allowed the 

MyoD NH2- and COOH-terminal regions to function independently (Fig. 5, B and C), 

with the concurrent presence of both producing the greatest differentiation. Therefore, 

each region is effective when growth signals are naturally reduced under low serum 

conditions. However, cooperation between these two MyoD regions was required to 

overcome the strong growth signals that were provided by high serum medium. Full-

length MyoD, unlike Myf5, could, therefore, bias a cell toward differentiation by 

sensitizing it to a moderate reduction in growth signals. 

Interestingly, the MyoD bHLH domain enhanced differentiation at the molecular 

and phenotypic levels (Figs. 4 and 5), but only when combined with the MyoD COOH 

terminus. Despite its exceptional similarity with the Myf5 bHLH, the MyoD bHLH 

domain functionally differs in its interaction with the MyoD COOH terminus. However, 
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this MyoD bHLH effect modulates gene expression levels rather than target gene 

selection (Fig. 4). 

The NH2-terminal activity is likely to be the MyoD transcriptional activation 

domain, which was previously mapped between amino acids 3-56 (Weintraub et al., 

1991b). It is interesting to speculate that the COOH-terminal function is provided by the 

chromatin remodeling amphipathic a-helix (helix III) domain that was previously 

described by Bergstrom and Tapscott (2001). Whereas MyoD can induce muscle marker 

expression at repressed loci, their studies demonstrated that a similar motif in myogenin 

was ineffective at this task. This a-helix motif is conserved in Myf5 (Gerber et al., 1997), 

but Myf5 is similar to myogenin in being less effective than MyoD at initiating muscle 

gene expression. Thus, MyoD might be more efficient than Myf5 for inducing 

differentiation because of a greater ability to remodel chromatin at lineage-restricted loci. 

A similar domain appears in MRF4 (Rhodes and Konieczny, 1989; Bergstrom and 

Tapscott, 2001) and could mediate the residual skeletal myogenesis that is found in the 

absence of MyoD and Myf5 (Kassar-Duchossoy et al., 2004). Therefore, MyoD may use 

its COOH-terminal chromatin- remodeling domain to provide access to silenced muscle 

genes for the NH2-terminal activation domain. In support of this, the substitution of either 

portion alone into Myf5 produced only moderate increases in gene expression, whereas 

together they strongly activated a variety of differentiation markers (Fig. 4). 

If MyoD is inclined to promote differentiation, whereas Myf5 activates growth 

(but not differentiation) targets, then it is consistent with their cell cycle regulation in 

growing myoblasts. MyoD levels peak at the differentiation checkpoint in Gi of the cell 
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cycle, whereas Myf5 levels are high in S/G2 and Go in association with proliferation and a 

failure to differentiate (Kitzmann et al., 1998). This complementary pattern of expression 

allows for the maintenance of expression of growth-phase genes and myogenic identity 

while ensuring that high levels of MyoD occur only at a cell cycle point that is 

appropriate for differentiation. 

That MyoD and Myf5 activate the same downstream target genes, but to differing 

degrees, does much to explain the phenotypes observed in single knockout mice and 

cells. Our data reinforce the partitioning of myogenic factors into primary and secondary 

MRFs and, furthermore, add support to the concept of a role for Myf5 in myoblast 

proliferation versus MyoD instigating myogenic differentiation. MyoD's ability to 

activate differentiation marker expression despite the presence of high levels of serum is 

a distinguishing biochemical function that is not found in Myf5 and involves the 

cooperation of separate domains of MyoD. These regions may allow MyoD to interact 

with co-activators for which Myf5 has much less affinity. In the future, studies to further 

understand the distinct roles played by MyoD and Myf5 in growing and differentiating 

myoblasts, as well as the structural constraints and intermolecular interactions upon 

which those roles are built, will be essential to our understanding of the mechanism by 

which damaged skeletal muscle is efficiently regenerated. 
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Materials and Methods 

Cell culture 

MyoD-mx\\lMyf5-n\x\\ dblKO mouse embryo fibroblasts were isolated, and clonal lines 

were selected and expanded (designated 2C5/7 and 4C5/2). Fibroblasts were cultured in 

sub-confluent conditions in growth medium of DMEM supplemented with 10% FCS and 

1% penicillin/streptomycin. Proliferating primary myoblasts from wild-type and MyoD'1' 

mice were isolated and cultured as described previously (Megeney et al., 1996; Sabourin 

etal., 1999). 

Myf5, MyoD, chimeric MRFs, or myogenin were introduced into dblKO cells 

using retrovirus based on the three-plasmid HIT system (provided by V. Sartorelli, 

National Institutes of Health, Bethesda, MD; Soneoka et al., 1995), including expression 

plasmids based on the pHAN backbone (with puromycin resistance driven from a distinct 

SV40 promoter) or a modified pHAN backbone in which the puromycin cassette was 

replaced by an internal ribosomal entry site and humanized Renilla GFP (IRES-hrGFP) 

sequence (Stratagene). MRFs that were expressed using the latter retroviral plasmid were 

COOH-terminally tagged with a 3x FLAG epitope. Empty control virus expressed only 

puromycin resistance or hrGFP. Retrovirus was produced by calcium phosphate transient 

co-transfection of gag-pol (pHIT60), env (pHIT456), and expression (pHAN) plasmids 

into 293T cells; virus-containing medium was harvested 48 h from the beginning of the 

transfection and was filtered through a 0.45-|im syringe filter (Millipore). Cells were 

infected overnight with diluted, filtered viral supernatant plus 8 |lg/ml polybrene 
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(hexadimethrine bromide; Sigma-Aldrich). Drug selection, where appropriate, was 

conducted with 1 ng/ml puromycin (Sigma-Aldrich) in growth medium for at least 1 wk; 

uninfected controls were obliterated after 4-5 d of selection. Differentiation was induced 

by replacing growth medium with DME + 2% horse serum (GIBCO BRL) and 1% 

penicillin/streptomycin. 

FACS 

3 d after infection with hrGFP-expressing retrovirus, pools of cells were trypsinized, 

centrifuged, resuspended in PBS + 5% FCS, filtered through a MACS filter (Miltenyi 

Biotec) to remove aggregates, and placed on ice. Cell sorting was performed using a 

MoFlo sorter (DakoCytomation), with gating on hrGFP+ populations set by a comparison 

with an uninfected negative control pool. A small portion of the sorted cells was 

reanalyzed to assess purity, and the remainder was re-plated in growth medium for an 

additional 24 h before harvesting for total RNA. 

RNA and protein isolation 

Total RNA was purified using the RNeasy Mini Kit (QIAGEN) according to the 

manufacturer's instructions and quantitated by OD260 or by RiboGreen (Invitrogen). 

RNA samples used for microarray analysis were ethanol precipitated in order to reach a 

minimum concentration of 2 |J.g/|il. Protein extracts were made by lysis of pelleted cells 

in radioimmunoprecipitation assay (RIPA) lysis buffer supplemented with MiniComplete 

protease inhibitors (Roche). 
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Microarray analysis 

Triplicate RNA samples for microarray analysis were submitted to the Ottawa Genome 

Centre for hybridization to MG-U74Av2 GeneChips (Affymetrix, Inc.). Manufacturer's 

quality controls were verified by the Centre. Raw data files were processed with 

MicroArray Suite (MAS 5.0; Affymetrix, Inc.) using the statistical algorithm 

(Affymetrix, Inc.) to derive signals and present/marginal/absent calls for each sample; all 

possible pair-wise comparisons were also performed between experimental and control 

replicates, producing log(fold) ratio estimates of change and increase/no change/decrease 

calls. Processed results were then exported from MAS 5.0 and imported into Excel and 

Access (Microsoft) for further manipulation. Probesets showing consistent statistically 

significant changes between MRF and control samples were screened for detectable 

signal values (present/absent calls) and absolute log(fold) changes of at least one. 

Probeset annotations were obtained from http://www.affymetrix.com/analysis/index.affx. 

Microarray data is available from StemBase (http://www.scgp.ca:8080/ StemBase/; 

Ontario Genomics Innovation Centre; Perez-Iratxeta et al., 2005) under experiments 

E223 (samples S361-4) and E59 (S78-9) and from the National Center for Biotechnology 

Information's Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/; Edgar et 

al., 2002; Barrett et al., 2005) under series accession no. GSE3245 (GSM73053...64) and 

GSE3244 (GSM73026, -29, -32, -35, -38, and -41). 

http://www.affymetrix.com/analysis/index.affx
http://www.scgp
http://www.ncbi.nlm.nih.gov/geo/
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Real-time PCR 

RNA samples were reverse transcribed using random hexamer primers that were included 

in the RNA PCR Core Kit (Perkin-Elmer) according to the manufacturer's instructions. 

Reverse transcription reactions were diluted (1:10 in Fig. 3 C and 2:5 in Fig. 4 A) with 10 

mM Tris, pH 8.0, yielding master samples of reverse-transcribed products from which 

related PCR reactions were drawn. Real-time PCR reactions included the following: 2 \y\ 

of diluted reverse transcription product, 10 |xl of 2x iQ SYBR Green Supermix (Bio-Rad 

Laboratories), 30 nM ROX passive reference dye (Stratagene), and 50 nM of each 

forward and reverse PCR primer. Real-time data was gathered using a system (MX4000; 

Stratagene) over 40 cycles (30 s at 94°C, 60 s at 58°C, and 30 s at 72°C) followed by a 

denaruration curve from 54 to 94°C in 30 s increments of 0.5°C to ensure amplification 

specificity. Ct values were calculated with the MX4000 software by using moving 

window averaging and an adaptive baseline. Fold changes, other calculations, and chart 

plotting were performed in Excel. A PCR efficiency of 85% was assumed. Primer 

sequences can be found in Table S2. 

Chimeric MRF construction 

Chimeric MyoDIMyf5 MRFs were created by using an overlapping PCR approach to 

seamlessly fuse the NH2- and COOH-terminal regions to the central bHLH domain (Fig. 

3 A). The 318 aa of MyoD (available from GenBank/EMBL/DDBJ under accession no. 

NM_010866) were divided into aa 1-96 (NH2 terminus), 97-161 (bHLH-); and 162-318 

(COOH terminus). The 255 aa of Myf5 (available from GenBank/EMBL/DDBJ under 
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accession no. NM008656) were divided into aa 1-70 (NH2 terminus), 71-135 (bHLH), 

and 136-255 (COOH terminus). Each PCR product was cloned into an appropriate 

expression plasmid and verified by sequencing (Applied Biosystems). 

Immunocytochemistry and Western blot analysis 

Primary antibodies that were used are listed as follows: mouse anti-FLAG (M2 and M5; 

Sigma-Aldrich), rabbit anti-Myf5 (C-20; Santa Cruz Biotechnology, Inc.), rabbit anti-

MyoD (C-20; Santa Cruz Biotechnology, Inc.), mouse anti-MyoD (5.2F; Sigma-Aldrich), 

mouse anti-myogenin (F5D) and mouse anti-myosin heavy chain (MF20; hybridoma 

supernatants), mouse anti-desmin (D33; DakoCytomation), and mouse anti-oc-tubulin 

(Sigma-Aldrich). For immunostaining, cells were fixed with 4% PFA, permeabilized with 

Triton X-100, and blocked with 5% normal goat serum in PBS. Primary and secondary 

antibodies were applied in 5% goat serum-PBS. Secondary detection used appropriate 

fluorescein- or rhodamine-conjugated antibodies (Chemicon). 0.25 (ig/ml DAPI was 

included in a final wash step to highlight nuclei. Samples were mounted in fluorescence 

mounting medium (DakoCytomation), coverslipped, and imaged using a microscope 

(Axiophot 2; Carl Zeiss Microimaging, Inc.), a 10X NA 0.30 plan-Neofluar (Phi; 

co/0.17) or 20X NA 0.75 plan Apochromat (co/0.17) objective, and a digital camera 

(AxioCam; Carl Zeiss Microimaging, Inc.). Digital images were captured by using 

Axiovision (Carl Zeiss Microimaging, Inc.) and were processed with Photoshop (Adobe). 

Enumeration was assisted by ImageJ software (http://rsb.info.nih.gov/ij/). 

http://rsb.info.nih.gov/ij/
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Western blots were made by electroblotting standard SDS-PAGE gels onto 

Immobilon-P membranes. Membranes were blocked in 5% skimmed milk in PBS; 

secondary detection was performed with an appropriate HRP-conjugated antibody (Bio-

Rad Laboratories) visualized by ECL (GE Healthcare). For densitometry, blots were 

digitally imaged with a 16-bit GeneGnome chemiluminescence gel-doc system 

(Syngene), and bands were quantified with the bundled GeneTools software (Syngene) 

except parts of Fig. 3 B, for which the MyoD (C-20), Myf5 (C-20), and corresponding 

tubulin (not depicted) blots were exposed to film, scanned, and analyzed by using ImageJ 

software. 

Online supplemental material 

Tables S1-S4 show the expansion of Table I, where candidate gene lists were derived by 

testing for consistent pair-wise increase/decrease changes (at least six of nine) as well as 

minimum mean threshold log(fold) changes of ±1 (two-fold). Increases for MyoD, 

increases for Myf5, decreases for MyoD, and decreases for Myf5 correspond to Tables 

SI, S2, S3, and S4, respectively. Table S5 shows the sequences and targets for primers 

that were used for SYBR Green real-time PCR. Online supplemental material is available 

at http://www.jcb.org/cgi/content/full/jcb.200502101/DC1. 

http://www.jcb.org/cgi/content/full/jcb.200502


Chapter 4 - Cooperation Between MyoD Domains 129 

Acknowledgements 

We thank Vince Punch for work on MyoD(cdk4-) and Myf5(cdk4+) constructs, Dr. V. 

Sartorelli for providing retroviral expression plasmids, and Mark Gillespie and Mike Huh 

for careful reading of the manuscript. M.A. Rudnicki holds the Canada Research Chair 

(CRC) in Molecular Genetics and is a Howard Hughes Medical Institute (HHMI) 

International Scholar. This work was supported by grants to M.A. Rudnicki from the 

Muscular Dystrophy Association, the National Institutes of Health, the Canadian 

Institutes of Health Research, the HHMI, and the CRC Program. 



Chapter 4 - Cooperation Between MyoD Domains 130 

References 

Barrett, T., T.O. Suzek, D.B. Troup, S.E. Wilhite, W.C. Ngau, P. Ledoux, D. Rudnev, 

A.E. Lash, W. Fujibuchi, and R. Edgar. 2005. NCBI GEO: mining millions of 

expression profiles-database and tools. Nucleic Acids Res. 33:D562-D566. 

Benezra, R., R.L. Davis, D. Lockshon, D.L. Turner, and H. Weintraub. 1990. The protein 

Id: a negative regulator of helix-loop-helix DNA binding proteins. Cell. 61:49—59. 

Bergstrom, D.A., and S.J. Tapscott. 2001. Molecular distinction between specification 

and differentiation in the myogenic basic helix-loop-helix transcription factor 

family. Mol. Cell. Biol. 21:2404-2412. 

Bergstrom, D.A., B.H. Penn, A. Strand, R.L. Perry, M.A. Rudnicki, and S.J. Tapscott. 

2002. Promoter-specific regulation of MyoD binding and signal transduction 

cooperate to pattern gene expression. Mol. Cell. 9:587-600. 

Braun, T., G. Buschhausen-Denker, E. Bober, E. Tannich, and H.H. Arnold. 1989. A 

novel human muscle factor related to but distinct from MyoDl induces myogenic 

conversion in 10T1/2 fibroblasts. EMBOJ. 8:701-709. 

Braun, T., M.A. Rudnicki, H.H. Arnold, and R. Jaenisch. 1992. Targeted inactivation of 

the muscle regulatory gene Myf-5 results in abnormal rib development and 

perinatal death. Cell. 71:369-382. 

Crescenzi, M., T.P. Fleming, A.B. Lassar, H. Weintraub, and S.A. Aaronson. 1990. 

MyoD induces growth arrest independent of differentiation in normal and 

transformed cells. Proc. Natl. Acad. Sci. USA. 87:8442-8446. 



Chapter 4 - Cooperation Between MyoD Domains 131 

Davis, R.L., and H. Weintraub. 1992. Acquisition of myogenic specificity by replacement 

of three amino acid residues from MyoD into E12. Science. 256:1027-1030. 

Edgar, R., M. Domrachev, and A.E. Lash. 2002. Gene Expression Omnibus: NCBI gene 

expression and hybridization array data repository. Nucleic Acids Res. 30:207-

210. 

Gerber, A.N., T.R. Klesert, D.A. Bergstrom, and S.J. Tapscott. 1997. Two domains of 

MyoD mediate transcriptional activation of genes in repressive chromatin: a 

mechanism for lineage determination in myogenesis. Genes Dev. 11:436^450. 

Hollenberg, S.M., P.F. Cheng, and H. Weintraub. 1993. Use of a conditional MyoD 

transcription factor in studies of MyoD trans-activation and muscle determination. 

Proc. Natl. Acad. Sci. USA. 90:8028-8032. 

Kassar-Duchossoy, L., B. Gayraud-Morel, D. Gomes, D. Rocancourt, M. Buckingham, 

V. Shinin, and S. Tajbakhsh. 2004. Mrf4 determines skeletal muscle identity in 

Myf5:Myod double-mutant mice. Nature. 431:466-471. 

Kitzmann, M., G. Carnac, M. Vandromme, M. Primig, N.J. Lamb, and A. Fernandez. 

1998. The muscle regulatory factors MyoD and myf-5 undergo distinct cell cycle-

specific expression in muscle cells. J. Cell Biol. 142:1447-1459. 

Li, L., J. Zhou, G. James, R. Heller-Harrison, M.P. Czech, and E.N. Olson. 1992. FGF 

inactivates myogenic helix-loop-helix proteins through phosphorylation of a 

conserved protein kinase C site in their DNA-binding domains. Cell. 71:1181— 

1194. 



Chapter 4 - Cooperation Between MyoD Domains 132 

Lindon, C , D. Montarras, and C. Pinset. 1998. Cell cycle-regulated expression of the 

muscle determination factor Myf5 in proliferating myoblasts. J. Cell Biol. 

140:111-118. 

Megeney, L.A., B. Kablar, K. Garrett, J.E. Anderson, and M.A. Rudnicki. 1996. MyoD is 

required for myogenic stem cell function in adult skeletal muscle. Genes Dev. 

10:1173-1183. 

Montarras, D., C. Lindon, C. Pinset, and P. Domeyne. 2000. Cultured myf5 null and 

myoD null muscle precursor cells display distinct growth defects. Biol. Cell. 

92:565-572. 

Perez-Iratxeta, C, G. Palidwor, C.J. Porter, N.A. Sanche, M.R. Huska, B.P. Suomela, 

E.M. Muro, P.M. Krzyzanowski, E. Hughes, P.A. Campbell, et al. 2005. Study of 

stem cell function using microarray experiments. FEBS Lett. 579:1795-1801. 

Rawls, A., M.R. Valdez, W. Zhang, J. Richardson, W.H. Klein, and E.N. Olson. 1998. 

Overlapping functions of the myogenic bHLH genes MRF4 and MyoD revealed 

in double mutant mice. Development. 125:2349-2358. 

Rhodes, S.J., and S.F. Konieczny. 1989. Identification of MRF4: a new member of the 

muscle regulatory factor gene family. Genes Dev. 3:2050-2061. 

Rudnicki, M.A., T. Braun, S. Hinuma, and R. Jaenisch. 1992. Inactivation of MyoD in 

mice leads to up-regulation of the myogenic HLH gene Myf-5 and results in 

apparently normal muscle development. Cell. 71:383-390. 



Chapter 4 - Cooperation Between MyoD Domains 133 

Rudnicki, M.A., P.N. Schnegelsberg, R.H. Stead, T. Braun, H.H. Arnold, and R. 

Jaenisch. 1993. MyoD or Myf-5 is required for the formation of skeletal muscle. 

Cell. 75:1351-1359. 

Sabourin, L.A., A. Girgis-Gabardo, P. Seale, A. Asakura, and M.A. Rudnicki. 1999. 

Reduced differentiation potential of primary MyoD-/- myogenic cells derived 

from adult skeletal muscle. J. Cell Biol. 144:631-643. 

Seale, P., A. Asakura, and M.A. Rudnicki. 2001. The potential of muscle stem cells. Dev. 

Cell. 1:333-342. 

Seale, P., J. Ishibashi, C. Holterman, and M.A. Rudnicki. 2004. Muscle satellite cell-

specific genes identified by genetic profiling of MyoD-deficient myogenic cell. 

Dev. Biol. 275:287-300. 

Soneoka, Y., P.M. Cannon, E.E. Ramsdale, J.C. Griffiths, G. Romano, S.M. Kingsman, 

and A.J. Kingsman. 1995. A transient three-plasmid expression system for the 

production of high titer retroviral vectors. Nucleic Acids Res. 23:628-633. 

Sorrentino, V., R. Pepperkok, R.L. Davis, W. Ansorge, and L. Philipson. 1990. Cell 

proliferation inhibited by MyoDl independently of myogenic differentiation. 

Nature. 345:813-815. 

Tapscott, S.J., R.L. Davis, M.J. Thayer, P.F. Cheng, H. Weintraub, and A.B. Lassar. 

1988. MyoDl: a nuclear phosphoprotein requiring a Myc homology region to 

convert fibroblasts to myoblasts. Science. 242:405^111. 



Chapter 4 - Cooperation Between MyoD Domains 134 

Thayer, M.J., S.J. Tapscott, R.L. Davis, W.E. Wright, A.B. Lassar, and H. Weintraub. 

1989. Positive autoregulation of the myogenic determination gene MyoDl. Cell. 

58:241-248. 

Vaidya, T.B., S.J. Rhodes, E.J. Taparowsky, and S.F. Konieczny. 1989. Fibroblast 

growth factor and transforming growth factor beta repress transcription of the 

myogenic regulatory gene MyoDl. Mol. Cell. Biol. 9:3576-3579. 

Vivian, J.L., E.N. Olson, and W.H. Klein. 2000. Thoracic skeletal defects in myogenin-

and MRF4-deficient mice correlate with early defects in myo-

Weintraub, H. 1993. The MyoD family and myogenesis: redundancy, networks, and 

thresholds. Cell. 75:1241-1244. 

Weintraub, H., R. Davis, S. Tapscott, M. Thayer, M. Krause, R. Benezra, T.K. Blackwell, 

D. Turner, R. Rupp, S. Hollenberg, et al. 1991a. The myoD gene family: nodal 

point during specification of the muscle cell lineage. Science. 251:761-766. 

Weintraub, H., V.J. Dwarki, I. Verma, R. Davis, S. Hollenberg, L. Snider, A. Lassar, and 

S.J. Tapscott. 1991b. Muscle-specific transcriptional activation by MyoD. Genes 

Dev. 5:1377-1386. 

Wyzykowski, J.C., T.I. Winata, N. Mitin, E.J. Taparowsky, and S.F. Konieczny. 2002. 

Identification of novel MyoD gene targets in proliferating myogenic stem cells. 

Mol. Cell. Biol. 22:6199-6208. 

Zhang, J.M., X. Zhao, Q. Wei, and B.M. Paterson. 1999. Direct inhibition of G(l) cdk 

kinase activity by MyoD promotes myoblast cell cycle withdrawal and terminal 

differentiation. EMBOJ. 18:6983-6993. 



Ta
bl

e 
S

1 
- I

nc
re

as
ed

 b
y 

M
yo

D
 

Ti
tle

 
ac

tin
, a

lp
ha

, c
ar

di
ac

 
tro

po
ni

n 
C

, c
ar

di
ac

/s
lo

w
 s

ke
le

ta
l 

in
su

lin
-li

ke
 g

ro
w

th
 fa

ct
or

 b
in

di
ng

 p
ro

te
in

 5
 

ac
tin

, a
lp

ha
 1

, s
ke

le
ta

l m
us

cl
e 

tro
po

ni
n 

T
3,

 s
ke

le
ta

l, 
fa

st
 

m
yo

si
n 

lig
ht

 c
ha

in
, p

ho
sp

ho
ry

la
ta

bl
e,

 fa
st

 s
ke

le
ta

l m
us

cl
e 

H
19

 fe
ta

l l
iv

er
 m

R
N

A
 

m
yo

si
n,

 li
gh

t p
ol

yp
ep

tid
e 

4 
ch

ol
in

er
gi

c 
re

ce
pt

or
, 

ni
co

tin
ic

, 
be

ta
 p

ol
yp

ep
tid

e 
1 

(m
us

cl
e)

 
tro

po
ni

n 
T

2,
 c

ar
di

ac
 

m
yo

si
n,

 h
ea

vy
 p

ol
yp

ep
tid

e 
3,

 s
ke

le
ta

l m
us

cl
e,

 e
m

br
yo

ni
c 

tro
po

ni
n 

T1
, 

sk
el

et
al

, s
lo

w
 

m
as

t c
el

l p
ro

te
as

e 
8 

A
T

P
as

e,
 C

a+
+

 tr
an

sp
or

tin
g,

 c
ar

di
ac

 m
us

cl
e,

 fa
st

 tw
itc

h 
1 

tro
po

ni
n 

I, 
sk

el
et

al
, s

lo
w

 1
 

m
yo

ge
ni

n 
A

T
P

as
e,

 C
a+

+
 tr

an
sp

or
tin

g,
 c

ar
di

ac
 m

us
cl

e,
 fa

st
 tw

itc
h 

1 
m

yo
si

n,
 li

gh
t 

po
ly

pe
pt

id
e 

1 
ch

ol
in

er
gi

c 
re

ce
pt

or
, 

ni
co

tin
ic

, g
am

m
a 

po
ly

pe
pt

id
e 

ch
ol

in
er

gi
c 

re
ce

pt
or

, 
ni

co
tin

ic
, g

am
m

a 
po

ly
pe

pt
id

e 
ch

ol
in

er
gi

c 
re

ce
pt

or
, 

ni
co

tin
ic

, a
lp

ha
 p

ol
yp

ep
tid

e 
1 

(m
us

cl
e)

 
se

cr
et

ed
 p

ho
sp

ho
pr

ot
ei

n 
1 

re
tic

ul
on

 2
 (Z

-b
an

d 
as

so
ci

at
ed

 p
ro

te
in

) 
C

1q
 a

nd
 tu

m
or

 n
ec

ro
si

s 
fa

ct
or

 r
el

at
ed

 p
ro

te
in

 3
 

re
tin

ob
la

st
om

a 
1 

ac
tin

in
 a

lp
ha

 3
 

R
IK

E
N

 c
D

N
A

 1
19

00
02

N
15

 g
en

e 
m

yo
si

n 
lig

ht
 c

ha
in

, p
ho

sp
ho

ry
la

ta
bl

e,
 fa

st
 s

ke
le

ta
l m

us
cl

e 
po

ta
ss

iu
m

 c
ha

nn
el

 te
tra

m
er

is
at

io
n 

do
m

ai
n 

co
nt

ai
ni

ng
 1

2 
v-

er
b-

b2
 e

ry
th

ro
bl

as
tic

 l
eu

ke
m

ia
 v

ira
l o

nc
og

en
e 

ho
m

ol
og

 3
 (a

vi
an

) 
ry

an
od

in
e 

re
ce

pt
or

 1
, s

ke
le

ta
l m

us
cl

e 
pr

ot
ei

n 
ki

na
se

 in
hi

bi
to

r,
 a

lp
ha

 
U

D
P

-g
lu

co
se

 c
er

am
id

e 
gl

uc
os

yl
tra

ns
fe

ra
se

 
ca

dh
er

in
 1

5 
m

yo
si

n 
bi

nd
in

g 
pr

ot
ei

n 
H

 
si

ne
 o

cu
lis

-r
el

at
ed

 h
om

eo
bo

x 
1 

ho
m

ol
og

 (
D

ro
so

ph
ila

) 
tro

po
m

yo
si

n 
2,

 b
et

a 
in

hi
bi

to
r 

of
 D

N
A

 b
in

di
ng

 2
 

pa
te

rn
al

ly
 e

xp
re

ss
ed

 3
 

11
 d

ay
s 

em
br

yo
 h

ea
d 

cD
N

A
, R

IK
E

N
 fu

ll-
le

ng
th

 e
nr

ic
he

d 
lib

ra
ry

, c
lo

n 
en

ol
as

e 
3,

 b
et

a 
m

us
cl

e 
sa

rc
og

ly
ca

n,
 b

et
a 

(d
ys

tro
ph

in
-a

ss
oc

ia
te

d 
gl

yc
op

ro
te

in
) 

ru
nt

 r
el

at
ed

 tr
an

sc
rip

tio
n 

fa
ct

or
 1

 

m
yo

cy
te

 e
nh

an
ce

r 
fa

ct
or

 2
A

 

G
en

ba
nk

ID
 

M
15

50
1 

M
29

79
3 

L1
24

47
 

M
12

34
7 

L4
89

89
 

A
V

29
06

49
 

X
58

19
6 

M
19

43
6 

M
14

53
7 

L4
76

00
 

M
74

75
3 

A
V

21
34

31
 

X
78

54
5 

X
67

14
0 

A
J2

42
87

4 
X

15
78

4 
A

V
24

18
08

 
X

12
97

3 
X

03
81

8 
A

V
24

84
55

 
M

17
64

0 
X

13
98

6 
A

F
09

36
24

 
A

I3
15

64
7 

M
26

39
1 

A
F

09
37

75
 

A
W

12
54

53
 

U
77

94
3 

A
I8

42
06

5 
A

I0
06

22
8 

D
38

21
6 

A
W

12
54

42
 

A
I8

53
17

2 
A

J2
45

40
2 

U
68

26
7 

X
80

33
9 

M
81

08
6 

A
F

07
78

61
 

A
F

03
89

39
 

A
W

21
26

72
 

X
61

60
0 

A
B

02
49

21
 

D
26

53
2 

X
05

86
2 

A
W

12
08

74
 

A
W

04
54

43
 

P
 

3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 2 3 3 3 3 2 3 3 3 3 3 3 3 3 2 3 3 3 3 3 3 

M
yo

D
 

M
 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 

A
 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

p
 0 1 3 3 2 0 3 3 3 3 0 0 3 0 0 1 0 2 0 0 0 3 0 3 2 0 3 0 3 0 0 1 3 0 0 3 3 3 3 0 3 0 3 0 3 3 

M
yf

5 
M

 
A

 
0 

3 
0 

2 
0 

0 
0 

0 
0 

1 
0 

3 
0 

0 
0 

0 
0 

0 
0 

0 
0 

3 
0 

3 
0 

0 
0 

3 
0 

3 
0 

2 
0 

3 
0 

1 
0 

3 
0 

3 
0 

3 
0 

0 
0 

3 
0 

0 
0 

1 
0 

3 
0 

0 
0 

3 
0 

0 
0 

3 
0 

3 
0 

2 
0 

0 
0 

3 
0 

3 
0 

0 
0 

0 
0 

0 
0 

0 
2 

1 
0 

0 
1 

2 
0 

0 
0 

3 
0 

0 
0 

0 

hr
G

F
P

 
P

 
M

 
0 

0 
0 

0 
0 

0 
0 

1 
0 

0 
0 

0 
1 

1 
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
3 

0 
0 

0 
3 

0 
0 

0 
0 

0 
1 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0 
3 

0 
0 

0 
0 

0 
1 

0 
3 

0 
3 

0 
3 

0 
0 

0 
3 

0 
0 

0 
2 

0 
0 

0 
3 

0 
2 

0 

A
 

3 3 3 2 3 3 1 3 3 2 3 3 3 3 3 3 3 3 3 3 3 0 3 0 3 3 2 3 2 3 3 3 0 3 3 2 0 0 0 3 0 3 1 3 0 1 

I 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 8 9 9 6 8 9 6 9 9 7 9 8 9 8 9 9 9 6 9 9 6 9 9 6 9 9 9 9 9 9 

M
l 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

M
yo

D
 

N
C

 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 3 0 0 2 0 1 0 1 0 0 0 3 0 0 3 0 0 3 0 0 0 0 0 0 

M
D

 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

D
 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

I 1 9 9 9 0 0 9 3 9 8 0 1 9 0 0 0 0 0 0 0 0 9 0 5 0 0 9 1 9 0 0 4 9 0 0 9 0 9 0 1 8 0 9 0 0 5 

M
l 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 0 

M
yf

5 
N

C
 

8 0 0 0 9 9 0 6 0 1 9 7 0 9 9 9 9 9 9 9 9 0 9 4 9 9 0 8 0 9 9 5 0 9 8 0 9 0 8 8 0 9 0 8 8 4 

M
D

 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

D
 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 

lo
g2

(F
ol

c 
M

yo
D

 
SL

R
 

7.
9 

7.
4 

7.
2 

6.
5 

5.
6 

5.
4 

5.
2 

4.
8 

4.
6 

4.
4 

4.
1 

4.
0 

3.
5 

3.
5 

3.
4 

3.
3 

3.
3 

3.
2 

3.
2 

3.
1 

3.
1 

3.
1 

2.
8 

2.
5 

2.
5 

2.
3 

2.
3 

2.
3 

2.
3 

2.
2 

2.
2 

2.
2 

2.
1 

2.
1 

2.
0 

1.
9 

1.
9 

1.
9 

1.
8 

1.
8 

1.
8 

1.
8 

1.
8 

1.
7 

1.
7 

1.
6 

JC
ha

ng
e)

 
M

yf
5 

SL
R

 
1.

6 
3.

2 
3.

3 
3.

2 
1.

5 
1.

6 
2.

6 
1.

1 
4.

0 
1.

4 
-0

.4
 

-0
.2

 
3.

5 
0.

2 
-0

.2
 

0.
3 

-1
.3

 
-0

.4
 

1.
0 

-0
.2

 
1.

4 
2.

5 
-0

.5
 

0.
9 

0.
7 

-0
.8

 
0.

8 
0.

2 
2.

6 
0.

3 
0.

3 
0.

7 
1.

7 
-1

.0
 

-1
.1

 
1.

8 
0.

0 
1.

2 
0.

0 
1.

3 
0.

8 
-0

.1
 

1.
6 

-0
.8

 
0.

3 
0.

3 



> 2 T> O 

> >e
nt

 

? 
0i rg

in
 

"0 

se
n 

*-'-

n 

o 
en 4 ea

s 

n 

? 
o 

^ m 
cR in

a 

<< u 

•z. <: 

o -

z <r O tj) 

OE in
a 

ha
n 

CO << 
CD 

3 

— 

-O 

s as
e 

u. 

GO ;*) 
r~ tu 

2,
 w 

,-+ c5" 
a> £D 

II 
^ CD 

CD 3. 

D- y — 
(DAS 

JB 5.5-
r*« ^ CO 

03 03 Q. 
— CO CD if! 

til 

• tJ "D (• =T 3" 

»?:• 
3 5T f. S. 

§ « 
£ ™.<s_w

3
'° §• 

* &gi I! 

E^-

ns
m

 0) 

-i 
01 

CD 

•a 

~r 

iry
 

m -j 

nh
an

c 

«i 
a 

IV> 

rc
o 

tn 

ca
n,

 g
am

 

=1 
£U 

0) 

ky
r 

3 

(T> 
tl ea

t d
o 

H 
3' 

</) ru
m

 

t» 

-t 

•<• o
id

A
 

CO 

05 ph
a 

3 

^ yl
ac

yl
 

n 0 
> 

0 
fn te

o 

CD 

^ 0 

a ?. 3 v 

3 ~ o-
o Q. 
cu' CD 

> > > 
fO -»• ro O 
_». tO -^ 4^ 

-»• Ui £n OJ 
CO O C*> Ji. 
-* CO -vl 

>5 
a ^ - s 
CO O 
ro CD 
O CD 
03 CD 
CD IO 

O CO 
~>l CD 
*H CO 

GO £ 

CO ^ 
03 CO 

03 J! 

£ I- X X 
00 en 03 -»• 
•^ s 01 w 
^ 01 -» co 

g to co 01 

CO CO 
CD en 
01 en 

O O 
o en 
CD CO 
CO Jb. 
^j en 

> > > 5 co -n o o o 
4^. to -£*• 
co •*«• -*• 
CO CD 03 
ZL to *> 

X C O 
o co co 
CO CO -* 
en co CD 
o o en 
en co -»• 

WWWUUMWU 

o o 

o o 

00000 

000000 

CO CO 

o o 

o o 

-*- to co co 

IO O O O 

0000 

CO CO 

o o 

o o 

CO CO 

o o 

o o 

CO CO CO 

000 

000 

CO CO CO 

000 

000 

CO CO CO CO 

0000 

CO CO 

o o 

CO CO CO CO 

0000 

0000000000 

-»• CO CO -»• 

o o o -»• 

IO O O -»• 

CO CO CO 

OOOO 

CO O CO 

000 

www 

OOIOOOCOOOOO 

-».-».|OCOroOCOCoroCOOOCOO 

OOOO 

CO CO O CO 

Co _>._». _i 

orooooooooo' 

NCOUiCOC003CO(DC5)tDSCD
,
SC7) 

oo-».ooooo-*ooooo 

ro-iWo-iW-^OMOwowu 

00000000000000 

-* 
0 

tO 

CO 

_i 

O 

ro 

CD 

0 

0 

CO 

CD 

O 

O 

CO 

CD 

CO 

0 

0 

CO 

OOOOOOO 

ro _v o o 0 co 

0000000000 

000000000000000000000000 

ro o co CD 01 co co -4C0O0JOO03OOC0r0C0O 

-*ooo-j.o->-oooorooo 

01(DO)OU^OCO(D(D!»OU(DU(D(D«CDtDONO)«) 

OOOO OOOOOOOOOO' 

OOOOOOOOOO 

OOOOOOOOOO 

OOOOOOOOOOOOC0OOOOOOOOOOO 

WrOMMWCJW.fe.-t*OlC3)O)0)0) 

OoOOOO-^OOOOOo
000

0-*'00--
i0

-
1

'0 

TJ 

O o 

3 
• 

si 
Ei 

9£t suwmOQ qotijq uadMiag uoiiojddoo^) - p Adidvio 



Ta
bl

e 
S

2 
- 

In
cr

ea
se

d
 b

y 
M

yf
5 

Ti
tle

 
ch

ol
in

er
gi

c 
re

ce
pt

or
, 

ni
co

tin
ic

, 
be

ta
 p

ol
yp

ep
tid

e 
1 

(m
us

cl
e)

 
m

as
t c

el
l p

ro
te

as
e 

8 
in

su
lin

-li
ke

 g
ro

w
th

 fa
ct

or
 b

in
di

ng
 p

ro
te

in
 5

 
se

le
ct

in
, 

pl
at

el
et

 
ac

tin
, a

lp
ha

 1
, s

ke
le

ta
l m

us
cl

e 
H

19
 fe

ta
l l

iv
er

 m
R

N
A

 
po

ta
ss

iu
m

 c
ha

nn
el

 te
tra

m
er

is
at

io
n 

do
m

ai
n 

co
nt

ai
ni

ng
 1

2 
se

cr
et

ed
 p

ho
sp

ho
pr

ot
ei

n 
1 

S
K

I 
in

te
ra

ct
in

g 
pr

ot
ei

n 
si

ne
 o

cu
lis

-r
el

at
ed

 h
om

eo
bo

x 
1 

ho
m

ol
og

 (
D

ro
so

ph
ila

) 
U

D
P

-g
lu

co
se

 c
er

am
id

e 
gl

uc
os

yl
tra

ns
fe

ra
se

 
se

rin
e 

(o
r 

cy
st

ei
ne

) 
pr

ot
ei

na
se

 in
hi

bi
to

r, 
cl

ad
e 

E
, 

m
em

be
r 

1 
co

nn
ec

tiv
e 

tis
su

e 
gr

ow
th

 fa
ct

or
 

an
ky

rin
 r

ep
ea

t 
do

m
ai

n 
1 

(c
ar

di
ac

 m
us

cl
e)

 
ru

nt
 r

el
at

ed
 tr

an
sc

rip
tio

n 
fa

ct
or

 1
 

se
m

a 
do

m
ai

n,
 im

m
un

og
lo

bu
lin

 d
om

ai
n 

(Ig
),

 s
ho

rt
 b

as
ic

 d
om

ai
n,

 s
ec

 
gu

an
in

e 
nu

cl
eo

tid
e 

bi
nd

in
g 

pr
ot

ei
n,

 a
lp

ha
 in

hi
bi

tin
g 

1 
tro

po
ni

n 
T

2,
 c

ar
di

ac
 

ca
lm

od
ul

in
 b

in
di

ng
 p

ro
te

in
 1

 
en

ab
le

d 
ho

m
ol

og
 (

D
ro

so
ph

ila
) 

in
hi

bi
to

r 
of

 D
N

A
 b

in
di

ng
 2

 
W

N
T

1 
in

du
ci

bl
e 

si
gn

al
in

g 
pa

th
w

ay
 p

ro
te

in
 1

 
tra

ns
m

em
br

an
e 

4 
su

pe
rfa

m
ily

 m
em

be
r 6

 
ty

ro
si

ne
 3

-m
on

oo
xy

ge
na

se
/tr

yp
to

ph
an

 5
-m

on
oo

xy
ge

na
se

 a
ct

iv
at

io
n 

R
IK

E
N

 c
D

N
A

 2
61

02
01

A
13

 g
en

e 
R

IK
E

N
 c

D
N

A
 1

30
00

02
F1

3 
ge

ne
 

ph
os

ph
ol

ip
as

e 
A

2,
 g

ro
up

 V
II 

(p
la

te
le

t-a
ct

iv
at

in
g 

fa
ct

or
 a

ce
ty

lh
yd

ro
la

: 
A

 k
in

as
e 

(P
R

K
A

) 
an

ch
or

 p
ro

te
in

 8
 

R
IK

E
N

 c
D

N
A

 2
81

00
26

P
18

 g
en

e 
R

IK
E

N
 c

D
N

A
 5

53
06

00
A

18
 g

en
e 

G
en

ba
nk

lO
 

M
14

53
7 

X
78

54
5 

L1
24

47
 

M
72

33
2 

M
12

34
7 

X
58

19
6 

A
I8

42
06

5 
X

13
98

6 
A

W
04

66
71

 
X

80
33

9 
A

I8
53

17
2 

M
33

96
0 

M
70

64
2 

A
F0

41
84

7 
D

26
53

2 
Z

80
94

1 
A

M
 5

34
12

 
L4

76
00

 
A

F0
62

37
8 

D
10

72
7 

A
F

07
78

61
 

A
F

10
07

77
 

A
F

05
34

54
 

U
56

24
3 

A
A

22
28

83
 

A
I8

53
53

1 
A

A
79

68
31

 
U

34
27

7 
A

I6
46

98
1 

A
W

04
56

64
 

A
W

12
54

33
 

A
A

17
78

26
 

P
 

3 3 3 1 3 3 3 3 2 3 3 3 3 3 3 2 3 3 1 3 3 3 3 0 3 3 3 1 3 3 2 0 

W
yo

D
 

M
 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 2 0 0 0 0 

A
 

0 0 0 2 0 0 0 0 1 0 0 0 0 0 0 1 0 0 1 0 0 0 0 3 0 0 0 0 0 0 1 3 

p
 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 1 3 3 3 3 3 3 3 3 

M
yf

5 
M

 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 

A
 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

hr
G

FP
 

P
 

0 0 0 0 0 1 1 3 1 1 3 3 3 3 2 0 1 1 1 2 3 3 1 0 3 3 3 2 2 1 1 1 

M
 

0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

A
 

3 3 3 3 2 1 2 0 2 2 0 0 0 0 1 3 2 2 2 1 0 0 2 3 0 0 0 1 1 2 2 2 

1 9 9 9 3 9 9 9 9 0 9 9 4 5 8 9 8 5 9 3 6 9 8 9 2 5 5 2 0 4 6 5 2 

M
l 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 

M
yo

D
 

N
C

 
0 0 0 6 0 0 0 0 9 0 0 2 1 1 0 1 4 0 4 3 0 1 0 7 4 2 6 9 5 0 4 6 

M
D

 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 

D
 

0 0 0 0 0 0 0 0 0 0 0 3 3 0 0 0 0 0 2 0 0 0 0 0 0 1 1 0 0 3 0 0 

I 9 9 9 8 9 9 9 9 9 9 9 6 6 9 9 8 7 8 6 9 9 8 6 6 9 6 9 6 6 6 6 6 

M
l 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

M
yf

5 
N

C
 

0 0 0 1 0 0 0 0 0 0 0 3 0 0 0 1 2 1 3 0 0 0 3 3 0 3 0 3 3 3 3 3 

M
D

 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

D
 

0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

lo
g2

(F
ol

dC
ha

ng
e)

 
M

yo
D

 
S

LR
 

4.
6 

3.
5 

7.
2 

2.
3 

6.
5 

5.
2 

2.
3 

3.
1 

0.
3 

1.
9 

2.
1 

0.
3 

0.
6 

1.
6 

1.
8 

1.
7 

1.
3 

4.
4 

0.
6 

0.
9 

1.
9 

1.
1 

1.
4 

0.
1 

0.
5 

0.
3 

0.
2 

0.
7 

0.
6 

0.
6 

0.
7 

0.
3 

M
yf

5 
S

LR
 

4.
0 

3.
5 

3.
3 

3.
3 

3.
2 

2.
6 

2.
6 

2.
5 

2.
3 

1.
8 

1.
7 

1.
7 

1.
7 

1.
6 

1.
6 

1.
5 

1.
5 

1.
4 

1.
3 

1.
3 

1.
2 

1.
2 

1.
2 

1.
2 

1.
1 

1.
1 

1.
1 

1.
0 

1.
0 

1.
0 

1.
0 

1.
0 

C
al

l: 
P

 
M

 
A

 

P
re

se
nt

 
M

ar
gi

na
l 

A
bs

en
t 

C
ha

ng
e 

I M
l 

N
C

 
M

D
 

D
 

In
cr

ea
se

d 
M

ar
gi

na
lly

 I
nc

re
as

ed
 

N
o 

C
ha

ng
e 

M
ar

gi
na

lly
 D

ec
re

as
ed

 
D

ec
re

as
ed

 

R
at

io
: 

S
LR

 
S

ig
na

l L
og

 R
at

io
, i

e.
 lo

ga
rit

hm
(b

as
e2

) 
of

 th
e 

fo
ld

-c
ha

ng
e,

 a
ve

ra
ge

d 



Ta
bl

e 
S

3 
- 

D
ec

re
as

ed
 b

y 
M

yo
D

 

Ti
tle

 
hy

pe
rm

et
hy

la
te

d 
in

 c
an

ce
r 

1 
de

lta
-li

ke
 1

 h
om

ol
og

 (
D

ro
so

ph
ila

) 
qu

ie
sc

in
 Q

6 

en
do

th
el

ia
l d

iff
er

en
tia

tio
n,

 s
ph

in
go

iip
id

 G
-p

ro
te

in
-c

ou
pl

ed
 re

ce
pt

or
, -

G
en

ba
nk

ID
 

A
J0

07
51

1 
Z

12
17

1 
A

W
12

35
56

 
A

A
00

28
43

 
A

F
10

80
21

 

M
yo

D
 

P
 

M
 

A
 

1 
0 

2 
3 

0 
0 

3 
0 

0 
2 

1 
0 

3 
0 

0 

M
yf

5 
P

 
M

 
A

 
3 

0 
0 

3 
0 

0 
3 

0 
0 

3 
0 

0 
3 

0 
0 

hr
G

FP
 

P
 

M
 

A
 

3 
0 

0 
3 

0 
0 

3 
0 

0 
3 

0 
0 

3 
0 

0 

I 0 0 0 0 0 

M
yo

D
 

M
l 

N
C

 
M

D
 

0 
2 

0 
0 

0 
0 

0 
2 

0 
0 

2 
1 

0 
1 

0 

D
 

7 9 7 6 8 

1 0 0 0 1 0 

M
l 0 0 0 0 0 

M
yf

5 
N

C
 

M
D

 
8 

0 
3 

0 
6 

0 
6 

1 
0 

0 

D
 

1 6 3 1 9 

lo
g2

(F
ol

dC
ha

ng
e)

 
M

yo
D

 
S

LR
 

-2
.4

 
-1

.6
 

-1
.1

 
-1

.1
 

-1
.1

 

M
yf

5 
S

LR
 

-0
.5

 
-0

.7
 

-0
.8

 
-0

.1
 

-0
.8

 

C
al

l: 
P

 
M

 
A

 

P
re

se
nt

 
M

ar
gi

na
l 

A
bs

en
t 

C
ha

ng
e 

I M
l 

N
C

 
M

D
 

D
 

In
cr

ea
se

d 
M

ar
gi

na
lly

 I
nc

re
as

ed
 

N
o 

C
ha

ng
e 

M
ar

gi
na

lly
 D

ec
re

as
ed

 
D

ec
re

as
ed

 

R
at

io
: 

S
LR

 
S

ig
na

l L
og

 R
at

io
, i

e.
 lo

ga
rit

hm
(b

as
e2

) 
of

 th
e 

fo
ld

-c
ha

ng
e,

 a
ve

ra
ge

d 

T
O

 

2 5'
 

as
 

bo
 

T
O

 

T
O

 
T

O
 

3 b
 

!>
3 0
0 



Ta
bl

e 
S

4 
- 

D
ec

re
as

ed
 b

y 
M

yf
5 

Ti
tle

 
tra

ns
cr

ip
tio

n 
fa

ct
or

 2
0 

S
ol

ut
e 

ca
rr

ie
r 

fa
m

ily
 3

9 
(z

in
c 

tra
ns

po
rte

r)
, 

m
em

be
r 

1 
(S

lc
39

a1
),

 m
R

I 
ac

tin
, b

et
a,

 c
yt

op
la

sm
ic

 
K

D
E

L 
(L

ys
-A

sp
-G

lu
-L

eu
) 

en
do

pl
as

m
ic

 r
et

ic
ul

um
 p

ro
te

in
 r

et
en

tio
n 

re
 

tra
ns

fo
rm

in
g 

gr
ow

th
 fa

ct
or

, b
et

a 
re

ce
pt

or
 I

II 
O

TU
 d

om
ai

n,
 u

bi
qu

iti
n 

al
de

hy
de

 b
in

di
ng

 1
 

U
D

P
-G

al
:b

et
aG

lc
N

A
c 

be
ta

 1
,4

- 
ga

la
ct

os
yl

tra
ns

fe
ra

se
, 

po
ly

pe
pt

id
e 

1 
R

IK
E

N
 c

D
N

A
 2

30
00

06
M

17
 g

en
e 

la
m

in
 A

 
sy

na
pt

op
od

in
 

pr
oc

ol
la

ge
n,

 ty
pe

 I,
 a

lp
ha

 2
 

so
lu

te
 c

ar
rie

r 
fa

m
ily

 2
3 

(n
uc

le
ob

as
e 

tra
ns

po
rte

rs
),

 m
em

be
r 3

 
dy

ne
in

, c
yt

op
la

sm
ic

, 
in

te
rm

ed
ia

te
 c

ha
in

 1
 

se
cr

et
in

 

G
en

ba
nk

ID
 

A
I8

47
90

6 
A

A
60

68
78

 
J0

41
81

 
A

W
12

34
08

 
A

F
03

96
01

 
A

I8
38

31
8 

M
27

92
3 

A
V

37
98

09
 

D
49

73
3 

A
W

04
66

61
 

A
V

23
06

31
 

A
V

22
28

71
 

A
F

06
32

29
 

X
73

58
0 

P
 

3 3 3 3 3 3 3 3 3 3 3 3 2 3 

Vl
yo

D
 

M
 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 

A
 

0 0 0 0 0 0 0 0 0 0 0 0 1 0 

p
 2 3 3 3 3 3 3 3 3 3 1 3 1 3 

M
yf

5 
M

 
0 0 0 0 0 0 0 0 0 0 2 0 0 0 

A
 1 0 0 0 0 0 0 0 0 0 0 0 2 0 

hr
G

FP
 

P
 

3 3 3 3 3 2 3 3 3 3 3 3 2 3 

M
 

0 0 0 0 0 1 0 0 0 0 0 0 1 0 

A
 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 

I 1 2 3 2 0 1 1 0 2 0 0 0 0 1 

M
l 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

M
yo

D
 

N
C

 
4 2 2 3 5 3 2 4 2 5 6 5 5 3 

M
D

 
2 0 0 0 1 0 0 0 0 0 0 1 1 0 

D
 

2 5 4 4 3 5 6 5 5 4 3 3 3 5 

I 0 0 0 0 0 0 0 0 3 0 0 0 0 0 

M
l 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

M
yf

5 
N

C
 

0 3 2 2 0 3 3 3 0 3 3 3 2 2 

M
D

 
0 0 1 0 0 0 0 0 0 0 0 0 0 0 

D
 

9 6 6 7 9 6 6 6 6 6 6 6 7 7 

lo
g2

(F
ol

dC
ha

ng
e)

 
M

yo
D

 
S

LR
 

-0
.4

 
-0

.6
 

-0
.5

 
-0

.6
 

-0
.8

 
-1

.0
 

-1
.0

 
-0

.9
 

-1
.2

 
-0

.8
 

-0
.6

 
-0

.6
 

-0
.5

 
-0

.7
 

M
yf

5 
S

LR
 

-2
.3

 
-1

.5
 

-1
.5

 
-1

.5
 

-1
.4

 
-1

.4
 

-1
.3

 
-1

.2
 

-1
.2

 
-1

.1
 

-1
.0

 
-1

.0
 

-1
.0

 
-1

.0
 

C
al

l; 
P

 
M

 
A

 

P
re

se
nt

 
M

ar
gi

na
l 

A
bs

en
t 

C
ha

ng
e 

I M
l 

N
C

 
M

D
 

D
 

In
cr

ea
se

d 
M

ar
gi

na
lly

 I
nc

re
as

ed
 

N
o 

C
ha

ng
e 

M
ar

gi
na

lly
 D

ec
re

as
ed

 
D

ec
re

as
ed

 

R
at

io
 

S
LR

 
S

ig
na

l L
og

 R
at

io
, i

e.
 lo

ga
rit

hm
(b

as
e2

) 
of

 th
e 

fo
ld

-c
ha

ng
e,

 a
ve

ra
ge

d 

9 T
O

 

i T
O

 2 ©
' a to
 

T
O

 

T
O

 
T

O
 

a ! b
 

b
 

©
 § 



T
ab

le
 S

5 
-

G
en

e 

C
hr

ic
ll 

C
w

r.
 

C
lr

n
g 

G
A

P
D

H
 

H
es

6 

H
m

gb
3 

H
nr

pL
 

Id
b3

 

IG
F

B
P

5 

L-
;v

r.
c 

m
-c

ad
he

ri
i 

M
cp

!8
 

m
yo

g
cn

in
 

O
sf

2 

P
ki

n 

R
u

n
xl

 

S
el

p 

S
ix

l 

S
pp

1 

T
gf

b-
3 

T
n

cc
 

S
eq

u
en

ce
s 

o
f 

P
C

R
 p

ri
m

er
s 

u
se

d
 f

o
r 

S
Y

B
R

 g
re

en
 r

ea
l-

ti
m

e 
P

C
R

 

G
ID

 

N
M

. 
0G

73
89

 

N
M

 
00

96
01

 

N
M

J5
0

9
6

0
4 

N
M

_0
08

08
-i 

N
M

 
01

94
79

 

N
M

 
00

82
53

 

N
M

.1
7

7
3

0
1 

N
M

_0
08

32
1 

N
M

_C
10

51
8 

N
M

 _
00

o5
06

 

l 
N

M
 .

00
76

62
 

N
M

 
C

03
57

2 

N
M

 
0

3
1

1
8

9 

N
M

_0
15

73
4 

N
M

. .
00

88
62

 

N
M

 .0
0

9
8

2 
• 

N
M

_
0

1
1

3
4

7 

N
M

_
0

0
9

1
8

9 

N
M

_0
C

92
63

 

N
M

..
01

15
78

 

N
M

_
0

0
9

3
9

3 

R
L

T
-P

C
R

 

T
a 

5
8

.0
 

C
 

52
.0

 
C

 

5
8

.0
 

C
 

58
.0

 
C

 

5
8

.0
 

C
 

58
.0

 
C

 

5
8

.0
 

C
 

58
.0

 °
C

 

58
.0

 
'C

 

58
.0

 
C

 

58
.0

 
C

 

58
.0

 
C

 

5
8

.0
 

'C
 

58
.0

 
C

 

58
.0

 "
C

 

58
.0

 
C

 

58
.0

 
!C

 

58
.0

 
C

 

5
8

.0
 '

 C
 

58
.0

 
C

 

5
8

.0
 

'C
 

am
p

li
co

n
 

32
5 

bp
 

31
5 

!;p
 

22
7 

bp
 

22
8 

bp
 

36
3 

bp
 

25
8 

bp
 

30
7 

bp
 

29
9 

bp
 

31
3 

bp
 

2^
8 

hf
i 

31
7 

bp
 

27
9 

bp
 

94
 b

p 

23
8 

bp
 

28
7 

bp
 

28
5 

bp
 

27
3 

bp
 

29
0 

bp
 

32
2 

bp
 

28
1 

bp
 

26
1 

bp
 

fo
rw

a
rd

 

s
e

q
u

e
n

c
e 

5'
 

5'
 

5'
 

5'
 

5'
 

5'
 

5'
 

5'
 

5'
 

5'
 

5'
 

5"
 

5'
 

51 5'
 

5'
 

5'
 

5'
 

5'
 

5'
 

5'
 

cc
a

:g
a

a
g

tc
a

g
a

cc
a

g
g

a
g 

tc
a

g
g

iig
ca

cg
a

g
a

yg
tc

a 

ct
cc

a
g

a
a

lg
g

ct
ct

tc
ct

c 

tc
g

g
tg

tg
a

a
cg

g
a

tt
tg

 

a
cc

ca
cc

tc
g

ct
g

a
g

ta
g

tt
 

ct
a

cj
g

ig
g

cc
a

a
g

a
a

g
g

a
a

g 

tc
ca

g
ca

cc
ct

a
g

ca
a

tg
ta

 

cc
tg

ca
g

cg
tg

tc
a

ta
g

a
ct

 

g
ca

cc
tg

a
g

a
tg

a
g

a
ca

g
g

a 

g
g

ca
ct

cc
ta

g
to

tg
g

a
a

g
c 

a
g

cc
cl

g
a

g
tt

ct
tc

a
g

ca
t 

cc
a

a
a

cc
ta

ca
a

cg
a

ct
cc

a 

g
ca

a
tg

ca
ct

g
g

a
g

lt
cg

 

gg
gg

ttg
tc

ac
ig

tg
aa

rt
g 

tg
a

a
g

tc
cc

tg
ct

a
tg

tg
g

a 

tc
tg

ca
g

a
a

ct
tt

cc
a

g
tc

g 

a
g

g
a

cg
g

tc
a

ct
g

g
tc

a
g

a
t 

g
a

a
cc

g
g

a
g

g
ca

a
a

g
a

g
a 

g
tg

g
tg

cc
a

a
g

a
g

tg
tg

tt
t 

g
tg

g
tc

a
a

a
a

a
cc

tc
g

tc
ct

 

ca
ca

g
g

tg
a

g
a

cc
a

tt
a

cg
g 

3'
 

3'
 

3'
 

3'
 

3'
 

3'
 

3'
 

3'
 

31 31 3'
 

3'
 

3'
 

3"
 

3'
 

3'
 

3'
 

3'
 

3'
 

3'
 

3'
 

le
n

g
th

 

20
 m

er
 

20
 m

er
 

20
 m

er
 

18
 m

er
 

20
 m

er
 

20
 m

er
 

20
 m

er
 

20
 m

er
 

20
 m

er
 

20
 m

er
 

20
 m

er
 

20
 m

er
 

18
 m

er
 

20
 m

er
 

20
 m

er
 

20
 m

er
 

20
 m

er
 

18
 m

er
 

20
 m

er
 

20
 m

er
 

20
 m

er
 

re
ve

rs
e 

s
e

q
u

e
n

c
e 

5"
 

5'
 

5'
 

5'
 

5'
 

5'
 

5'
 

5'
 

5'
 

5'
 

5'
 

5'
 

5'
 

5'
 

5"
 

5'
 

5"
 

5'
 

5'
 

5'
 

5'
 

a
ta

ca
g

cc
g

tg
tg

a
g

ca
g

a
g 

ca
ct

tg
a

a
cg

tc
tt

cc
ca

g
a 

a
g

g
tt

a
ca

g
g

ca
tc

ca
ca

ca
 

g
g

;c
!c

g
ct

cc
tg

g
a

n
g

a 

a
tg

ca
tg

ca
ct

g
g

a
tg

ta
g

c 

ct
cc

cg
a

tc
a

ta
tc

g
g

a
ct

t 

g
a

g
tc

tt
cc

tt
cc

ca
g

ca
tc

 

a
a

g
tg

a
a

g
a

g
g

g
ct

g
g

g
tt

a 

g
ta

g
g

a
ta

g
g

g
g

g
a

g
g

a
a

g
g 

t:
a

:g
ct

g
ct

g
tt

g
g

tg
g

a
t 

cc
tt

ca
a

g
g

a
tg

g
tg

a
a

cc
t 

a
g

g
ct

ca
g

a
ca

a
cc

a
ta

cc
c 

a
cg

a
tg

g
a

cg
ta

a
g

g
g

a
g

tg
 

tc
tc

g
a

a
a

g
ci

tc
a

tt
g

g
tg

 

g
tt

g
n

tg
a

cc
g

tc
n

g
a

a
ig

g 

g
g

cg
cc

g
ta

g
ta

ta
g

a
tg

g
t 

cg
a

a
tg

a
g

a
ca

tt
g

g
ca

g
a

c 

a
g

tc
ct

g
g

a
g

ct
g

g
tg

ct
 

ca
tg

g
ct

tt
ca

tt
g

g
a

a
tt

g 

tt
g

tt
ct

ca
a

g
cc

g
a

a
g

a
tg

 

g
ac

ag
g

aa
tg

g
g

g
ag

ag
aa

a 

3'
 

3"
 

3'
 

3'
 

3'
 

3'
 

3'
 

3'
 

3'
 

3'
 

3'
 

3'
 

3'
 

3'
 

3'
 

3'
 

3'
 

3'
 

3'
 

3'
 

3'
 

le
n

g
th

 

20
 m

er
 

20
 m

or
 

20
 m

er
 

18
 m

er
 

20
 m

er
 

20
 m

or
 

20
 m

er
 

20
 m

er
 

20
 m

er
 

20
 m

er
 

20
 m

er
 

20
 m

er
 

20
 m

er
 

20
 m

er
 

20
 m

or
 

20
 m

er
 

20
 m

er
 

18
 m

er
 

20
 m

er
 

20
 m

er
 

20
 m

er
 

S
p

an
s 

In
tr

o
n

s?
 

8
(3

9
5

b
p

) 

1
0

i2
8

9
b

;»
 

8
(3

9
5

b
p

) 

si
n

g
io

 e
xo

n 
g

e
n

e 

1
(7

8
b

p
):

2
(9

1
b

p
) 

3
(1

8
6

3
b

D
):

4
(2

2
6

b
p

i 

1
0

(4
7

0
b

p
):

1
1

(1
1

9
b

p
):

 
12

(3
61

 b
p)

 

1
i1

1
6

b
p

i:
2

(5
0

4
b

p
j 

1
(5

8
9

b
p

):
2

(6
3

5
b

p
) 

1
f2

8
8

7
b

p
) 

5
(4

5
9

b
p

):
6

(3
9

3
b

p
) 

4
i4

8
0

b
p

) 

2 
(5

27
) 

u
n

kn
o

w
n 

2
(4

4
9

6
b

p
) 

4
(6

7
1

2
b

p
) 

1
1

(8
1

6
b

p
) 

1
l2

0
3

8
b

p
) 

1
(9

9
b

p
);

2
(-

0
7

9
b

p
);

 
3

(4
9

1 
b

p
):

4
(9

9
8

b
p

) 

u
n

kn
o

w
n 

5
(9

0
b

p
) 

T
O

 

T
O

 

2 s to
 

T
O

 

T
O

 
T

O
 

a b
 

b
 

o S
 

4^
 

o 



Chapter 5 

General Discussion 



Chapter 5 - General Discussion 142 

Overview of Findings 

Skeletal muscle satellite cells provide a local reservoir of lineage-committed adult 

stem cells for repairing exercise- or trauma-induced damage to muscle fibres. The 

paired-box transcription factor Pax7 is a specific molecular marker of satellite cells, 

corresponding to the histological criteria of Mauro (1961). Adult PaxT1' mice are 

severely depleted of satellite cells and have very little capacity to regenerate muscle. The 

function of Pax7 in myoblasts is therefore of primary interest in deciphering how satellite 

cell populations are maintained and committed to the skeletal muscle lineage. 

Quiescent satellite cells are activated by damage to muscle fibres. An early event 

in their activation is the expression of the myogenic regulatory factors Myf5 and MyoD, 

each of which can function as a master regulator of myogenesis. As transcription factors, 

Myf5 and MyoD induce numerous other muscle genes, eventually culminating in the 

differentiation and fusion of the myoblasts into contractile multinucleated fibres. Both 

proteins are expressed in growing myoblasts and each provides unique properties to the 

growing cells. The relationship of Pax7 to Myf5 and MyoD in the transition of quiescent 

satellite cells into activated myoblasts, and the differential functions of Myf5 and MyoD 

in the progression from proliferative myoblasts into differentiated myofibres, are key 

questions in a molecular model of adult myogenesis. 

This work has addressed these questions. The residual myoblasts that persist in 

PaxT1' muscle are rescued from apoptosis by the loss ofp53, indicating that Pax7 has a 

cell survival function (Chapter 2). Importantly, Pax7 also acts in lineage determination 
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as a transcription factor, increasing the expression of numerous genes when introduced 

into either myoblasts or fibroblasts (Chapter 3). These target genes are normally 

expressed in satellite cell-derived myoblasts, but many are poorly characterized and may 

have roles in maintaining an adult stem cell phenotype. Notably, different isoforms of 

Pax7 have varying abilities to activate these targets, providing a rationale for the 

evolutionary conservation of its alternative splicing. In particular, Pax7 has the capacity 

to regulate the expression of Myf5 and MyoD, providing a functional connection between 

the paired-box and myogenic factors. In the context of non-myogenic adult CD45+/Scal+ 

stem cells (Appendix B), expression of Pax7 activates Myf5, MyoD, and ultimately the 

full myogenic program. As Pax7 is highly expressed in growing myoblasts, the up-

regulation of Myf5 by Pax7 fits with the association of Myf5 to proliferation and MyoD 

to potentiating differentiation (Chapter 4; Appendix C). These data therefore integrate 

three key myogenic transcription factors into a framework for future studies of satellite 

and other adult myogenic stem cells (Figure 1). 

Biomedical Implications 

Translocation fusions of Pax7 and Pax3 to FKHR have a prominent role in 

alveolar rhabdomyosarcoma. Identifying the normal functions of Pax7 and how they are 

deregulated in these tumours could point to therapeutic vulnerabilities in these aggressive 

childhood tumours. On a related issue, knowledge of how Pax7 functions in cell survival 

and proliferation, as well as in maintaining an undifferentiated and self-renewing satellite 

cell pool, could revolutionize myoblast-based treatments for muscle degenerative 
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Figure 1. Model of Pax and MRF transcription factor functions in adult 
satellite cells. Pax7 is expressed in quiescent satellite cell that reside upon 
muscle fibres until activated by damage. In the absence of Pax7, residual Pax3+ 
satellite cells are lost through a p53-dependent pathway (Chapter 2). Following 
activation, satellite cells upregulate Myf5, MyoD, and other myoblast genes 
regulated by Pax7 (Chapter 3). A fraction of activated satellite cells down-
regulate MRF expression and return to quiescence, replenishing the satellite cell 
pool. The remaining myoblasts proliferate to provide an expanded pool of cells 
for fibre repair. High levels of Myf5 expression are associated with this growth 
phase, whereas increased levels of MyoD prepare the myoblasts for 
differentiation (Chapter 4). At the onset of differentiation, MyoD efficiently 
induces myogenin and other genes involved in myoblast fusion and muscle fibre 
function (Chapter 4). Expression of Pax7 in non-myogenic CD45+/Sca1+ stem 
cells induces a similar cascade of myogenic specification (Appendix B). 
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diseases such as the muscular dystrophies, which have been hindered by poor survival 

and engraftment of donor cells. 

Adult stem cells are a potential alternative to purified myoblasts. The ability to 

convert the CD45+Scal+ population by expressing Pax7 is promising. Understanding the 

mechanism by which Pax7 accomplishes this could allow non-muscle stem cell 

populations to be employed in future interventions. Similarly, manipulating the balance 

of Myf5 and MyoD in implanted cells will be important for engineering a proliferative 

population that differentiates efficiently into working muscle fibres. Gene therapies for 

other conditions involving secreted products could also benefit if implanted myoblasts 

capable of manufacturing an important factor could fuse into fibres. 

Pax genes are involved in the development of other organs, including the eye 

(Pax6), kidney (Pax2), pancreas (Pax4), and teeth and skeleton (Pax9). Neurogenesis is 

also affected in many Pax mutants. Understanding Pax7 function may provide general 

lessons as to the roles in organogenesis of this important family of genes. Similarly, 

bHLH transcription factors are widely utilized during development. Myf5 and MyoD are 

therefore useful models for the functions of master regulatory genes in lineage 

determination. 

Pax3/7 Factors in Myogenesis 

The high degree of sequence conservation and nearly identical genomic 

organizations of Pax7 and Pax3 indicate that Pax7 arose in a duplication event from an 

ancestral Pax3/7 gene (Relaix et ah, 2004). The invertebrate Amphioxus possesses a 
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single Pax3/7 protein that shares 90%, 100%, and 97% amino acid identity with human 

PAX7 through the paired, octapeptide, and homeodomain segments, respectively 

(Holland et al., 1999), suggesting that the ancestral gene had ancient origins. Indeed, 

Pax7 has been proposed to have the structure most closely resembling the prototypical 

Pax factor that arose in primitive animals long before the radiation of the Metazoa 

(Vorobyov and Horst, 2006). Yet despite millions of years of evolutionary separation, 

Pax3 can functionally substitute for the many of the functions of its Drosophila 

homologue Paired (Prd; Xue and Noll, 1996). This high degree conservation suggests 

that their roles are deeply embedded within the development of the animal body plan. 

Nonetheless, their usage has diverged significantly. For instance, loss of Prd in 

Drosophila produces a severe pair-rule patterning defect early in the development 

(Nusslein-Volhard and Wieschaus, 1980). This function is not shared with other 

arthropods, for which a segmentation role is more general (Davis et al., 2005). 

Conversely, mutation of Pax7 and Pax3 affected myogenesis and neurogenesis but not 

overall segmental patterning in mice (Mansouri and Grass, 1998; Relaix et al., 2005). 

Furthermore, although they share a degree of overlap in expression and function, Pax7 

and Pax3 have differing mouse knockout phenotypes that indicate that each has acquired 

distinct functions since the original duplication that separated them. 

Pax7 clearly has an essential role in satellite cells based on evidence from mouse 

(Seale et al , 2000) and frog models (Chen et al., 2006). Kuang et al. (2006) 

demonstrated that Pax3-expressing myoblasts are interstitial and that only Pax7-

expressing cells reside in classical satellite cell locations beneath the fibre basal lamina. 
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Paralogous Pax7 and Pax3 genes are found in mammals, birds, amphibians, and fish, 

whereas single Pax3/7 genes have been identified in other vertebrates (Chen et al., 2006; 

Relaix et al., 2004). Interestingly, satellite cells have been found in mammals, birds, and 

amphibians (rev. Charge and Rudnicki, 2004), and possibly in fish (Stoiber and Sanger, 

1996). It is an intriguing (and speculative) hypothesis that the production of a distinct 

Pax7 by duplication of the ancestral Pax3/7 gene was critical to the appearance of proper 

satellite cells. In contrast to other regenerative strategies, it may be advantageous to have 

a reservoir of resident, committed stem cells. Pax7 provides for survival, proliferation, 

and self-renewal of satellite cells, permitting this population to be maintained through 

adulthood over many cycles of regeneration. Although Pax3 -expressing myoblasts are 

present, they are inadequate in post-natal and regenerative roles (Kuang et al., 2006). 

Examination of satellite cells and Pax7 function in many more species will help to define 

the evolutionary importance of Pax7. 

Functions of Pax7 

Pax7 mRNA and protein are strongly expressed during myoblast proliferation, 

before being drastically down-regulated during the earliest stages of differentiation. A 

role for Pax7 in promoting myoblast survival would be consistent with these 

observations, as activated satellite cells must enter and multiply within the harsh 

environment of damaged and necrotic muscle tissue. It was shown in Chapter 4 that 

whereas Myf5 was functional in growth phase, MyoD was far more efficient in activating 

the differentiation program. Therefore, by increasing Myf5 expression and limiting 
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MyoD expression, Pax7-expressing myoblasts would continue to increase in numbers 

prior to fusion. In this model, myoblasts lacking Pax7 activity would be depleted by 

apoptosis, resulting in a deficit in proliferation and earlier differentiation that would 

reduce the number of myoblasts available for repair. This would produce a loss of 

regenerative capacity, as is observed in PaxT' muscle. 

The strength of Pax7 as a transcription factor is not clear. While there are a 

number of genes that are well-induced by Pax7d in C2C12, so far only a few respond 

with high-level changes. Alternatively, Pax7 may have a more prominent function in 

defining lineage-related sets of genes for transcriptional availability than in direct 

recruitment of RNA polymerase complexes. Marking those genes by DNA binding or 

with chromatin modifications could be a necessary preparatory step for their later usage 

by specific master control factors. For example, such a role has been shown for the 

homeobox gene Pbxl in conjunction with MyoD (Berkes et al., 2004). Rather than 

cooperating with the MRFs, however, Pax7 may help to provide for the ability to activate 

them. Although the earliest stages of embryonic myogenesis are accomplished without 

Pax7 or Pax3, they are required for fetal, post-natal, and adult stages (Relaix et al., 2005). 

Pax7 and Pax3 may therefore be permissive for the myogenic lineage by providing the 

opportunity for MRJF expression in later periods. 

Pax7 and Pax3 are prominent during neurogenesis and provide dorsal identity to 

the neural plate (Relaix et al., 2004). Myogenesis and neurogenesis have many common 

developmental features, amongst them a prominent role for bHLH factors in lineage 

determination through the MRFs for muscle, and neurogenic factors such as Neurogenin, 
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Mash, or NeuroD for neurons. Conceivably, Pax7 could regulate neurogenic bHLH 

factors (much as for Myf5 and MyoD) with the combinatorial influence of other factors 

specifying neurons versus muscle. Pax7 will also need to be examined in neuronal 

systems, where it may regulate a distinct set of targets. Alternatively, the targets that we 

have identified may provide an underlying function that is useful in the context of both 

tissues. These comparisons will enlighten the process by which lineages are chosen. 

Alternative Splicing of Pax7 and Pax3 

The alternative splicing in the paired DNA binding domains of Pax7 and Pax3 is a 

conserved but strictly vertebrate innovation. Amphioxus Pax3/7 lacks the intron and 

splicing that produce the Q+A change (Holland et al., 1999). It was therefore inserted 

after the divergence of vertebrates but prior to the duplication of ancestral Pax3/7, 

because the Q+/" option is found in both Pax7 and Pax3. The conservation of this splicing 

suggests a functional biological importance, perhaps providing an important variation in 

Pax function without requiring a wholesale gene duplication event. Interestingly, the 

intron necessary for the GL+/" change is conserved from Amphioxus to Pax3 and to Pax7; 

however, only Pax7 appears to be alternatively spliced (Holland et al., 1999). 

Nonetheless, the GL+ insertion is the basis for the specific functional change that we have 

shown to modify Pax7 regulation of Myf5 and other target genes (Chapter 3). The 

addition of these variations in the paired domains of Pax7 and Pax3 has therefore 

coincided with the evolutionary development of .vertebrate skeletal muscle. 
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The implications of Pax7 alternative splicing provide many lines of possible 

inquiry. Unknowns include: how the isoforms are expressed; tissue-to-tissue variation in 

expression; dynamic regulation through development and ageing; changes in expression 

during satellite cell activation and regeneration; and differences between muscle groups, 

fibre types, or satellite cell sub-populations. Limited study has been made of these 

descriptive issues (Kay and Ziman, 1999; Ziman et al., 1997; Ziman and Kay, 1998), 

perhaps in part due to difficulties in quantitatively analyzing the transcripts in an efficient 

manner. Appendix A discusses this problem and provides a real-time PCR-based 

strategy to quickly assay numerous samples for comparison. This system will be useful 

for studies describing the in vivo expression of alternative transcripts as well as how they 

are regulated. 

Pax7d induced the endogenous Pax7 gene during the conversion of the adult stem 

cell CD45+/Scal+ population into myoblasts. Therefore, a combination of Pax7 isoforms 

may provide for myogenesis. However, existing engineered mouse lines have been 

generated by replacing a genomic fragment (often an exon) with a single contiguous 

coding sequence for Pax7, Pax3, or Pax3/FKHR, ensuring that the knock-in allele is 

expressed as only a single isoform. As such, data regarding preferential activation of 

isoform-specific targets, and even potential interactions between the different isoforms, 

are lost, as is also the case in expression experiments conducted in much the same way 

using cultured cell lines. Current conclusions regarding the specific roles of Pax7 or 

Pax3 may thus be incomplete. Similarly, there is only limited literature on alternative 

splicing of the Pax/FKHR fusion transcript (Du et al., 2005), and it appears probable that 
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studying a single fusion isoform will be inadequate to fully explain its role in alveolar 

rhabdomyosarcoma. 

Primary Myogenic Regulatory Factors 

In contrast to Pax7, the expression of Myf5 or MyoD is restricted to skeletal 

muscle, and induction of either primary myogenic factor commits that cell to the muscle 

lineage. They are, therefore, master regulators of cell fate. Whereas Pax7 may act to 

restrict lineage choices, Myf5 and MyoD specify the myogenic lineage and stimulate 

expression of the genes that are specific for muscle. They thus integrate numerous 

developmental signals into a decision to become muscle, from which the myogenic 

phenotype is then elaborated. 

The duplication of myogenic bHLH factors into a family of four has allowed for 

specialization of function for each. Myf5 has taken a position as an "early" myogenic 

marker associated with myoblast proliferation. Most satellite cells have expressed Myf5 

but down-regulate it during quiescence (S. Kuang, submitted). This majority proliferates 

quickly during regeneration, and likely provides the bulk of the acute repair capacity after 

damage. Myf5 is much less effective at inducing differentiation than MyoD (Chapter 4), 

and MyoD-negative myoblasts have gene expression profiles intermediate to quiescent 

satellite cells and fully activated myoblasts (Appendix C). In vitro, MyoD'' myoblasts 

express decreased levels of differentiation markers. However, increased expression of 

Myf5 in the MyoD'1' mouse (Sabourin et al., 1999) may partially compensate for this 

deficit in vivo. When challenged with severe or prolonged damage, the deficit is more 
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clearly exposed (Megeney et al., 1996). This model would predict that the Myf5~'~ mouse 

would also exhibit a regeneration defect, with inadequate proliferation and premature 

differentiation of Myf5~'~ satellite cells leading to poor and insufficient repair of severe or 

repeated injury, and depletion of the satellite cell population. 

Activation of myogenin, and the consequent expression of the myogenic 

differentiation program, is probably a key role for MyoD that is less effectively executed 

by Myf5 or MRF4. Therefore, Myf5 and MyoD provide myogenesis with a degree of 

redundancy and robustness, but also with the opportunity to ensure a balance between 

capacity (proliferation) and capability (differentiation). 

Conclusion 

Pax7, MyoD, and Myf5 occupy critical positions in the molecular circuitry of adult 

myogenesis. Their actions specify an adult stem cell population to become myogenic 

precursors and ultimately skeletal muscle. Expression of these transcription factors 

thereby provides myogenic identity to skeletal muscle satellite cells. 
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Purpose 

To develop a fast and efficient method for determining the ratios of expression of the four 

alternatively spliced Pax7 transcripts. 



Appendix A - Pax7 Isoform Ratio PCR 174 

Abstract 

Alternative splicing in the paired domain of Pax7 has a substantial effect on the 

magnitude of target gene transactivation, probably by altering DNA binding site 

recognition or affinity. However, the in vivo distribution of Pax7 isoforms, as well as the 

possibility of dynamic regulation of isoform expression, has been under-characterized 

due to the lack of a rapid and efficient method for distinguishing the relative levels of 

four transcripts that differ by no more than nine nucleotides. Real-time PCR is well-

suited for such an assay, yet the specific structure of the Pax7 GL+/" junction led to non­

specific amplification that complicated the quantitation. However, the quantitative nature 

of the real-time PCR assay allowed for a subtractive correction that provided reasonable 

estimates of the Pax7 isoform transcript ratios. This method was applied to demonstrate 

that, although total Pax7 mRNA expression is sharply down-regulated at the onset of 

differentiation, the proportions of the four Pax7 isoforms are maintained. 
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Introduction 

Pax7 is a paired-box transcription factor with an essential role in the development 

and maintenance of the myogenic satellite cell population in post-natal skeletal muscle 

(Kuang et al., 2006; Seale et al., 2000). Satellite cells are the major stem cell population 

involved in regenerating damaged skeletal muscle in response to injury or exercise (rev. 

in Bischoff, 1994; Zammit et al., 2002). In the absence of Pax7, satellite cells are 

missing from adult tissue and the regenerative capacity of the muscles is nearly entirely 

ablated (Kuang et al., 2006; Seale et al., 2000). The closely related Pax3 gene is 

expressed in a residual myogenic cell population (<1% of wild-type myoblasts) but is 

incapable of providing any significant rescue in response to damage (Kassar-Duchossoy 

et al., 2005; Kuang et al., 2006; Oustanina et al., 2004). 

Pax7 and Pax3 share 94% identity within their paired-type homeodomain, 

octapeptide, and homeodomain regions and 85% similarity overall, and thus form a 

subgroup amongst the nine mammalian Pax genes. Both are alternatively spliced 

between their second and third exons, resulting in the inclusion or exclusion of a single 

glutamine (Q+/~) residue at position #138 (Vogan et al., 1996; Ziman and Kay, 1998). 

Pax7 has an additional alternative splicing change that produces the inclusion or 

exclusion of a glycine-leucine dipeptide (GL+/) at the exon 3/4 junction for residues 

#181/2 or #182/3 (Table I) (Ziman and Kay, 1998). Both changes occur within the paired 

DNA binding domain. In the case of Pax3, this has been shown to result in altered 
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Table I. Al 
D 

Isoform 

A 

B 

C 

D 
1 r , -

ternative splicing in 
SA binding domain 

exon 2/3 
agaC4Ggtg 

Q 

-

+ 

-

+ 

the Pax7 paired-box 
1 

exon 3/4 

tea GGT TTA gtg 
GL 

+ 

+ 

-

-
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affinity to its DNA binding site (Vogan et al., 1996), while the GL change in Pax7 

modifies downstream target gene activation (see Chapter 3). 

Our particular interest is in Pax7 due to its major role in adult myogenesis, in 

satellite cells (Kuang et al., 2006; Seale et al., 2000) and in driving non-muscle adult 

stem cells into the skeletal muscle lineage (Seale et al., 2004). As the four isoforms 

differentially regulate Pax7 target genes (see Chapter 3), it will be important to be able to 

assess how their expression is regulated within the context of overall Pax7 transcription. 

Previously, the relative isoform expression levels were characterized amongst different 

mouse strains using a labour-intensive PCR-cloning-sequencing strategy (Ziman and 

Kay, 1998). We have used an efficient semi-quantitative real-time PCR-based system to 

address this question in cultured myoblasts during growth and differentiation. This has 

demonstrated that the proportions of each isoform are consistent while total Pax7 

transcripts are rapidly down-regulated with the onset of skeletal muscle differentiation. 

Materials and Methods 

Cell Culture 

10T1/2 fibroblast and C2C12 myoblast cells were cultured in growth medium of 10% 

fetal calf serum in DMEM supplemented with penicillin/streptomycin. Myogenic 

differentiation of the C2C12 cells was induced by changing the culture medium to 2% 

horse serum in DMEM with penicillin/streptomycin. Pax7-expressing 10T1/2 fibroblasts 

were made by infecting pools (> 105 cells) with retrovirus expressing a particular isoform 

of Pax7 and selecting for successful integration and expression of an included 
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puromycin-selection cassette with 1-2 (Xg/|il of puromycin. Retrovirus was made as 

previously described (Ishibashi et al, 2005). 

RNA Isolation and Reverse Transcription 

Total RNA was purified using the RNeasy Mini kit (Qiagen) and quantified by 

spectrophotometry. Equal quantities (1000 ng) of total RNA were reverse transcribed 

using the RNA PCR Core Kit (Perkin-Elmer) with random hexamer primers according to 

the manufacturer's instructions. Each 20 jul RT reaction was diluted 1:5 with water to 

provide a master template for all related PCR reactions. 

Primer Design 

Primers were designed against the reference mouse Pax7 sequence (NM011039). 

Annealing temperatures were calculated using the online Primer3 software (Whitehead 

Institute; http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). Primer sequences 

are shown in Table II. 

Real-time PCR 

Real-time PCR reactions included 2 \i\ of diluted reverse transcription product, 10 fil of 

2x iQ SYBR Green Supermix (Bio-Rad Laboratories), 30 nM ROX passive reference dye 

(Stratagene), and 50 nM of each forward and reverse PCR primer. Data were gathered 

using the MX4000 real-time system (Stratagene) over 40 cycles of (94°C - 30 s; 58-60°C 

- 30-60 s; 72°C - 30 s) followed by a 41-cycle denaturation curve from 55° to 95°C to 

http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi
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Table II. Mouse Pax7 isoform primers 
Primer 

Q+ 

Q-
GL+ 

GL-

Orientation 

forward 

forward 

reverse 

reverse 

Sequence 

5' cagcaagcccagacag 3' 

5' cagcaagcccagagtg 3' 

5' ggctaatcgaactcactaaac 3' 

5' ggctaatcgaactcactga 3' 

Targets 

B,D 

A,C 

A,B 

C,D 
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ensure amplification specificity. Q values were calculated by the MX4000 software 

using moving window averaging and an adaptive baseline. Further calculations and chart 

plotting were performed in Excel (Microsoft). 

PCR Cross-Amplification Compensation 

We calculated a compensation for cross-amplification between different isoforms based 

on the following reasoning: 

1. The fluorescence value in a S YBR green real-time PCR reaction is proportional to 

the total quantity of double-stranded DNA present. 

2. Primer efficiency (E) - the probability that a product will be amplified in a cycle -

is equivalent to an exponential increase with a base of (1+E) over the course of S 

cycles, or (1+E)S. 

3. The SYBR green fluorescence with a single template will therefore correspond to 

the starting quantity of template (X) multiplied S cycles of amplification, or 

X(l+E)s. 

4. The total fluorescence in a mixed sample after S cycles will be: 

(1) F = X,(l+E,)s + X2(l+E2)s + X2(l+E2)s + ... = Z,n Xn(l+En)s 

for starting template quantities Xi, X2,..., Xn and the corresponding amplification 

efficiencies of a given pair of primers on that template E), E2, ..., En. 

Ct values are calculated as the cycle number at which the fluorescence crosses a threshold 

fluorescence level. By using the identical threshold level for all samples within a 96-well 

plate, we assume that the fluorescence signal (Fwc) for each well W is equivalent, with 



Appendix A - Pax7 Isoform Ratio PCR 181 

cycle number S (= Ct) varying depending on the amount of amplification required to 

reach the threshold. We have used dRn for this purpose, a value that is background-

subtracted and normalized to the ROX passive reference dye that is spiked into reactions. 

The MX4000 uses a scanning head to read each well, so that the equipment is invariant 

from well to well. With this in mind, and the appropriate use of master mixes to prepare 

reactions, the dRn value is an appropriate measure for this analysis. 

Thus, the amplification of different primer pairs on related transcripts can be 

formulated as a system of linear equations, for Pax7 appearing as: 

(2) FA = XA(1+EAA)SA + XB(1+EAB)S A + XC(1+EAC)SA + XD(1+EAD)SA 

FB = XA(1+EBA)SB + XB(1+EBB)SB + Xc(l+EBC)SB + XD(1+EBD)SB 

F c = XA(1+ECA)SC + XB(1+ECB)SC + XC(1+ECC)SC + XD(1+ECD)SC 

FD = XA(1+EDA)SD + XB(1+EDB)SD + Xc(l+EDC)SD + XD(1+EDD)SD 

for fluorescence value FA with initial Pax7A template quantity XA, efficiency EAA 

of the primers for Pax7A on template Pax7A, after SA cycles of PCR. 

The values for Exx were estimated by amplifying the identical quantity of known template 

with the mismatched primer pairs and comparing them to the matched primer pair. 

Again, with identical threshold fluorescence values, comparing two primer pairs 

becomes: 

XA(1+EAA)SA = XB(1+EAB)SB 

(1 +EA)SA = (1 +EB)SB (identical template quantity, XA=XB) 

(3) (1+EA) = (1+EB)SB/SA 

Thus, based on a known or estimated efficiency of amplification for a perfect-match 

primer pair and the critical cycle values SA and SB for both pairs, the relative efficiencies 

of the other primers can be estimated. 
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Using those values of Ex, and assaying each sample with each of the four Pax7 

primer pairs to obtain the values for Sx, we therefore have sufficient information to solve 

the system of equations for the initial isoform template quantities Xx. While the system 

could be solved analytically, we have instead implemented it as a Solver function in an 

Excel worksheet. 

Results and Discussion 

Our objective was to design a PCR-based system that could be easily and quickly 

be used to assess the relative expression levels of four closely related alternatively spliced 

mouse Pax7 transcripts. To do this, the designs for our primers were constrained by a 

number of criteria. Each pair of primers required one member to be located at the exon 

2/3 junction and the other at the exon 3/4 junction. This results in a PCR product slightly 

larger than exon 3 (127 bp, Q'GL"), which is acceptably sized for SYBR green real-time 

PCR. Primers were designed to be at least 16bp in length to provide adequate specificity 

in a mixture of reverse-transcribed products of genomic complexity. Also, primer 

sequences needed to be mismatched against the very closely related mouse Pax3 

transcript. Primer annealing temperatures were matched in order to allow all of the PCR 

reactions to be conducted simultaneously within the same run. 

Our initial attempts to design PCR primers specific to each isoform were only 

partially successful. The specificity of each primer pair was evaluated with RT product 

templates generated from 10T1/2 fibroblasts stably infected with retrovirus expressing a 

single Pax7 isoform. 10T1/2 cells do not express the endogenous Pax7 gene (Chapter 3). 
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Primers Q and GL (for Pax7B) were easily designed because the 3' end of each 

recognizes the included bases. This results in primers with three or six base-pair 

mismatches against the Q or GL" transcripts. The other two primers cannot be so 

designed and by necessity recognize sequences that are found within all four different 

transcripts. Fortunately, overlapping the splice junction with primer Q" was effective, 

with the requirement for the formation of a 3 bp bulge in the Q+ template apparently 

limiting. Primer GL" selection is confounded because there is a 'G' base-pair at the splice 

junction with either the GL+ and GL" transcripts. Therefore, there is always at minimum 

2 bp match at the 3' end of the primer. Unfortunately, the 6 bp loop related to primer GL" 

binding to a GL+ template was not disruptive, and amplification occurred with 

surprisingly high efficiency on such transcripts, even when the position of the mismatch 

was moved to various positions within the primer (not shown). This resulted in 

considerable cross-amplification by the Pax7C primers on Pax7A templates and the 

Pax7D primers on Pax7B templates. 

Varying both the annealing temperature and time within the PCR cycle 

demonstrated a trade-off between specificity and sensitivity. For conditions of 58°C / 

60 s, the efficiency of amplification (and hence sensitivity) was high (90-95%), but 

specificity was poor, with primer GL" improperly amplifying the GL+ template with equal 

(and possibly greater) efficiency than the GL" template. In contrast, at 60°C / 30 s, the 

same primer was much more specific (10-fold) but the efficiency of amplification was 

also poor 70-75%. Intermediate values showed that increased specificity always cost 

considerable sensitivity. 
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Although highly specific primers are obviously desirable, we noted that the 

problematic primer (GL~) resulted in cross-amplification of only one additional transcript. 

We therefore used equation (2) (see Materials and Methods) to compensate for this effect. 

A notable aspect of this system is that its quality is highly dependent on the estimation of 

the individual amplification efficiencies. Empirically, we have found that estimating the 

relative efficiencies according to (3) produces good results with relatively little 

dependence on having a highly accurate value for the perfect match efficiency. While 

standard curves can be used to derive each set of efficiencies, the variability in that 

process appears to introduce more uncertainty than the simpler process of finding relative 

values by (3). 

Eq. (2), with high-specificity primers, results in a very high perfect-match 

efficiency (possibly approaching 100%, or theoretically ideal PCR) and a very low 

efficiency (down to 0%, or no increase in product) for mismatched pairs. In this case 

(particularly over the standard 20 or more cycles of PCR), the contributions of the 

mismatch terms rapidly shrink to insignificance. In our system, this is critical because it 

allows us to compensate for the two non-specific primer pair/template combinations. The 

highly specific amplification of Pax7A and Pax7B allow their contributions to the Pax7C 

and Pax7D estimate to be reasonably subtracted. Improvements to the specificities of the 

primers (the GL~ in particular) would substantially improve the robustness of this 

calculation. 

We applied our system to the described set of known samples (10T1/2 fibroblasts 

over-expressing Pax7) and tested its ability to estimate the relative levels of the Pax7 
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isoforms in a 1:1:1:1 mixture of RT products from all four sources. All of the samples 

were RT products from cells and therefore were complex mixtures of templates. This is 

noted because we have observed differences in amplification efficiencies between, for 

example, purified PCR product template and RT products. 

Whereas the proportions of each isoform were expected to be 25% each, our 

estimates ranged from a low value of 20% for Pax7A to a high value of 31% for Pax7D 

(Figure 1). As noted earlier, estimating the relative match/mismatch efficiencies by (3) 

produced the most consistent results, with little change when the reference perfect-match 

efficiency was arbitrarily adjusted up or down (with the mismatch efficiencies obviously 

following through (3)). In contrast, constructing standard curves for each primer pair led 

to much greater variation ranging from 15% (Pax7A) to 39% (Pax7D) (not shown). 

Thus, within a compact 96-well PCR assay we can assay the isoform ratios within -20% 

of the expected value in a known mixture. While this leaves substantial room for 

improvement, this system is well-suited to examining the ratios of Pax7 isoform 

expression in a series of related samples. 

A primary myoblast differentiation time course was used to test whether or not 

there was a change in the Pax7 isoform (mRNA) distribution in differentiating myoblasts. 

Pax7 is normally expressed in growing myoblasts and down-regulated as they enter 

differentiation. As expected, real-time PCR with primers for a common region of the 

Pax7 transcript shows that total Pax7 mRNA levels are rapidly reduced when 

differentiation is induced (Figure 2 A). Within this total pool of Pax7 mRNAs, however, 
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Pax7 Isoform Distribution 

Pax7A Pax7B • Pax7C 

Expected 

Actual 

60% 

• Pax7D 

1 25.0% 

21.4% 

i 

25.0% 

30.2% 

i 

80% 100% 

Figure 1: Pax7 isoform distribution in a known mixture. A 1:1:1:1 
mixture of RT products derived from four pools of 10T1/2 cells, each 
expressing a different isoform of Pax7, was used as template to test 
the accuracy of the relative PCR quantitation. 
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Figure 2: Pax7 isoform distribution during primary myoblast differentiation. 
Total RNA was harvested from primary myoblast cultures in growth phase and at 
24 hrs and 48 hrs after the induction of differentiation, and equal quantities used 
for RT and Pax7 isoform-specific SYBR green real-time PCR. While the total 
quantity of Pax7 transcripts drops dramatically in the first 48 hours of 
differentiation, the proportions of the four isoforms are consistent over the same 
period. 
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the relative proportions of the transcripts for each isoform are effectively unchanged 

(Figure 2 B). 

The best available conditions for this PCR occur with an annealing temperature of 

60°C, for 30-60 s. For an abundant target, 30 s is more effective because the gain in 

specificity is valuable when the sensitivity of detection is not a problem. Conversely, 

amplification is more efficient with a step-duration of 60 s (close to 100% for all primer 

pairs) for very good sensitivity, but the GL" primer does not distinguish between GL+" 

transcripts under those conditions. Nonetheless, the GL+ primer is more selective by 

several orders of magnitude, therefore allowing the GL+ contribution to be subtracted. 

Several alternative strategies are available that fulfill the same purpose as this 

real-time PCR system, with different costs and benefits. Traditionally, reverse-

transcribed fragments have been amplified by PCR, ligated into plasmids, and 

transformed into bacteria. By picking a large number of transformed colonies and 

sequencing the inserts of their plasmids, the frequency of recovery of each isoform can be 

estimated. This method, however, is very time consuming, labour intensive, and 

expensive. Such a method could be modified into a SAGE-like system, with the RT-PCR 

products concatemerized for sequencing in order to decrease the number of clones 

required. However, although streamlined, it would still suffer from the same drawbacks 

that afflict the original method. 

Using flanking PCR primers that amplify all four isoforms simultaneously is 

another possibility. By radioactively (or non-radioactively) labeling the products during 

PCR, the different isoforms would be easily separable by native polyacrylamide gel 
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electrophoresis into four distinct bands, with 3bp of spacing between each (smallest to 

largest = C, A, D, B). Phosphor imaging and quantitation of the bands would provide the 

ratios amongst them for a sample. Notably, because all four products amplify in the same 

tube competing for the same primers and reagents, an endpoint measure after the PCR 

plateau should remain an accurate gauge of the isoforms' relative proportions. Total Pax7 

transcript amounts for comparison between different samples should be obtained 

quantitatively with a distinct primer pair amplifying a common region in the transcript. 

This method is more time-consuming than the real-time PCR format and will have less 

dynamic range for differences in concentrations between isoforms. It is, however, more 

conceptually straightforward. 

The real-time PCR method outlined is an expedient method, requiring only a few 

hours to go from an RNA sample to analysis. It is very sensitive and has the exceptional 

dynamic range typical of real-time PCR quantitation. However, the expense of the PCR 

reagents and the corrections required in analyzing the data may be limiting to the scale 

and precision of the method. It remains to be seen if there are situations where the 

isoform ratios are large or change greatly (more than an order of magnitude), both 

conditions that would benefit this strategy compared to the phosphor imaging approach. 

In practice, a hybrid method, using phosphor imaging for the isoform ratios and real-time 

PCR for overall Pax7 transcript quantitation, may be most accurate and effective. 

There are numerous problems awaiting such a solution. For example, Pax7 is also 

expressed in developing neural tube, neuroepithelium, and nasal olfactory epithelium 

(Jostes et al., 1990; Mansouri et al., 1996), and is required for the specification of neural 
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crest during gastrulation (Basch et al., 2006). The expression of Pax7 isoforms differs 

between brain and skeletal muscle tissues (Ziman and Kay, 1998) and could be involved 

in differing functions for Pax7 in neural versus myogenic development. This seems 

likely, given the recent finding that alternate Pax7 isoforms have differing abilities to 

activate target genes (Chapter 1). Additionally, the translocation-induced fusion of the 

DNA binding domains of Pax7 with the translocation domain of FoxOl (FKHR) 

produces Pax7/FKHR and the childhood tumour alveolar rhabdomyosarcoma. Any 

change in the relative expression levels of the isoforms may skew the activation of target 

genes and hence contribute to tumour development and metastasis. This fast and scalable 

method allows such questions to be answered. 
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Purpose 

To determine if the endogenous Pax7 gene is induced following myogenic conversion of 

the CD45+/Scal+ population by ectopic expression of Pax7d. 
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Preface and Discussion of Figure 4B 

CD45+:Scal+ adult stem cells isolated from uninjured muscle do not display any 

myogenic potential, but become myoblasts if infected with Pax7d-expressing retrovirus. 

Primers amplifying the 3' end and 3'UTR of the full-length Pax7 transcript (not present in 

the retrovirus) were used for RT-PCR to assess whether or not the ectopic Pax7d was 

activating the endogenous Pax7 gene. This result would indicate if Pax7d was capable of 

myogenic conversion alone, or if this effect might require the expression of all four 

isoforms. 

Pax7d expression in CD45+:Scal+ cells from uninjured wild-type muscle 

activated expression of the endogenous Pax7 gene (Figure 4B). Therefore, conversion 

may be mediated by any one of or a combination of the Pax7 isoforms. The requirement 

for isoforms other than Pax7d could explain the lack of conversion oftheCD45 :Scal+ 

population from Pax7'/' muscle. However, this is tempered by the successful conversion 

of the Pi3x7rA;CD45";Scar cells by Pax7d. Testing of the capabilities of each of Pax7a, 

Pax7b, and Pax7c to convert the wild-type CD45+:Scal+ cells is needed. Differences 

between the CD45+:Scal+ and CD45":Scal" may also contribute to their receptiveness to 

Pax7-induced conversion. 



P I P S BIOLOGY 
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CD45 :Sca1' adult stem cells isolated from uninjured muscle do not display any myogenic potential, whereas those 
isolated from regenerating muscle give rise to myoblasts expressing the paired-box transcription factor Pax7 and the 
bHLH factors Myf5 and MyoD. By contrast, CD45 :Sca1 isolated from injured Pax7 '' muscle were incapable of forming 
myoblasts. Infection of CD45:Sca1 cells from uninjured muscle with retrovirus expressing Pax7 efficiently activated the 
myogenic program. The resulting myoblasts expressed Myf5 and MyoD and differentiated into myotubes that expressed 
myogenin and myosin heavy chain. Infection of CD45 :Sca1 cells from Pax7 ~'~ muscle similarly gave rise to myoblasts. 
Notably, infection of Pox7-deficient muscle with adenoviral Pax7 resulted in the de novo formation of regenerated 
myofibers. Taken together, these results indicate that Pax7 is necessary and sufficient to induce the myogenic 
specification of CD45 stem cells resident in adult skeletal muscle. Moreover, these experiments suggest that viral 
transduction of Pax7 is a potential therapeutic approach for the treatment of neuromuscular degenerative diseases. 

Introduction 

Skeletal muscle regenera t ion has long been considered to 
be media ted solely by monopo ten t i a l skeletal muscle stem 
cells known as satellite cells (Bischoff 1994; Charge and 
Rudnicki 2004). However, recen t studies have identified novel 
popu la t ions of adult stem cells in skeletal muscle. For 
example, "s ide-popula t ion" (SP) cells isolated from muscle 
tissue par t i c ipa te in the regenera t ion of skeletal muscle and 
give rise to satellite cells (Gussoni et al. 1999; Asakura et al. 
2002). In vitro, muscle SP cells readily form hematopoie t i c 
colonies, bu t do not spontaneously differentiate into muscle 
cells unless cocul tured with satellite-cell-derived myoblasts 
(Asakura et al. 2002). 

Various cell surface markers have been employed to purify 
adult stem cell popula t ions from skeletal muscle, including c-
kit, Sea l , CD34, and CD45 (reviewed by Charge and Rudnicki 
2004). Almost all muscle-derived hematopo ie t i c p rogen i to r 
and blood reconst i tu t ion activity is derived from CD45 + cells 
(Asakura et al. 2002; McKinney-Freeman et al. 2002). Muscle-
derived CD45 + cells purified from unin jured muscle are 
uniformly nonmyogenic in vitro and do no t form muscle in 
vivo (Asakura et al. 2002; McKinney-Freeman et al. 2002). 
However , cocu l tu re a n d in vivo in ject ion e x p e r i m e n t s 
indicate that CD45 + SP, as well as CD45~ SP, cells possess 
myogenic potent ia l (Asakura et al. 2002; McKinney-Freeman 
et al. 2002). 

Recent exper iments have established that CD45 + adult stem 
cells have a normal physiological role in tissue regenera t ion 
(Polesskaya et al. 2003). CD45 + :Scal + cells display a 30-fold 
expansion in n u m b e r following card io toxin- induced (ctx-
i n d u c e d ) in jury . I m p o r t a n t l y , a l a r g e p r o p o r t i o n of 
CD45 + :Sca l + cells isolated from regenera t ing muscle acquire 
myogenic potent ial and appea r to represen t a significant 
source of myogenic p rogeni to rs dur ing regenerat ive myo-
genesis (Polesskaya et al. 2003). Moreover, the myogenic 
specification of these adult stem cells du r ing regenera t ion 

occurs by a Wnt-s ignal ing-dependent mechanism (Polesskaya 
et al. 2003). 

The pai red-box t ranscr ip t ion factor Pax7 is specifically 
expressed in satellite cells and is requi red for the specifica­
t ion of the satellite cell l ineage (Seale et al. 2000). Following 
Wnt t r ea tment of isolated CD45 + adult stem cells, Pax7 is 
rapidly induced as an early marke r of satellite cell myogenic 
specification (Polesskaya et al. 2003). Together , these data 
suggest the hypothesis that Pax7 represents the target of W n t 
signaling that directs the myogenic specification of adult stem 
cells res ident in muscle. To investigate this hypothesis, we 
examined the myogenic potent ia l of adult stem cells from 
Pax7 ~'~ muscle, and employed viral vectors to t ransduce Pax7 
in to cells in vivo and in vitro. O u r exper iments demons t r a t e 
tha t Pax7 i n d u c e s t he myogen ic p r o g r a m in specific 
popula t ions of adult stem cells within muscle tissue and 
s u p p o r t t he conc lus ion t h a t Pax7 regula tes myogen ic 
de te rmina t ion dur ing regenerat ive myogenesis. 

Results 

Pax7 Is Required for the Myogenic Commitment of 

CD45+:Sca1+ Cells 
To de te rmine whether Pax7 is requi red for myogenesis in 

muscle-der ived C D 4 5 + cells, we analyzed the myogenic 
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Pax7 Induces Myogenesis in Adult Stem Cells 

MyoD DAPI Desmin DAPI 

Figure 1 . Pax7 Is Required for the Myogenic Specification of CD45+:Sca1+ 

Cells 

(A) Flow cytometric analysis of cell suspensions derived from 
uninjured and regenerating wild-type and Pax7~'~ muscle (4 d after 
ctx injection) showed an increased proportion of CD45+ cells in 
Pax7 ~l~ samples. 
(B and C) Pax7 protein was expressed in approximately 6%-10% of 
CD45+:Scal+ cells purified from regenerating Pax7+f~ muscle. 
(D-K) MyoD (D and E) and Desmin (F and G) were induced in 
CD45+:Scal+ cells from regenerating Pax7^~ but were not expressed 
in CD45+:Scal+ cells from regenerating Pax7 ~'~ muscle (H-K). 
DOI: 10.137l/journal.pbio.0020130.g001 

differentiat ion capacity of CD45 + :Scal + cells from Pax7 

muscle undergo ing ctx-induced regenera t ion. Flow cytometry 
analysis revealed a higher average p ropo r t i on of CD45-
expressing cells in Pax7~~ muscle relative to wild-type 
(Figure 1A). Specifically, in muscle suspensions from Pax7~~ 

and wild-type l i t termates, 39% ± 4% versus 3 1 % ± 9% of 
cells were CD45+:Scal~ and 9% ± 2% versus 5% ± 2% of 
cells were CD45+ :Scal 4 , respectively (n > 6). Four days 
following ctx injury, a significantly higher p ropo r t i on of 
CD45 + :Sca l + cells (26% ± 3 % compared to 19% ± 4% for 
Pax7~'~ and wild-type, respectively, p < 0.05) and a reduced 
p r o p o r t i o n of CD45~:Scal+ cells were observed in Pax7~~ 

muscle (19% ± 4% compared to 25% ± 6% for Pax7~'~ and 
wild-type, respectively, p = 0.07, n = 3) (Figure 1A). 

By immunohis tochemical analysis, Pax7 pro te in was upreg-
ulated in 6 % - 1 0 % of CD45 + :Scal + cells from wild-type 
muscle 4 d after ctx injury (Figure IB and 1C). Important ly , 
Pax7 express ion was no t de tec ted in CD45 + :Sca l + cells 
purified from uninjured muscles (Polesskaya et al. 2003). 
F u r t h e r m o r e , MyoD— (Figure ID and IE) and Desmin— 
i m m u n o r e a c t i v e cells (Figure IF and 1G) were readily 
de tec ted in cul tured (18 h in growth medium) CD45 + :Scal + 

cells purified from regenera t ing Pax7+/~ muscle (4 d post-ctx). 

HAN-Pax7 HAN-MyoO 

HAN-Pax7 HAN-puro HAN-Pax7 HAN-puro 

Figure 2. Pax7 Induces Myogenic Commitment in CD45+:Sca1+ Cells 
(A) Western blot analysis with anti-Pax7 antibody confirmed high 
levels of ectopic Pax7 in C3H10T1/2 cells infected with retrovirus-
Pax7 (HAN-Pax7) but not with control virus expressing a puromycin-
resistance marker (HAN-puro). 
(B and C) HAN-Pax7 did not induce expression of myogenin in 
C3H10T1/2 cells. 
(D and E) By contrast, MyoD virus (HAN-MyoD) efficiently converted 
C3H10T1/2 cells to myogenin-expressing myocytes (green) . 
(F-I) HAN-Pax7 (F and G) but not HAN-puro (H and I) activated 
expression of MyoD (red) in CD45+:Scal+ cells from uninjured 
muscle. 
(J-M) HAN-Pax7 (J) but not HAN-puro (K) also induced Myf5nLacZ 
expression in CD45+:Scal+ cells. Furthermore, HAN-Pax7-infected 
CD45+:Scal+ cultures differentiated into MyHC-expressing myocytes 
(green) under differentiation conditions (L), whereas HAN-puro-
infected cells did not undergo myogenic differentiation (M). DAPI 
staining (blue) was used to visualize all nuclei. 
DOI: 10.137l/journal.pbio.0020130.g0()2 

By contrast , Pax7 ~'~ CD45 + :Scal + cells from regenera t ing 
muscle did not give rise to any MyoD-expressing (Figure 1H 
and II) or Desmin-expressing (Figure 1J and IK) myogenic 
cells (n - 3 i ndependen t isolations with three mice pe r 
exper iment) . Taken together, these results suppor t a centra l 
role for Pax7 in the myogenic specification of CD45 + :Sca l + 

cells in response to acute muscle damage. 

Pax7 Is Sufficient to Induce Myogenesis in CD45+:Sca1+ 

Cells 
Adenoviral and retroviral expression systems were devel­

oped to ectopically in t roduce the Pax7 gene into putat ive 
adult stem cell popula t ions . Pax7 was efficiently expressed 
from retrovirus (HAN-Pax7) in C3H10T1/2 fibroblasts and 
o t h e r cell cul tures (Figure 2A). Stable expression of Pax7 did 
no t induce MyoD (data no t shown) or Myogenin p ro te in 
expression (Figure 2B and 2C) in C3H10T1/2 cells. MyoD, as 
expected, readily conver ted C3H10T1/2 cells in to skeletal 
myocytes (Figure 2D and 2E). These results show that Pax7 is 
no t sufficient to induce myogenic de t e rmina t i on in an 
established mul t ipo ten t mesenchymal cell. 

To de te rmine whether Pax7 expression was sufficient to 
activate myogenesis in adult CD45 + progeni tors , cells were 
fract ionated from unin jured muscle and infected with Pax7-
expressing retrovirus. Strikingly, CD45 + :Scal + cells expressed 
Myf5 (data no t shown) and MyoD (Figure 2F-2I) p ro t e in after 
infection only with Pax7 (HAN-Pax7), a n d no t with puromy-
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Figure 3. CDSC-Pax7 Cells Become Myogenic Progenitors 
Myf5 (A-C) and MyoD (D-F) protein (green) are expressed in 
proliferating CDSC-Pax7 cells. Exposure of CD45+:Scal+ cultures to 
low mitogen medium induced the formation of multinucleated 
myotubes and expression of myogenic differentiation markers 
including MyHC (red) (G-I) and myogenin (red) (J-L). Sustained 
expression of Pax7 (red) (M-O) in these cultures did not interfere 
with their differentiation. DAPI staining (blue) was used to visualize 
all nuclei. 
DOI: 10.1371/journal.pbio.0020130.g003 

cin-alone control virus (HAN-puro), indicating that these 
cells undergo myogenesis in response to Pax7 

Infection of CD45+:Scal+ cells from Myf5nLacZ reporter 
mice with HAN-Pax7 retrovirus specifically induced Myf5n-
LacZ expression and myogenesis in about 50% of infected 
cells (Figure 2J). The MypnLacZ allele faithfully recapitulates 
the expression pattern of the endogenous Myf5 gene and is 
rapidly induced following myogenic commitment (Tajbakhsh 
et al. 1996; Tajbakhsh et al. 1997). Importantly, infection of 
CD45+:Scal+ cells with control retrovirus expressing the 
puromycin-resistance gene (HAN-puro) did not activate 
Myf5nLacZ expression (Figure 2K). Moreover, exposure of 
these cultures to differentiation conditions caused Pax7-
expressing cells to differentiate into myotubes expressing 
myosin heavy chain (MyHC) (Figure 2L and 2M). Ectopic 
expression of Pax7 in CD45 :Scal+ or CD45+:Scal~ cells did 
not result in the generation of myogenic cells. Taken 
together, these results demonstrate that Pax7 induces the 
myogenic program selectively in CD45+:Scal+ adult stem cells 
from skeletal muscle. 

Expression of Pax7 Converted CD45+:Sca1+ Cells into 
Myogenic Progenitors 

CD45+:Scal+ cells expressing retroviral Pax7 were stably 
selected using puromycin, hereafter called CDSC-Pax7 cells (n 
= 4 independent isolates analyzed). CDSC-Pax7 cells dis­

played a stellate, fibroblastic morphology that was distinct 
from the round, refractile appearance of primary satellite-
cell-derived myoblasts. Proliferating CDSC-Pax7 cells ex­
pressed the myogenic determination bHLH factors, Myf5 
(Figure 3A-3C), and MyoD (Figure 3D-3F). CDSC-Pax7 cells 
cycled approximately three times faster than satellite-cell-
derived myoblasts isolated simultaneously (data not shown) 
and maintained their myogenic identity as primary cultures 
in excess of three months. CDSC-Pax7 cultures also differ­
entiated efficiently into multinucleated myotubes expressing 
the terminal differentiation markers MyHC (Figure 3G-3I) 
and myogenin (Figure 3J-3L). These results demonstrate that 
the constitutive expression of Pax7 (Figure 3M-30), which is 
normally downregulated during differentiation (Seale et al. 
2000), did not interfere with cell-cycle arrest and normal 
myotube formation. By contrast, overexpression of Pax7 in 
C2C12 myoblasts prevented their differentiation into MyHC-
positive myocytes (data not shown). These experiments 
therefore demonstrate that myoblasts derived from Pax7-
infected CD45+:Scal+ stem cells are amenable to ex vivo 
expansion and subsequent terminal muscle differentiation. 

CDSC-Pax7 Cells Express High Levels of Myf5 and Seal 
The expression pattern of myogenic factors in proliferat­

ing and differentiating CDSC-Pax7 cell lines was analyzed by 
Western blot (n = 2). These experiments indicated that Myf5 
was expressed at high levels in proliferating CDSC-Pax7 cells 
(Figure 4A; day 0). Moreover, CDSC-Pax7 cells continued to 
express Myf5 protein during their differentiation. CDSC-
Pax7 cells also expressed MyoD but at low levels relative to 
primary myoblasts. MyoD was transiently upregulated in 
CDSC-Pax7 cells as they entered their differentiation 
program (Figure 4A; days 1 and 2). 

The primary myogenic regulatory factor (MRF) expression 
profile in CDSC-Pax7 cells contrasted with the pattern 
observed in satellite-cell-derived primary myoblasts (Figure 
4; Wt-Mb). Primary myoblasts expressed higher levels of MyoD 
and lower levels of Myf5 and downregulated Myf5 immediately 
upon differentiation (Wt-diff). Myogenin (Myg) was upregu­
lated during the differentiation of CDSC-Pax7 cells, albeit at 
lower levels compared with differentiating satellite-cell-
derived myoblasts (Wt-diff). Interestingly, CDSC-Pax7 cells 
also expressed endogenous Pax7 mRNA as demonstrated by 
reverse transcriptase PCR (RT-PCR) using primers that 
amplify a sequence within the Pax7 3' UTR that is not present 
in the viral-Pax7 vector (Figure 4B). This result suggests that 
autoregulatory mechanisms may control Pax7 gene expres­
sion. Taken together, these analyses demonstrate that CDSC-
Pax7 cells and primary satellite-cell-derived myoblasts express 
different levels of MyoD and Myf5 but are similar in their 
ability to undergo terminal differentiation. 

CDSC-Pax7 cells were originally derived from cells ex­
pressing cell surface CD45 and Seal proteins. Flow cytometry 
was employed to determine whether expression of these 
markers was maintained in vitro. Notably, CDSC-Pax7 cells 
continued to express high levels of Seal (approximately 90% 
of cells showed intense staining), but CD45 expression was 
extinguished (Figure 4C). Interestingly, approximately 24% 
of primary satellite-cell-derived myoblasts displayed low 
levels of Seal staining. Seal levels were not increased in 
satellite-cell-derived myoblasts overexpressing Pax7, demon­
strating that CDSC-Pax7 cells did not arise from a small 
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Figure 4. CDSC-Pax7 Cells Express High Levels of Myf5 and Seal 

(A) Western blot analysis of CDSC-Pax7 cells in proliferation 
conditions (day 0) and during differentiation (days 1-4) revealed 
high levels of Myf5 expression and low levels of MyoD expression. By 
contrast, satellite-cell-derived myoblasts (Wt-Mb) displayed the 
opposite profile of Myf5 and MyoD expression. Myogenin (Myg) was 
upregulated during the differentiation of CDSC-Pax7 and satellite-
cell-derived myoblasts (Wt-diff). Note the sustained expression of 
Pax7 during the differentiation of CDSC-Pax7 cells. C3H10T1/2 (10T) 
lysate was used as a negative control. 
(B) RT-PCR analysis indicated that CDSC-Pax7 cells (two different 
lines) upregulated the endogenous Pax7 mRNA. Satellite-cell-derived 
myoblasts (Wt-Mb) and Jurkat cells were used as positive and negative 
controls, respectively. 
(C) Flow cytometry indicated that CDSC-Pax7 cells lost expression of 
CD45 but retained high levels of Seal. About 24% of satellitc-cell-
derived myoblasts (wt-myoblasts) expressed low levels of Seal. (Black 
graph depicts staining with IgG-PE control antibody; red graph shows 
target staining using Scal-PE or CD45-PE.) 
DOI: 10.137l/journal.pbio.0020130.g004 

n u m b e r of c o m m i t t e d m y o b l a s t s f r a c t i o n a t e d w i t h 

CD45 + :Scal + cells (data no t shown). 

CDSC-Pax7 Cells Differentiate In Vivo 
To establish whether CDSC-Pax7 cells were capable of 

in tegrat ing and differentiating as myofibers in vivo, intra­

muscular t ransplanta t ion studies were per formed in dystro­

phic (dystrophin-dedcient) muscle. Specifically, 1 X 10" CDSC-

Pax7 cells were injected into the tibialis an ter ior (TA) muscle 

of 4- to 6-week-old mdxmude mice. Mdx mice carry a po in t 

muta t ion in the dystophin gene and are a mouse model of 

Duchenne muscular dystrophy (Bulfield et al. 1984; Sicinski et 

al. 1989; Blaveri et al. 1999). As expected, dyst rophin was 

localized at the myofiber sarcolemma in wild-type muscle 

(Figure 5A) and was absent in mdxmide skeletal muscle (Figure 

5B). Two months after t ransplanta t ion, TA muscles were 

processed for immunohis tochemical detect ion of dyst rophin 

3 I 

In 
•a I 

Dystrophin 

Figure 5. CDSC-Pax7 Cells Efficiently Contribute to the Repair of 
Dystrophic Muscle 

(A) Wild-type muscle expressed dystrophin at the plasmalemma of all 
myofibers. 
(B) Dystrophin protein was not detected in muscle sections from 
dystrophin-deficient mdxmude mice (mdx:nu). 
(C-F) CDSC-Pax7 cells differentiated in vivo after transplantation, 
readily forming large numbers of dystrophin-expressing myofibers 
(green) in mdxmude muscle (C and D). Serial cross sections showing the 
viral expression of Pax7 protein in central nuclei of regenerated 
fibers (red staining in [E]) confirmed the donor origin of dystrophin-
positive myofibers (red staining in [F]). 
DOI: 10.137l/journal.pbio.0020130.g005 

and Pax7. These exper iments revealed that CDSC-Pax7 cells 
differentiated in vivo, readily forming dystrophin-express ing 
myofibers in the dystrophin-deficient recipient muscle (Figure 
5C and 5D). Endogenous Pax7 pro te in expression was no t 
observed in central nuclei within differentiated wild-type 
myofibers (data not shown). Therefore, the expression of 
Pax7 p ro te in (from retrovirus) in centra l nuclei within 
dys t roph in + fibers established the con t r ibu t ion of CDSC-
Pax7 d o n o r cells to recipient muscles (Figure 5E and 5F). 
These results thus document the capacity for CDSC-Pax7 cells 
to differentiate in vivo and con t r ibu te to the repa i r of 
dystrophic muscle. 

Pax7 Does Not Induce Myogenesis in CD45+:Sca1+ Cells 
from Pax7 ~'~ Muscle 

The myogenic differentiation of wild-type CD45 + :Sca l + 

muscle cells suggested that ectopic Pax7 would induce 
myogenesis in this cell popula t ion from Pax7~'~ muscle. 
Infection of Pax7 ~'~ CD45+ :Scal+ cells with Pax7 retrovirus 
resulted in high levels of retroviral Pax7 t ranscr ip t bu t no 
expression of Myf5 mRNA by N o r t h e r n blot hybridizat ion 
(Figure 6A) or RT-PCR (data not shown). The absence of Myf5 
(Figure 6B-6D) o r MyoD (data no t shown) express ion, 
de t e rmined by immunochemica l staining of Pax7- t ransduced 
cells, ruled out the possibility that a minor subpopula t ion of 
CD45 + :Sca l + cells underwent myogenesis. These exper iments 
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Figure 6. Pax7 Does Not Induce Myogenesis in CD45+:Sca1+ Cells from 
Pax7 ~'~ Muscle 
(A) Northern analysis shows that MyoD~~ satellite-cell-derived 
myoblasts (MD~'~ M) and differentiating cells (MD~'~ D) express 
endogenous Pax7 (upper arrow, Pax7 blot) and Myf5 transcripts. 
Pax7~'~ CD45+:Scal+ cells (CDSC) transduced with HAN-Pax7 
(+Pax7) or HAN-puro (+puro) did not initiate expression of Myf5 
mRNA. The retroviral transcript producing Pax7 (lower arrow) is 
smaller than the endogenous Pax7 mRNA (e.g., lower arrow). 
(B-D) Ectopic expression of Pax7 (red) (B) in Pax7~'~ CDSC cells did 
not induce Myf5 protein expression (C). DAPI staining (blue) was 
used to visualize nuclei (D). 
DOI: 10.1371/journal.pbio.0020130.g006 

illustrate that Pax7 ~ ~ CD45+ :Scal+ cells do not en te r the 
myogenic l ineage in response to Pax7, suggesting tha t 
intr insic differences exist be tween wild-type and Pax7-

deficient populat ions of CD45 + :Scal + cells. 

Pax7 Promotes Myogenic Commitment in Pox7-Deficient 
CD45~:Sca1 Cells 

In cell suspensions from uninjured muscle, satellite cells 
and the i r daughter myogenic precursors are uniformly CD45~ 
and S e a l " (Polesskaya et al. 2003). In Pax7~'~ mice, the 
extremely rare myogenic cells in muscle tissue do no t express 
CD45 or Seal , and do no t survive or expand in a variety of 
c u l t u r e cond i t i ons (S.B.P. Charge , P. Seale, a n d M.A. 
Rudnicki, unpubl ished data). Interestingly, ectopic expression 
of Pax7 in CD45~:Scal~ cells isolated from Pax7~~ muscle 
resulted in the expression of Myf5 p ro te in in more than 50% 
of infected cells (n = 3) (Figure 7A-7C). Analysis of HAN-
puro- infected control cultures did no t reveal any myogenic 
cells (Figure 7D-7F). Important ly, all Myf5-expressing myo­
blasts (Figure 7G-7I) and MyHC-expressing differentiated 
myotubes (Figure 7J-7L) in Pax7- infec ted CD45":Scal~ 
cultures expressed viral Pax7. 

In these exper iments we canno t formally exclude the 
possibility that Pax7 p r o m o t e d the survival and prol i ferat ion 
of commit ted myoblasts. However, given the extremely low 
n u m b e r of myogenic cells recovered in cul ture (less than 
0.7%), the low efficiency of pr imary myoblast infection 
(approximately 5 % - I 0 % ) , and the absence of any Myf5- o r 
MyoD-expressing cells in control HAN-puro cultures, ou r 
results strongly suggest that Pax7 induces myogenic specifi­
cat ion in a nonmyoblast , CD45- and Seal-negat ive cell. 

Pax7 MyfS/MyHC DAPI 

Figure 7. Pax7 Promotes Myogenesis in CD45~:Sca1~ Cells from Pax7~'~ 
Muscle 
(A-C) Ectopic expression of Pax7 (HAN-Pax7) induced Myf5 
expression fereen) and myogenic commitment in CD45:Scal~ cells 
from Pax7~~ muscle. 
(D-F) By contrast, Myf5-expressing cells were completely absent from 
HAN-puro-infected cultures after selection. 
(G-L) CD45~:Scal~ cells from Pax7~~ muscle expressed Myf5 (red) 
(H) and MyHC (red) (K) only in cells that also coexpressed high levels 
of Pax7 protein (G and J). Arrowheads indicate cells coexpressing 
Pax7 and Myf5/MyHC. Arrow in (G) and (I) depicts a P a x r , Myf5" 
cell. 
DOI: 10.1371/journal.pbio.0020130.g007 

Adenoviral Expression of Pax7 Enhances Regeneration in 
Pax7-Deficient Muscle 

To investigate whether Pax7 was sufficient to s t imulate 

myogenesis in vivo, adenovirus was used to ectopically express 

Pax7 in damaged Pax7 muscle. Adenoviral particles (1 X 

10 ) expressing ei ther Pax7 (Ad-Pax7) o r the bacterial p1-

galactosidase gene (LacZ) (Ad-LacZ) were injected directly in to 

injured TA muscles of 4- to 6-week-old Pax7~~ animals 2 d 

after adminis t ra t ion of ctx in - 3). Immunohis tochemis t ry for 

Pax7 in adenovirus-infected muscles demons t r a t ed wide­

spread Pax7 expression primari ly in mononuc lea r cells within 

the damaged tissue (data no t shown). 

To assess the effect of Pax7 expression in damaged tissue, 

TA muscles were analyzed and scored for regenera t ion 12 d 
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1 2 3 Ad-LacZ Ad-Pax7 
Experimental Trials 

Figure 8. Adenovirus-Pax7 Significantly Improves Regeneration In Vivo 
(A and B) Infection of ctx-damaged Pax7~~ muscles with Ad-Pax7 
resulted in markedly improved muscle integrity and a significantly 
increased number of Desmin immunoreactive (green) regenerated 
fibers (B) relative to muscles treated with Ad-LacZ (A). 
(C and D) Hematoxylin and Eosin staining similarly showed an 
increased number of centrally nucleated fibers in Ad-Pax7-treated 
Pax7 muscles. 
(E) In three separate experimental trials, the number of regenerated 
fibers was markedly increased in Ad-Pax7-treated muscles relative to 
Ad-LacZ; however, the response was biologically variable between 
groups. On average, Ad-Pax7 infection resulted in a 4.1 ± 0.72-fold 
increase in regenerated Pax7~~ myofibers (F). 
DOI: 10.1371/journal.pbio.0020130.g008 

after infection by enumera t ing the n u m b e r of regenera ted 

fibers with centrally located nuclei. The newly regenera ted 

status of centrally nucleated fibers was confirmed by Desmin 

and embryonic MyHC immunoreact ivi ty. Ad-Pax7 induced a 

markedly enhanced regenerat ive response relative to Ad-

LacZ in Pax7 muscle as evidenced by the increased n u m b e r 

of Desmin-pos i t ive (Figure 8A a n d 8B) a n d cen t ra l ly 

nucleated fibers (Figure 8C and 8D). 

Wild-type TA muscles typically conta ined in excess of 700 

regenera ted fibers 14 d after injury (data not shown). In three 

i ndependen t exper iments , c tx-damaged TA muscle from 

Pax7 mice typically conta ined an average of 46 surviving 

o r regenera ted fibers following regenera t ion (Figure 8E). By 

contrast , infection of regenera t ing Pax7 ~'~~ TA with Ad-Pax7 

resulted in the genera t ion of an average of 192 myofibers 

(Figure 8E). Therefore, Pax7-infected tissue conta ined a 4.1 ± 

0.72-fold increase in the n u m b e r of regenera ted fibers 

(Figure 8F). Together , these results demons t ra te the ability 

of virally t ransduced Pax7 to direct the de novo genera t ion of 

myogenic progeni tors capable of forming new myofibers and 

par t ic ipat ing in regenerat ive myogenesis. 

Discussion 

In this article, we demons t ra te that expression of Pax7 
induces the myogenic specification of CD45 + muscle-derived 
adul t stem cells. First, CD45 + :Sca l + cells isolated from 
regenera t ing Pax7~~ muscle were incapable of undergo ing 
myogenic specification (see Figure 1). Second, expression of 
Pax7 with viral vectors in CD45 + :Scal + cells purified from 
uninjured muscle p r o m o t e d the format ion of highly prolif­
e ra t ive myoblasts tha t readi ly d i f f e ren t i a t ed as mul t i ­
nucleated myotubes (see Figures 2 and 3). CD45 + :Sca l + cells 
engineered to express Pax7 (CDSC-Pax7) also differentiated 
in vivo, readily cont r ibut ing to the regenera t ion of dystrophic 
muscle (see Figure 5). Lastly, Ad-Pax7 gene delivery in to 
chemically damaged Pax7 ~ ~ muscle resulted in the efficient 
de novo genera t ion of myofibers in the absence of endoge­
nous satellite cells. Taken together, these data unequivocally 
establish that Pax7 plays a key regulatory role for d i rect ing 
myogenic specification in some popula t ions of adult s tem 
cells dur ing regenerative myogenesis. Moreover, these results 
emphasize the possibility of designing strategies to upregula te 
or ectopically express Pax7 in stem cells for the t r ea tmen t of 
muscle degenerat ive diseases. 

The presence of adult stem cell popula t ions dist inct from 
satellite cells resident in skeletal muscle tissue has been well 
d o c u m e n t e d (Gussoni et al. 1999; Jackson et al. 1999; 
T o r r e n t e et al. 2001; Asakura et al. 2002; McKinney-Freeman 
et al. 2002; Qu-Petersen et al. 2002; Cao et al. 2003). An 
unders tand ing of the developmental origin of these various 
cell popula t ions and their physiological relevance in the 
main tenance of tissue integrity is beginning to emerge. 
Several lines of evidence argue that skeletal muscle regener­
at ion is normally media ted entirely by stem cells resident in 
muscle tissue. First, des t ruct ion of stem cells res ident in 
muscle with high-dose local i r radia t ion of limbs results in a 
long-term deficit in muscle growth and regenera t ion (Wake-
ford et al. 1991; Pagel and Par t r idge 1999; Heslop et al. 2000). 
Second, t ransplanted muscles do no t incorpora te host nuclei 
after injury and regenera t ion (Schultz et al. 1986). Together , 
those exper iments argue that CD45 + s tem cells from mar row 
do not normally transit in significant number s th rough the 
circulat ion to sites of muscle damage. O u r exper iments , 
however, suggest that a popula t ion of specialized CD45 + cells 
res ides in musc le a n d can efficiently fo rm m y o g e n i c 
progeni tors in response to Wnt signaling (Polesskaya et al. 
2003). In the cur ren t work we demons t ra t e that induc t ion of 
Pax7 is requi red for the myogenic specification of CD45 + 

stem cells and that retroviral t ransduct ion can dominant ly 
induce the myogenic specification of these cells. These 
observations therefore provide compell ing evidence that 
some adult stem cells par t ic ipa te in regenerat ive myogenesis 
by forming myogenic progeni tors following Pax7 induct ion 
in response to Wnt signaling. These data addit ionally suggest 
the hypothesis that Pax7 is a t ranscr ip t ional target of the (3-
Catenin complex in Wnt-s t imulated adult stem cells. 

Interest ing parallels exist between the inductive mecha­
nisms a n d t r ansc r ip t i ona l ne tworks in e m b r y o n i c a n d 
regenerat ive myogenesis (Parker et al. 2003). For example, 
the Pax7-dependent myogenic specification of CD45 + adul t 
stem cells appears analogous to the Pax3-dependent induc­
t ion of muscle precursors dur ing somitogenesis. In the early 
embryo, Pax3 is expressed in the presomit ic mesoderm and 
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immature epithelial somites prior to the onset of muscle-
specific gene expression (Goulding et al. 1994; Williams and 
Ordahl 1994). Moreover, Pax3 functions upstream of MyoD in 
the formation of trunk and body-wall muscle (Tajbakhsh et al. 
1997). Consistent with a direct role for Pax3 in myogenic 
induction, ectopic Pax3 activates MyoD expression in 
embryonic tissues (Maroto et al. 1997; Bendall et al. 1999; 
Heanue et al. 1999). However, Pax3 also regulates cell survival 
in the presomitic mesoderm in areas that do not express 
Pax7, suggesting an indirect mechanism by which Pax3 may 
act genetically upstream of MyoD (Borycki et al. 1999). Our 
experiments do not rule out the possibility that Pax7 
promotes the survival of CD45+ progenitors that are already 
competent to give rise to myogenic cells. Characterization of 
the downstream targets of Pax7 in CD45+ cells will be 
required to directly address this issue. 

In explanted embryonic tissues, signals from the floor plate 
and neural tube are required for induction of the MRFs 
(Munsterberg and Lassar 1995; Pourquie et al. 1995, 1996; 
Cossu et al. 1996). In particular, Wnt7a activates expression of 
MyoD in explanted paraxial mesoderm from 10.5-d-old 
mouse embryos (Tajbakhsh et al. 1998). The requirement 
for Pax3 expression in somitic precursors prior to the onset 
of MyoD expression suggests that Wnt signals may activate 
Pax3 and indirectly promote MRF expression (Borycki et al. 
1999). An analogous requirement for Pax7 in the myogenic 
commitment of adult CD45+ progenitors suggests a conserved 
hierarchy whereby Wnt signaling activates Pax3 or Pax7 
expression upstream of the MRFs in somitic and adult muscle 
stem cells, respectively. This notion is supported by the 
observed loss of Pax3 expression in P19 mesodermal 
precursors engineered to express a dominant negative form 
of the Wnt effector protein, (i-Catenin (Petropoulos and 
Skerjanc 2002). 

A confounding result from our study was the inability of 
Pax7 to induce myogenesis in CD45+:Scal+ cells recovered 
from Pax7~~~~ muscle (see Figure 6). Several possible explan­
ations may account for this observation. First, CD45+:Scal+ 

muscle cells represent a heterogeneous cell population, as 
evidenced by their nonuniform response to stimuli such as 
myoblast coculture, Wnt proteins, and ectopic expression of 
Pax7 (results herein and Polesskaya et al. 2003). Analysis of 
muscle suspensions from young Pax7~'~ mice revealed a 
significantly increased number of hematopoietic progenitors 
and adipogenic cells (Seale et al. 2000). We also observed 
altered proportions of CD45- and Seal-expressing cells in 
uninjured and regenerating muscle (see Figure 1A). The 
putative stem cell subfraction coexpressing CD45 and Seal 
may have been exhausted prematurely during postnatal 
Pax7~'~ muscle development. It is also conceivable that a 
reduced proportion of stem cells in the Pax7 CD45 :Scal 
muscle fractions was not detected in our assay due to a low 
efficiency of retroviral transduction (approximately 10% of 
surviving CD45+:Scal+ cells with GFP virus). The identifica­
tion of additional markers expressed by adult muscle-derived 
stem cells is required to more thoroughly explore these issues. 

Alternatively, adult stem cells may require additional 
signals to undergo myogenesis in response to Pax7. The 
profound growth deficit in Pax7~~ muscles is likely to invoke 
nonspecific and indirect changes to the muscle microenviron-
ment (Seale et al. 2000). Specific cues required to "prime" or 
activate adult stem cells may thus be absent or ineffective in 

Pax7~~ muscle. Finally, our experiments also revealed that 
the endogenous Pax7 gene is upregulated during the 
myogenic specification of CD45+:Scal+ cells (Figure 4B). 
Therefore, endogenous gene activity, possibly through the 
regulated expression of different isoforms (Kay et al. 1995; 
Ziman et al. 1997), may be essential to the stability of 
myogenic commitment. Future experiments addressing the 
functional differences between CD45+:Scal+ cells in wild-type 
and Pax7-deficient muscle will provide a unique opportunity 
to gain a more complete understanding of the role of these 
cells during postnatal muscle development. 

Although CD45+ cells from Pax7 ~'~ muscle were apparently 
unable to undergo myogenesis, ectopic Pax7 induced 
expression of Myf5 and myogenic specification in Pax7-
deficient CD45~:Scal~ cells (see Figure 7). Moreover, Ad-Pax7 
significantly increased the in vivo regenerative capacity of 
Pax7 ~l~ muscle (see Figure 8). Skeletal muscle in adult Pax7 
mice displays a profound regeneration deficit with only 
occasional regenerated fibers observed at the site of injury 30 
d after ctx injection (S.B.P. Charge, P. Seale, and M.A. 
Rudnicki, unpublished data). Taken together, these results 
imply the presence of Pax7~'~ muscle progenitors that 
require the activity of Pax7 to generate sufficient numbers 
of myoblasts for effective regeneration. Further studies will 
be required to molecularly characterize the responsive cells 
and their developmental relationship to other muscle stem 
cell populations. 

The dominant expression of Myf5 in Pax7-infected 
CD45+:Scal+ cells (CDSC-Pax7) (see Figure 4A) suggests a 
paradigm wherein Pax7 preferentially activates Myf5 com­
pared to MyoD. Interestingly, Pax3 has been implicated in 
myogenesis specifically upstream of MyoD (Tajbakhsh et al. 
1997). Taken together, these observations suggest the 
hypothesis that Pax3 and Pax7 specify distinct myogenic 
lineages through the preferential activation of MyoD and 
Myf5, respectively. 

Several experimental observations have noted a role for 
Myf5 in promoting myoblast proliferation. For example 
homozygous MyfSnLacZ, (e.g., My/5-deficient) embryos display 
significantly reduced numbers of LacZ-expressing myogenic 
progenitors (Tajbakhsh et al. 1996). In avian embryos, Myf5 is 
preferentially expressed in proliferating myoblasts, whereas 
MyoD appears to be upregulated in differentiating cells 
(Delfini et al. 2000). Furthermore, Myf5~'~ satellite-cell-
derived myoblasts display a profound proliferation deficit 
(Montarras et al. 2000). The increased growth rate of CDSC-
Pax7 cells is reminiscent of MyoD~~ myoblasts that also 
express elevated levels of Myf5 (Sabourin et al. 1999). These 
observations raise the possibility that Pax7 activates expres­
sion of Myf5 to promote adult myoblast expansion whereas 
Pax3 preferentially induces MyoD and differentiation. 

The requirement for Pax7 in the specification of muscle 
satellite cells (Seale et al. 2000) and its induction during the 
myogenic recruitment of CD45+ adult stem cells provide 
further evidence for a developmental relationship between 
CD45+ adult muscle stem cells and satellite cells. Together, 
our experiments suggest the hypothesis that CD45+:Scal+ 

cells give rise to satellite cells by a Pax7-dependent 
mechanism in response to Wnt signals. In conclusion, our 
work establishes that Pax7 is necessary and sufficient for the 
myogenic specification of specific populations of adult stem 
cells resident in muscle tissue. The proliferative myogenic 
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charac te r of CDSC-Pax7 cells and the i r efficient engraf tment 
in to dystrophic muscle fur ther argue tha t methods to deliver 
Pax7 o r upregula te its expression in stem cells may be useful 
in t rea t ing degenerat ive muscle disease. 

Materials and Methods 

Mice. Mice carrying a targeted null mutation in Pax7 (hereafter 
referred to as Pax7~~) were generously provided by Drs. A. Mansouri 
and P. Gruss (Mansouri et al. 1996) and outbred into the SV129 
background to increase survival. MypnLacZ mice were provided by 
Dr. S. Tajbakhsh (Tajbakhsh et al. 1996). Mdx mice were obtained 
from Jackson Laboratory (Bar Harbor, Maine, United States). Mdx:nu 
mice were provided by Dr. T.A. Partridge (see Blaveri et al. 1999). 

Cell sorting. Mononuclear cells were recovered from uninjured 
hindlimb muscles or from ctx-damaeed TA muscles of Pax7'y+, 
Pax7 , and Pax7 mice as described previously (Megeney et al. 
1996). Cells were washed twice with ice-cold DMEM supplemented 
with 5% FBS, passed through 30-um filters (Miltenyi Biotec, Bergisch 
Gladbach, Germany) and suspended at a concentration of 2-3 X 10 
cells/ml. Staining was performed for 30 min on ice using the 
antibodies CD45-APC (30-F11), CD45.2-F1TC (104), Scal-PE, or FITC 
(D7), all from BD Biosciences Pharmingen (San Diego, California, 
United States) and CD45-TC (30-F11)'from Caltag Laboratories 
(Burlingame, California, United States). Primary antibodies were 
diluted in cell suspensions at 1:200. After two washes with cold PBS 
supplemented with 2% FBS, cells were separated on a MoFlo 
cytometer (DakoCytomation, Glostrup, Denmark). Sort gates were 
strictly defined based on isotype control stained cells and single 
antibody staining. Dead cells and debris were excluded by gating on 
forward and side scatter profiles. Sorting was performed using single 
cell mode to achieve the highest possible purity. The purity of sorted 
populations was routinely greater than 98%. 

Retroviral and adenoviral gene expression. Retrovirus was pro­
duced according lo the 3-plasmid HIT system with plasmids pHIT60, 
pHIT456, and pHAN-puro as described elsewhere (Soneoka et al. 
1995). pHIT60 encodes the MLV retroviral gag-pol, pHIT456 
expresses an amphotrophic envelope protein, and pHAN-puro is an 
expression vector with a hybrid CMV-5' LTR promoter driving 
production of the retroviral transcript. Pax7 expression vectors were 
generated using the mouse Pax7d isoform containing a single 
Ala—>Thr substitution at the seventh amino acid (the Thr residue is 
conserved in human, chicken, and zebrafish Pax7 proteins). Pax7d or 
mouse MyoD are translated from the full retroviral transcript, 
whereas the puromycin-resistance marker is expressed following 
integration from a shorter transcript produced by the SV40 early 
promoter located 3' to the multiple cloning site. Transient 
cotransfection of all three plasmids into 293FT cells (Invitrogen, 
Carlsbad, California, United States) by the calcium phosphate method 
(Graham and van der Eb 1973) routinely produced viral titres 
between 106 and 10 cfu per ml. pHAN-puro was used to produce 
puromycin-resistant virus for controls. 

Purified CD45+:Scal+ or CD45-:Scal~ cells were spun down, 
counted, and 20,00-50,000 cells were then cultured overnight on 
collagen-coated 4-well chamber slides in HAM's F10 medium 
(Invitrogen) supplemented with 20% FBS, antibiotics, and 10 ng/ml 
Stem Cell Factor (R & D Systems, Minneapolis, Minnesota, United 
States). The following day, cells were incubated for 6 h with retrovirus 
at a 1:1 ratio (complete medium: retrovirus supernatant) with 8 ug/ml 
polybrene (hexadimethrine bromide; Sigma, St. Louis, Missouri, 
United States). After infection, cells were rinsed twice with PBS, 
and all cells were replated in myoblast growth medium. After 48 h, 
infected pools were selected in 1 ug/ml puromycin (Sigma) to 
establish stable CDSC-Pax7 lines. C3H10T1/2 cells were incubated 
overnight with MyoD, Pax7, or puro virus and 8 ug/ml polybrene. 

Adenovirus (type V) was prepared using the Ad-Max adenovirus 
creation kit (Microbix Biosystems, Toronto, Ontario, Canada). Ad-
Pax 7d (cDNA as described above) and Ad-LacZ were expressed from 
the murine CMV promoter. Adenovirus was purified in CsCl 
gradients by centrifugation, dialyzed against sterile PBS, and frozen 
down in 15% glycerol at —80 °C. Titres of purified adenovirus were 
determined by plaque assays on 293 cells and were always above 10 
pfu/ml. 

Western blot analyses. Oi l cultures were lysed in RIP A extraction 
buffer (50mM Tns-HCl [pH 7.4], 1% Nonidet P-40, 0.5% NaDeox-
ycholate, 0.1 % Sodium-dodecyl-sulphate, 5 mM EDTA, 150 mM NaCl, 
50 mM NaF) supplemented with protease inhibitors (Complete; 
Roche, Basel, Switzerland). The extracts were normalized for protein 

content using Bio-Rad dye (Hercules, California, United States). Forty 
micrograms of lysate was separated by sodium-dodecyl-sulfate-
polyacrylamide gel electrophoresis and transferred to PVDF filters 
(ImmobilonP; Millipore, Billerica, Massachusetts, United States). 
Filters were probed with antibodies to Pax7 (Developmental Studies 
Hybridoma Bank [DSHB], Iowa City, Iowa, United States); Myf5, 
1:1000 (C-20, Santa Cruz Biotechnology, Santa Cruz, California, 
United States); MyoD, 1:1000 (C-20, Santa Cruz Biotechnology); 
myogenin (F5D, DSHB); and a-tubulin, 1:2000 (T 9026, Sigma). 
Secondary detection was performed with horseradish peroxidase-
conjugated antibodies (Bio-Rad). Protein expression was visualized 
using the ECL Plus kit (Amersham Biosciences, Little Chalfont, 
United Kingdom). 

Ctx-induced regeneration and in vivo adenovirus infections. Four-
to six-week-old Pax7 and wild-type littermates were anesthetized 
with Halothane gas. Twenty-five microliters of 10 uM ctx (Latoxan, 
Valence, France) was injected into the midbelly of the TA muscle, 
using a 29 Vi G insulin syringe. Mice were sacrificed at 4 d or 2 wk 
after ctx injection. For adenovirus infections, 25 ul of sterile PBS 
containing 10 particles of purified Ad-Pax7 or Ad-LacZ was injected 
2 d after ctx injection into damaged TA muscles with a 29% G insulin 
syringe. 

Cell transplantation. Primary CDSC-Pax7 cells cultured in myo­
blast conditions were trypsinized, washed twice with PBS, and 
suspended at 5 X 10' cells/25-ul in sterile PBS for cell transplantation. 
Cells were injected directly into the TA midbelly of 4- to 6-wk-old 
mdxmude mice. Mice were sacrificed 2 mo after cell injections to 
analyze the myogenic contribution of transplanted cells. 

Cell cultures. Primary satellite-cell-derived myoblasts were estab­
lished from purified CD45~:Scal~ fractions of hindlimb muscle of 4-
to 6-wk-old Pax7*^ or PaxT^' mice. Myoblasts and CDSC-Pax7 cells 
were maintained in HAM's F-10 medium (Invitrogen) supplemented 
with 20% FBS and 2.5 ng/ml bFGF (Invitrogen) on collagen-coated 
dishes. CDSC-Pax7 cells and primary satellite-cell-derived myoblasts 
were differentiated for 1-3 d in DMEM supplemented with 5% horse 
serum. C3H10T1/2 and HEK 293 cells were obtained from the ATCC 
(Manassas, Virginia, United States) and maintained in DMEM 
supplemented with 10% FBS. 

Histology and immunocytochemistry. For analysis of regeneration 
and enumeration of regenerated myofibers, TA muscles were 
isolated, embedded in OCT (Tissue-Tek; Sakura Finetek, Torrance, 
California, United States)/20% sucrose and immediately frozen in 
liquid nitrogen. Ten-micrometer cryosections (cross sections) from 
the TA midbelly at the site of ctx injection were stained with 
Hematoxylin and Eosin. Central myonuclei in regenerating muscles 
were counted on at least two independent cross sections of the entire 
TA muscle per mouse analyzed. Fibers were further identified by 
immunostaining with antibodies specific to Desmin, 1:200 (D33, 
DakoCytomaton); dystrophin, 1:500 (Sigma); Pax7 (DSHB); or 
embryonic fast MyHC (F1.652, DSHB) followed by secondary 
detection with anti-mouse FITC conjugated antibody, 1:200 (Chem-
icon, Temecula, California, United States). Sections were analyzed on 
a Zeiss (Oberkochen, Germany) Axioplan 2 microscope. 

Cultured cells were fixed with 4% paraformaldehyde, nonspecific 
antigens were blocked in 5% horse serum/PBS, and cells were reacted 
with primary antibodies as follows: Desmin, 1:200 (DakoCytomaton); 
MyoD, 1:200 (5.8A, BD Biosciences Pharmingen); all MyHC (MF-20, 
DSHB); Myf5, 1:1000 (C-20, Santa Cruz Biotechnology); Pax7 (DSHB); 
and myogenin (F5D, DSHB). Secondary detection was performed 
using fluorescein- or rhodamine-conjugated antibodies, 1:200 (Chem-
icon). MypnLacZ expression was detected by X-Gal reaction as 
described previously (Polesskaya et al. 2003). 

RT-PCR and Northern blot analysis. Total RNA was extracted 
using RNeasy kits (Qiagen, Valencia, California, United States), 
according to manufacturer's instructions. RT-PCR analysis for 
endogenous Pax7 raRNA was performed using the GeneAmp PCR 
Core kit (PerkinElmer, Wellesley, Massachusetts, United States). RT-
PCR using 1 ug of total RNA was conducted as per manufacturer's 
instructions with the following modifications. cDNA synthesis was 
extended for 1 h at 42 °C, and 5 ul of the first-strand RT product was 
used for PCR amplification. PCR conditions for endogenous Pax7 
were 94 °C for 5 min; 35 cycles of 94 °C for 45 s, 56 °C for 45 s, 72 °C 
for 45 s; and finally 72 °C for 7 min. The PCR primers span intron 8 of 
the Pax7 gene (Pax7-exon8-fwd 5' get ace agt aca gec agt atg 3' and 
Pax7-exon9-rev 5' gtc act aag cat ggg tag atg 3') and amplify sequence 
in the 3'-UTR of the gene that is not contained in the viral Pax7 
expression cassette. RT-PCR products were analyzed by electro­
phoresis through a TAE-ethidium-agarose gel. 

Northern blot studies were performed according to standard 
techniques using random-primed " P-dCTP radiolabeled cDNA 
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f ragments as p robes (Redi-prime, Araersham Biosciences)(Sabourin 
et al. 1999). Fifteen mic rograms of total RNA from various cell 
cu l tures was e lec t rophoresed in d e n a t u r i n g formaldehyde gels and 
t ransfer red to Hybond-N filters (Amersham Biosciences). 

Supporting Information 
Accession Numbers 

T h e accession n u m b e r s for the p ro te ins discussed in this p a p e r are 
Desmin (LocusLink ID 13346), mouse MyoD (GenBank N M _ 0 1 0 8 6 6 ) , 
MyoD (LocusLink ID 17927), Myogenin (LocusLink ID 17928), Pax7 
(LocusLink ID 18509), and Pax7d isoform (GenBank AF__254422). 
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Preface and Discussion of Tables 2 and SI 

Representational difference analysis (RDA) was used to isolate transcripts that 

were uniquely expressed in growing wild-type and MyoD'1' myoblasts and might 

represent early satellite cell markers. Microarray analysis of RNA from MyoU' and 

wild-type myoblasts was compared with the RDA and Northern blot results for the 

difference products. Twenty-seven of the forty genes identified by RDA were 

represented on the Affymetrix Mul Ik mouse expression microarray. 

Those data are consistent with the established hypothesis [Sabourin, 1999 #196] 

that MyoD~'~ myoblasts are representative of an early-activation, undifferentiated 

myoblast. Genes resolved by the wild-type myoblast RDA (subtracted with fibroblasts 

and differentiated muscle) were expressed at much higher levels in wild-type myoblasts 

than in MyoD" myoblasts (Table 2), and include conventional muscle genes such as 

cholinergic receptor ocl and troponin Tl. Myogenin was expressed at a low but slightly 

elevated level, indicative of a minor amount of spontaneous differentiation amongst the 

wild-type myoblasts but lacking in the MyoD'1' cells. In contrast, genes identified by the 

MyoD'1' RDA (subtracted with fibroblasts) were expressed in both MyoD'1' and wild-type 

myoblasts (Table 2). Although several (vascular cell adhesion molecule 1; laminin oc5; 

placental growth factor) were moderately higher in MyoD'1' cells, they were also general 

markers of wild-type myoblasts. 

Each method has benefits that support the other. Whereas RDA can identify rare 

and unknown transcripts, microarrays provide a rapid, semi-quantitative, genome-wide 

survey that can identifies differentially expressed genes that are present in both samples. 
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Abstract 

Satellite cells are committed myogenic progenitors that give rise to proliferating myoblasts during postnatal growth and repair of skeletal 
muscle. To identify genes expressed at different developmental stages in the satellite cell myogenic program, representational difference 
analysis of cDNAs was employed to identify more than 50 unique mRNAs expressed in wild-type myoblasts and MyoD~'~ myogenic cells. 
Novel expression patterns for several genes, such as Pax7, Asb5, IgSF4, and HoxclO, were identified that were expressed in both quiescent 
and activated satellite cells. Several previously uncharacterized genes that represent putative MyoD target genes were also identified, 
including Pwl,Dapk2, Sytl2, and NLRR1. Importantly, many genes such as IgSF4, Neuritin, and KlralS that were expressed exclusively in 
MyoD myoblasts were also expressed by satellite cells in undamaged muscle in vivo but were not expressed by primary myoblasts. These 
data are consistent with a biological role for activated satellite cells that induce Myf5 but not MyoD. Lastly, additional endothelial and 
hematopoietic markers were identified supporting a nonsomitic developmental origin of the satellite cell myogenic lineage. 
© 2004 Elsevier Inc. All rights reserved. 

Keywords: Representational difference analysis; Skeletal muscle; Satellite cell; Regeneration; Pax7; MyoD; Myf5 

Introduction 

Muscle satellite cells are specialized myogenic progen­
itors that are activated during postnatal growth and 
regeneration of skeletal muscle. Consequently, the majority 
of adult myonuclei are derived from satellite cells following 
the growth that occurs postnatally (Schultz, 1996). In 
undamaged adult muscle, most satellite cells are quiescent, 
contain highly condensed nuclei, and are located beneath 
the basal lamina of mature muscle fibers (Armand et al., 
1983; Maura, 1961; reviewed by Bischoff, 1994; Hawke 
and Garry, 2001; Scale and Rudnicki, 2000). In response to 
a variety of stimuli including exercise, stretching, and 
injury, satellite cells are activated and give rise to committed 
myogenic precursor cells (MPCs) that proliferate and 
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Research Institute, 501 Smyth Road, Ottawa, Ontario, Canada K1H 8L6. 
Fax:+1 613 737 8803. 

E-mail address: mrudnicki@ohri.ca (M.A. Rudnicki). 

differentiate to form new myofibers (Appell et al., 1988; 
Darr and Schultz, 1987; Grounds and Yablonka-Reuveni, 
1993; Rosenblatt et a l , 1994; Schultz, 1989; Schultz et al., 
1985). Activated satellite cells are also thought to generate 
progeny that remains undifferentiated, hence restoring the 
pool of quiescent satellite cells (Bischoff, 1994; Seale and 
Rudnicki, 2000). 

Due to their low abundance in mature muscle (2 -5% of 
sublaminar nuclei), it has been difficult to molecularly 
investigate early events associated with satellite cell activa­
tion. Additionally, there remains a paucity of genetic markers 
unique to the satellite cell lineage. Many satellite cell markers 
such as Neural Cell Adhesion Molecule-1 (Ncaml) (Bis­
choff, 1994), Foxkl (Garry et a l , 1997), c-met (Cornelison 
and Wold, 1997), and Syndecans 3-4 (Cornelison et al., 
2001) are also expressed in other lineages. The character­
ization of novel genes expressed in satellite cells is essential 
for elucidating the molecular pathways implicated in their 
development and function during tissue growth and 
regeneration. 

0012-1606/$ - see front matter © 2004 Elsevier Inc. All rights reserved, 
doi: 10.1016/j.ydbio.2004.07.034 
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Quiescent satellite cells do not express detectable mRNA 
or protein for any of the myogenic regulatory factors 
(MRFs) (Cooper et al., 1999; Cornelison and Wold, 1997; 
Smith et al., 1994; Yablonka-Reuveni and Rivera, 1994). 
Following activation, satellite cells upregulate either MyoD 
or MyfS mRNA before the initiation of DNA synthesis 
(Smith et al., 1994). RT-PCR experiments of single cells on 
isolated muscle fibers showed that activated satellite cells 
first express either MyoD or MyfS before coexpressing both 
factors (Cornelison and Wold, 1997). Analysis of regenerat­
ing muscle confirmed that myoblasts express either MyoD 
or MyfS alone or coexpress both factors (Cooper et al., 
1999). These observations suggest that activated satellite 
cells possess differential biological properties depending 
upon whether they initially activate MyoD or My/5. 

Previous work identified a unique requirement for MyoD 
in the satellite cell lineage (Megeney et al., 1996). Specifi­
cally, MyoD~'~ muscles display a severe regeneration deficit 
following crush-induced damage or on a dystrophic (mdx) 
background. Importantly, MyoD~'~ muscle contains an 
increased number of satellite cells suggesting an increased 
propensity for MyoD satellite cells to self-renew rather 
than terminally differentiate. Consistent with these findings, 
satellite cell-derived myoblasts from Myo£>-deficient muscle 
display a profound differentiation deficit and an increased 
growth rate in vitro (Cornelison et al., 2000; Sabourin et al., 
1999; Yablonka-Reuveni et al., 1999). Significantly, 
MyoD~'~ myogenic cells express increased levels of MyfS 
mRNA and protein (Sabourin et al., 1999), demonstrating 
the inability of Myf5 to compensate for the absence of MyoD 
during differentiation. 

The phenotype of MyoD -deficient adult myoblasts 
suggested the hypothesis that MyoD myogenic progen­
itors are similar to activated satellite cells that express MyfS 
alone (i.e., Myf5+:MyoD—) and are developmentally 
upstream of cells that express MyoD (Sabourin et al., 
1999; Seale and Rudnicki, 2000). Therefore, cultured 
MyoD~'~ myogenic cells are a unique resource to identify 
satellite cell-specific mRNAs. In this study, we employed 
representational difference analysis of cDNAs (Hubank and 
Schatz, 1994) to identify markers expressed specifically in 
wild-type primary myoblasts and MyaD-deficient myogenic 
cells. These experiments provide a collection of novel 
cDNAs whose expression defines different developmental 
stages in the satellite cell lineage. 

Materials and methods 

Cell cultures 

Primary myoblast cultures were prepared from adult (6-8 
weeks old) MyoD~'~ (Rudnicki et al , 1992) and Balb/c 
(Jackson Laboratories) control animals as described previ­
ously (Sabourin et al, 1999). Primary low passage (<p6) 
myoblast cultures derived from multiple (>3) animals were 

pooled for use in gene expression studies to control for 
biological variability and to maintain their primary character­
istics. Desmin and MyfS immunoreactivity confirmed that 
cell cultures were >98% pure myoblasts. Myoblasts were 
propagated on collagen-coated dishes in Ham's F-l 0 medium 
(Invitrogen) supplemented with 20% FBS and 2.5 ng/ml 
bFGF (Invitrogen). Myoblast cultures were induced to 
differentiate in DMEM supplemented with 5% horse serum. 
Mouse embryonic fibroblasts (MEFs) were obtained from 
El4.5 Balb/c mouse embryos using standard procedures 
(Robertson, 1987) and maintained as primary cultures in 10% 
FBS/DMEM. C3H10T1/2 fibroblasts and C2C12 myoblasts 
were obtained from ATCC and maintained in 10% FBS/ 
DMEM. 

Representational difference analysis 

Representational difference analysis of cDNAs was 
performed as described previously (Hubank and Schatz, 
1994). Briefly, double-stranded cDNA was digested with the 
four-cutter Dpn II (New England Biolabs) and ligated with R-
Bgl-24 adaptors. PCR was used to amplify the cDNA pools 
before subtractive hybridizations. R-Bgl-24 adaptors were 
subsequently removed from the cDNA pools, and J-Bgl-24 
adaptors were then ligated only to "tester" cDNA pools. For 
subtractive hybridizations, wild-type myoblast cDNA 
"tester" was subtracted against MEF cDNA at 1:100 and 
1:400 to yield wtDPl and wtDP2, respectively. DP3 was 
generated by subtracting DP2 against cDNA prepared from 
uninjured whole skeletal muscle at a ratio of 1:400. MyoD~'~ 
cDNA tester was subtracted against C3H10T1/2 fibroblast 
cDNAs at 1:100 and 1:400 to generate mdDPl and mdDP2, 
respectively. Final difference products were cloned directly 
into pCR2.1 (Invitrogen) for sequence analysis. 

Affymetrix array analysis 

Total RNA was harvested from two independent 
isolations of low-passage cultures of wild-type myoblasts 
and MyoD myogenic cells (as described above for 
RDA analysis). Hindlimb muscles from three 6- to 8-
week-old mice were used for each isolate to control for 
biological variability between animals. Standard Affyme­
trix protocols were used to yield fluorescently labeled 
cRNA fragments, which were hybridized to the Mullk-
SubA and SubB GeneChips (Affymetrix). The hybridized 
GeneChips were scanned, and the raw image files 
analyzed using Affymetrix Microarray Suite 4.0's empiri­
cal algorithm to generate numeric average difference 
values and qualitative absent/marginal/present call values. 
The resulting processed data were further examined using 
Microsoft Excel and Access. Negative and low average 
difference values produced by the empirical algorithm 
were arbitrarily reassigned threshold values of 50 for 
purposes of calculating fold changes. The average fold 
change value used to compare the MyoD data against 
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the wild-type data was calculated as ratios of the means 
of the replicates. 

RNA isolation and synthesis of double-stranded cDNA 

Total RNA was prepared from cell cultures and tissues 
using GIT method as previously described (Bimboim, 1988) 
or by using Qiagen RNeasy kits for Affymetrix profiling 
experiments. PolyA+ mRNAs were prepared by two rounds 
of selection with oligo d(T) cellulose (Amersham Bioscience). 
Double-stranded cDNAs were generated using the Universal 
RiboClone cDNA synthesis kit (Promega). The yield of 
double-stranded cDNA was determined by radioactive mon­
itoring of first and second strand synthesis reactions. 

Expression analysis of RDA clones 

Northern blot studies were performed according to 
standard techniques using random-primed 32P-dCTP radio­
labeled RDA products as probes (Maniatis et al., 1982). 
Total RNA (15 ug) from various tissues and cell lines was 
electrophoresed in denaturing Formaldehyde gels and 
transferred to Hybond-N filters (Amersham Bioscience). 
In situ hybridizations were performed on 10-um cryosec-
tions of mouse TA muscles from 8-week-old wild-type or 3-
week-old mdx mice (Jackson Laboratories) according to 
previously described procedures (Braissant and Wahli, 
1998). Sense and antisense in situ probes were synthesized 
from RDA products using the DIG labeling mix (Roche) 
with SP6 or T7 RNA polymerase (Roche). Alkaline 
phosphatase-conjugated anti-DIG antibody (Roche) fol­
lowed by reaction with BCIP/NBT (Roche) was used to 
detect hybridized cRNA probes. 

Immunohistochemistry was performed on paraformalde­
hyde (PFA)-fixed, 10-um cryosections using goat anti-
Vcaml antibody (Santa Cruz), followed by staining with a 
biotin-conjugated secondary antibody (Zymed) and strepta-
vidin-HRP (Zymed). Immunoreactive cells were visualized 
using aminoethyl carbazole (AEC) substrate (Sigma). 
Immunohistochemistry on cultured cells was performed by 
fixation with 4% PFA for 5 min, followed by permeabiliza-
tion with 0.5% Triton X-100 for 5 min. Cells were incubated 
with primary antibodies against Desmin (DAKO), Pax7 
(Developmental Studies Hybridoma Bank), Myf5 (C20, 
Santa Cruz), (5-Gal (Molecular Probes), and Vcaml (Santa 
Cruz). Secondary detection was performed with FITC- or 
HRP-conjugated antibodies (Sigma). 

Results 

Expression profiling of satellite cell-derived myoblasts 

Representational difference analysis of cDNAs (cDNA 
RDA) was employed to generate libraries of expressed 
cDNAs in primary myoblasts from wild-type muscle. 

cDNAs from wild-type primary myoblasts were subtracted 
sequentially against mouse embryonic fibroblast (MEF) 
cDNAs at ratios of 1:100 and 1:400 to obtain the first and 
second difference products (wtDPl and wtDP2), respec­
tively (Fig. 1A). To refine the products further and eliminate 
markers of terminal myocyte differentiation, including 
structural genes (e.g., myosins, dystrophin, etc.), an addi­
tional subtractive step against cDNAs from whole adult 
skeletal muscle (1:400) was performed to generate wtDP3. 
As expected, the complexity of the wild-type myoblast 
cDNA mixture was progressively reduced in wtDPl and 
wtDP2, resulting in the appearance of several distinct cDNA 
products in wtDP3 (Fig. IB). 

A similar strategy was used to identify genes responsible 
for the behavior of MyoD~'~ satellite cells including their 
increased capacity for self-renewal (Megeney et al., 1996; 
Sabourin et al., 1999). MyoD~;~ myoblast cDNAs were 
subtracted twice against cDNAs from C3H10T1/2 fibro­
blasts (at 1:100 and 1:400) to generate mdDPl and mdDP2, 
respectively (Fig. 1C). C3H10T1/2 cDNA was used in this 
screen to avoid losing genes coexpressed by activated 
MyoD~/~ myogenic cells and primary multipotent MEFs. 
After two rounds of subtraction, mdDP2 contained several 
distinct cDNA species (Fig. ID). 

Pools of cDNA from wtDP3 and mdDP2 were cloned 
into pCR2.1 (Invitrogen). To recover lower abundance 
difference products, 400 individual clones from both 
subtracted wild-type and MyoD"'- libraries were screened. 
Dot-blots consisting of PCR-amplified RDA products were 
hybridized with mixtures of labeled clones to identify 
redundant sequences. After dot-blot and sequence analysis, 
18 difference products were identified from wild-type 
myoblasts and 34 difference products from MyoD~'~ 
myogenic cells (Table 1). Comparison of cDNA sequences 
to database entries in GenBank established the identity of 
cloned products (accession numbers provided in Table 1). 

Expression analyses of RDA products from wild-type 
primary myoblasts 

From reverse Northern blot experiments, 51 of the 52 
genes identified were differentially expressed in the starting 
pools of amplified cDNAs (data not shown), thus validating 
the efficacy of RDA subtractions. The expression profile of 
40 genes during primary adult myoblast differentiation was 
assessed by Northern blot analysis as outlined in Table 1. 
The expression patterns for the remaining 11 clones were 
not determined because of technical difficulties in obtaining 
nonrepetitive cDNA probes or due to the identity of the 
cDNA as a gene involved in protein translation, mitochon­
dria, or metabolism that was not the focus of this study (see 
supplementary material for information). 

Northern analysis revealed that Pax7, L-myc, Pb99, and 
Asb5 were expressed in proliferating wild-type and MyoD~'~ 
myoblasts with no upregulation observed during myotube 
differentiation. As previously demonstrated, Pax7 was 
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Fig. 1. Experimental strategy for identifying myoblast-specific mRNAs. (A) Wild-type myoblast cDNAs were subtracted against cDNAs prepared from mouse 
embryonic fibroblasts (MEF) and whole adult skeletal muscle (sk. muse) to generate the third difference product (DP-3). Ratios used for hybridizations are 
indicated. (B) Agarose gel electrophoresis of the starting pool of wild-type myoblast (Wt-Mb) cDNAs and subtracted DP-1, DP-2, and DP-3 showed a 
progressive enrichment of specific cDNA molecules. (C) MyoD~'~ myogenic cell-specific cDNAs were cloned after subtraction against C3H10T1/2 cDNAs. 
(D) Agarose gel analysis of the starting MyoD~'~ myogenic cell cDNA pool (MyoD^Wo), DP-1, and DP-2 revealed the appearance of distinct cDNAs in 
DP-2. 

expressed in proliferating wild-type and MyoD~'~ myoblasts 
but rapidly downregulated upon differentiation (Seale et al., 
2000). Pb99, a gene that encodes a seven-pass transmem­
brane protein was expressed exclusively in undifferentiated 
myoblast cultures (Fig. 2A). Analogous to Pax7, Pb99 was 
not detected in total RNA from a panel of cell lines or mouse 
tissues (Fig. 2A). Furthermore, in C2C12 myoblasts, Pb99 
mRNA was downregulated within the first day of differ­
entiation (data not shown). 

Asb5, encoding an Ankyrin-repeat SOCS box contain­
ing protein, was expressed at similar levels in proliferating 

and differentiating myogenic cells including wild-type, 
MyoD-'-, and C2C12 myoblasts (Fig. 2A). Asb5 mRNA 
was detected in total RNA from adult skeletal muscle but 
was not expressed in other adult mouse tissues (Fig. 2A). 
These data therefore suggest previously unrecognized roles 
for Pb99 and Asb5 in the myogenic satellite cell lineage. 

About 10% of cells in cultures of primary growing 
myoblasts express myosin heavy chain and are presumed 
to represent a basal level of differentiation (Sabourin et al., 
1999). Accordingly, several RDA clones identified from 
cultures of wild-type myoblasts were defined as differ-
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Table 1 
Summary and expression of RDA clones 

Clone Title GenBank Expression by Northern Blot Comments/Reference 

Wt-Mb Wt-D MD-/- M MD-/- D 

Transcription Factors 
* MD p2K6 

dp3-7 

wt-73 
dp3-9 

IIoxclO 

1'axV 

Lmycl 
Myogenin 

NM 017409 

AI254422 

X13945 
D90156 

1 4. - 4 . 

i i . : 

+ 
++ 

— • 

-

+ 
++++ 

Receptors and Integral Membrane Proteins 
Mi l l Tcrb-VI3 HC031887 i ' 
*MOpl2 Ni-iinlin-l HC03553I 

' MD41 Iuii2a 1.3X971 

*wt-30 

MDp67 

MDp31 

* dp3-l 

KlralN 

Pb99 

similar to 
MEGF10 
Ptk7 

NM 053153 

Al 24973S 

XM_140362 

NM_175168 

-

++ 

+++ 

Lrrnl D45913 

dp3-8 

*wt-23 

* wt-141 

Chrnd 

Chrnal 

Sytl2 

BC052153 

NM .007389 

NM-031394 

Adhesion/Extracellular Matrix Proteins 
MD42 Cdh6 NM 007666 

• M l ) 44 1 umaS XM 203"«W> 

" Ml)p3 

+ Ml) pi68 

MDpl8 

]p>l4u 

Vcam 1 

ItgpM 

NM 018770 

HC029823 

L04678 

MDjplft ;Itgd7::: :NMifi08398:: 

+++ 

++++ ++ 

+/-

-+*+• Expressed in regenerating limbs of Axolotls 
(Carlson et al.. 2001) 
Paired-box transcription factor required in the 
development of muscle satellite cells (Seale et 
al., 2000). 

+ bHLH-Leucine Zipper protein 
++ Muscle-specific transcription factor that 

regulates differentiation (Smith et al., 1994; 
Yablonka-Reuveni and Rivera, 1994). 

1 cull receptor [). variable 13 
Impressed exclusively in neural tissue and 
\lyul>' skeletal myoblasts. CilM- membrane 
anchored protein that promotes neuritc 
outgrowth (Naevc et al.. 1997). 

<-• i i Integral membrane protein also expressed in 
chondiogcmc progenitors (DelccrMiijdcr et at., 
1996). 

i ' t Killer cell lectin like icceptor-LS. Cell surface 
molecule expressed in pio-ll cells and T cells 
(thai: and lakci. l'«9J 
Se\ en-pass transuiembraue protein 
expressed in pre-B cells (Sleckman et al., 
2000). 
Multiple EGF repeat containing protein. 

++ Protein tyrosine kinase-7 belongs to a novel 
subclass of receptor tyrosine kinases (Park et 
al., 1996). 

++ Neuronal Leucine Rich Region-1. Expressed 
in developing nervous system (Taguchi et al., 
1996). 

++ Cholinergic receptor, nicotinic, delta 
polypeptide. 

+ Cholinergic receptor, nicotinic, alpha 
polypeptide-1. 

+ - Synaptotagmin-like-2. Contains Slp-hoiriology 
domain (SIID). 

C'adherin-6. Cell adhesion molecule 
expressed in hematopoietic cells and 
molomcurons (.Marthicns et al., 2002: 
Mhala\ielecral., 1998). 

-(• I.aminin-uS. Adhesive protein for 
hematopoietic cells (tin et al., 1499). 
Expressed in developing and dystrophic 
muscle (Ringelnunn el al., 1999; Sorokin et 
al.. 1997) 
Immunoglobulin snpcri'amil>-4. Similar to 
Synaptic cell adhesion molecule-1 (Bicdercr et 
ai... 2002) 
Vascular Cell Adhc.tion Molecule-1. Muscle 
satellite cell maiker (Rosen et al., 19<>2). 
Integrin-a6P4 binds components of the 
extracellular matrix; and is implicated in 
adhesion and proliferation (Murgia et al., 
1998). 

++++ Integrin-a7, marks satellite cells (Blanco-Bose 
et al., 2001; LaBarge and Blau, 2002). 

(continued on next page) 
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Table 1 (continued) 

Clone Title GenBank Expression by Northern Blot Comments/Reference 

Wt-Mb Wt-D MD-/- M MD-/- D 

Structural/Cytoplasmic Proteins 
MDp39 

dp3-3 

MDp26 

dp3-13 

Nestin 

Sega 

Caldesmon 

Tnntl 

Cell Cycle/Apoptosis 
* MD p42 

*MDpl23 

MD p249 

wt-18 

Mcm6 

GoS2 

Peg3 (Pwl) 

Dapk2 

Signaling/Secreted Proteins 
*MD52 

*wt-17 

MDpl58 

Plgf 

Asb5 

PAI-2 

NM_016701 

NM_009161 

BCO19435 

NM_011618 

1)86726 

NM 00X059 

AF038939 

XM_134847 

HC016567 

AF398966 

AJ000386 

Miscellaneous and Unknown inRNA:-
Ml) p40 
MD pX7 
') clones 

MD62 
MDp35 

flitffiitii 

Unknown 
Unknown 
Neomycin 

Unknown 
Unknown 

i.^0a$$&x£ 

XM l2<>46o 
IK 020031 

AK008210 

W^i^m^M 

*dp3-2 
*dp3.5' 

Unknown 
Unknown 

mammim 

+/- +/-

-H-H-

n/d +/- n/d 

-

++ 
++ 
++++ 

++ 

+++ 

+ 
+ 
+ 

-

++ 

++ 
++ 
++ 

Wy: 

Intermediate filament protein expressed in 
myoblasts and regenerating muscle (Carlsson 
et al., 1999; Vaittinen etal., 2001). 
OC-sarcoglycan, Dystrophin associated, : 
glycoprotein. Mutations cause limb girdle 
muscular dystrophy (Duclos etal., 1998; Liu 
etal., 1997). 
Functions in stabilization of microfilament' 

. networks (Matsumara and Yamashiro, 1993). 
Troponin Tl slow. Expressed in differentiated 
muscle. 

Cdc21 binding protein cxpicsscd in 
proliferating intestinal crypt cells OCirnura et 
al..l'>%: Sykcs and Weiser. 1995). 

CiO (jl switch gcnc-2. Target tor BMP signals 
in mesenchymal cells (Bachner et al., 1998). 
Expressed in mesoderm and differentiated 
muscle (Relaix et al., 1996). Implicated in 
p53-dependent apoptosis (Coletti et al., 2002). 
Death-associated protein kinase 2. 
Calcium/calmodultn regulated kinase 
implicated in apoptosis (Kauai el ;il.. 1998). 

Pliiccnla derived growth factor. Closely 
related in VT'GF. Promotes growlh of early 
hematopoietic cells (Luttiin et al.. 2002). 
Ankyrin repeat SOCS-box protein-5. 
Expressed in satellite cells (Boengler et al., 
2003). 
Plasminogen activator inhibitor-2. Plasmin 
activity is required for muscle regeneration 
(Lluis et al., 2001; Suelves et al., 2002). 

Putative Ci-piotcin coupled receptor. 
Contains CA(J repeat region. 
Uxpn'Mcd highly from PC1K1 promoter in 
A/V'^'-dcficient cells. 
Contains SI00 calcium binding domain. 
Putative Androgen-induced protein 
Untranslated and imprinted mRNA. Expressed 
during myoblast and ES cell differentiation 
(Bartolomei et al., 1993; Leibovitch et al,, 
1995). 
Hypothetical protein 
Hypothetical protein similar to Arachidonate 5-
Lipoxygcnase. Not expressed in MyoD-
deficicnt cells. 

*Northern blots are shown in Figures 2 and 3. 
mRMAs expressed at elevated levels in MyoD'1' cells relative to wildtype cultures 
mRNAs upregulated during myoblast differentiation and myotube formation 
References for the RDA clones: Bachncrct al., 1998; Bartolomei et al., 1993; Carlsson et al., 1999; Chan and Takei, 1989; Coletti et al., 2002; Deleersnijder et 
al., 1996; Duclos etal., 1998; Gu etal., 1999; Kawai etal., 1998; Kimura etal., 1996; Leibovitch etal., 1995; Liu et al., 1997; Lluis etal., 2001; Luttun etal., 
2002; Marthiens et al., 2002; Matsumura and Yamashiro, 1993; Mbalaviele et al., 1998; Murgia et al., 1998; Park et al., 1996; Relaix et al., 1996; Ringelmann 
et al., 1999; Sorokin et al., 1997; Suelves et al., 2002; Sykes and Weiser, 1995; Taguchi et al., 1996; Vaittinen et al., 2001. 

entiation specific (Fig. 2B and hatched rows in Table 1), 
including Dapk2, Lrrnl, Sytl2, a-sarcoglycan, myogenin, 
troponin Tl slow, and three unknown genes. Interestingly, 
these genes were all expressed at lower levels in MyoD~'~ 

cells, consistent with a requirement for MyoD during adult 
myoblast differentiation (Cornelison et al., 2000; Sabourin 
et al., 1999; Yablonka-Reuveni et a l , 1999). Dapk2, 
Lrrnl, Sytl2, and the unknown genes remain to be studied 
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Fig. 2. Expression analysis of wild-type myoblast specific-genes. (A) Pb99 and Asb5 were specifically expressed in proliferating wild-type (Wt-M), MyoD~~'~ 
(MD" / -M), and C2C12 (C2-M) myoblasts. AsbS was also expressed after 3 days of differentiation (Wt-D and MD ' D). Asb5 mRNA was also detected in 
skeletal muscle tissue (sk. m). Pb99 and AsbS mRNAs were not detected in a panel of cell lines. (B) Syll2, Dapk2, LrrnI, and two unknown genes (wt-23 and 
dp3-2) were upregulated during myogenic differentiation in wild-type (Wt) myoblasts. Reduced expression levels were observed in differentiating MyoD~'~ 
(MD—/—) cultures. (C) Unknown gene, dp3-5 was specifically expressed in proliferating and differentiating wild-type and C2C12 (C2) myoblasts. However, 
dp3-5 was not expressed in MyoD~'~ cultures either during growth conditions (day 0) or throughout differentiation (days 1-5). 75s rRNA was used to control 
for loading. 

in the context of myogenesis and may play important roles 
in the differentiation process downstream of MyoD. 

Clone dp3-5, an unknown gene related to Arachidonate 
5''-lipoxygenase, was highly expressed in wild-type and 
C2C12 myoblasts during proliferation and differentiation 
(Fig. 2C), Furthermore, expression of dp3-5 was not detected 
in total RNA isolated from a panel of adult mouse tissues 
(Fig. 2C). Strikingly, dp3-5 mRNA was completely absent in 
proliferating as well as differentiating MyoD~'~ myoblasts 
(Fig. 2C). These data therefore suggest that this novel gene is 
induced downstream of MyoD in skeletal myoblasts. 

Expression analyses of MyoD RDA clones 

Transcriptional profiling of YlfyoZJ-deficient myogenic 
cells was employed to identify markers expressed by a more 
primitive myogenic progenitor. Northern analyses revealed 
several genes expressed at higher levels in MyoD 
cultures relative to their wild-type counterparts (see gray-
shaded rows in Table 1). Importantly, the established 
satellite cell markers Vcaml (Fig. 3A) and Integrin-a7 
(not shown) were expressed at higher levels in MyoD~'~ 
cells compared to wild-type primary myoblasts and C2C12 
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Fig. 3. Expression analysis of MyoD -specific genes. (A) Vcaml was highly expressed in MyoD (MD-/-M) myogenic cells with low levels detected in 
wild-type myoblasts. Vcaml transcripts were also detected in various cell cultures including MEFs and C2C12 myoblasts (C2-M). lgSF4 was expressed in 
MyoD~'~ myoblasts, 293 cells, PI 9 cells, as well as brain (Br) and testis (Test), but not in wild-type myoblasts. TcR-fS was expressed at surprisingly high levels 
in MyoD~'~ cells as well as the Jurkat T cell line (Jk), Thymus (Thy), and Spleen (Spl). Neuritin mRNA was only detected in MyoD~'~ myoblasts, NIH 3T3 
fibroblasts, brain, and liver, itmla was expressed at dramatically higher levels in MyoD~'~ compared to wild-type myoblasts, with a marked upregulation in 
differentiating cells. The ltm2a transcript was not detected in C2C12 myoblasts. 18s rRNA was used as loading control. (B)Mcm<5, G0S2, and HoxclO were all 
expressed at higher levels in MyoD~'~ (MD—/-M) relative to wild-type myoblasts (Wt-M). Klral8 mRNA was only detected in MyoD~'~ myoblasts. 
Ethidium-stained RNA samples show loading. (C) Laminin-a.5 and PIGF were highly expressed in MyoD~'~ myoblasts with low levels detected in wild-type 
cells. Laminin-a.5 mRNA was readily detected in skeletal muscle and brain tissue, while PIGF was expressed at low levels in heart. Ethidium-stained RNA 
shows loading. 

myoblasts (Blanco-Bose et al., 2001; LaBarge and Blau, 
2002; Rosen et al, 1992). 

RDA facilitated the identification of additional genes 
expressed in satellite cells. Immunoglobulin Superfamily-4 
(IgSF4) was expressed at high levels in MyoD''" cells, 
with a complete absence of expression in wild-type 

primary myoblasts and C2C12 myoblasts (Fig. 3A). 
IgSF4 transcripts were also detected in 293 and PI9 cells 
as well as several adult tissues. Similarly, Neuritin was 
expressed in MyoD"'" myogenic cells and not primary or 
C2C12 myoblasts. Neuritin transcripts were also observed 
in NIH 3T3 fibroblasts, brain, and liver (Fig. 3A). 
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Surprisingly, T-cell-Receptor-fS (TcR-fi) was highly 
expressed by MyoD myogenic cells, with very low 
levels detected in wild-type myoblasts (Fig. 3A). Sim­
ilarly, Placenta Growth Factor (PIGF) was expressed at 
high levels by MyoD~'~ myogenic cells relative to wild-
type myoblasts (Fig. 3C). Northern analysis of Laminin-
aS demonstrated expression of the transcript in MyoD~f~ 
myogenic cells, adult skeletal muscle, and brain (Fig. 3C). 
HoxclO, Killer-cell Lectin Receptor (Klral8), Mcm6, G0/ 
Gj switch gene-2 (G0S2), and Caldesmon also displayed 
elevated expression levels in MyoD~'~ myogenic cells 
relative to wild-type cultures (Fig. 3B and gray shaded 
rows in Table 1). 

Several genes cloned by RDA from activated MyoD"'" 
satellite cells were also expressed at similar or higher 
levels in wild-type myoblasts and throughout differentia­
tion. Protein tyrosine kinase-7 (PTK7), Plasminogen 
activator inhibitor-2 (PAI2), and a novel EGF repeat 
containing gene similar to MEGF10 (MD p67) were 
expressed at high levels in proliferating wild-type and 
MyoD myogenic cells and downregulated during 
differentiation (see Table 1). Integrin [34 exhibited elevated 
expression in wild-type compared to Myo£>-deficient cells 
and was downregulated upon differentiation (see Table 1). 
H19 mRNA, Nestin, and two unknown genes (MD p35 
and MD 62) are examples of genes cloned from MyoD~'~ 
cells that were induced upon myogenic differentiation (see 
Table 1). These results have thus identified a significant 
number of novel genes that are implicated in various 
stages of satellite cell myogenesis. 

Transcriptional profiling by Affymetrix arrays 

GeneChip microarray analysis was used to examine the 
expression patterns of genes identified by the RDA 
protocol. Seven of fourteen genes (7/14; 50%) identified 
in the wild-type myoblast RDA and 20 of 26 genes (14/ 
26; 54%) identified in the MyoD~f~ RDA experiments 
were represented in MullK probesets. The primitive, 
undifferentiated state of the MyoD~'~ myoblasts is well 
illustrated by the expression patterns of muscle-specific 
genes identified in the wild-type myoblast RDA screen 
including Troponin Tl slow, Chrnal, Lrrnl, and Dapk2 
(Table 2). These findings are consistent with the Northern 
blot data summarized in Table 1. 

Similarly, expression of MyoD~'~ RDA-identified genes 
corroborates the qualitative Northern blot assessments 
showing that certain genes such as Vcaml, Laminin-a5, 
and Plgf are expressed at markedly higher average levels in 
MyoD~;~ vs. wild-type myoblasts (see Table 2). A subclass 
of cDNAs identified in the MyoD~'~ RDA screen including 
H19, Integrin-fi4 (Itgb4), Nestin, and Peg3 was expressed 
at elevated levels in wild-type myoblasts relative to MyoD-
deficient cells (Table 2). These genes are thought to be 
muscle-specific genes that were not represented in the wild-
type myoblast RDA screen because of their expression in 

Table 2 

Expression of RDA candidates by Mu 11K GeneChip 

Gene GenBank Avg. Diff./Calla wt/MD 

wt MD Fold 

Wild-type myoblast RDA candidates 
Chrnal 
Tnntl 
Lrrnl 
Lmycl 
Chrnd 
Dapk2 
Myog 

X03986 
W08218 
D45913 
XI3945 
LI0076 
W82116 
D90156 

19325P 
3608P 
2919P 
257P/A 
199P/A 
149P/A 
1837P 

191A 
50A 
50A 
50A 
50A 
50A 
1319M/A 

101.4 
72.2 
58.4 

5.1 
4.0 
3.0 
1.4 

MyoD myoblast RDA candidates 
Informative 

Vcaml 
Lama5b 

Pgf 
Itm2a 
Tcrb-V13b 

Muscle specific 
Mcm6 
G0s2b 

Nesb 

H19b 

Itgb4 
Peg3b 

Uninformative 
Ptk7 
Cdh6 
ltga7 

X67783 
U37501 

X80171 
L38971 
X00619 
AA608090 

D86726 
AA036037 
X95280 
AA057994 

X58196 

L04678 
U48804 
AA172673 

W46016 
D82029 
L23423 

1037P 
182P/A 
596P 
799P 
556P 
854 IP 
50A 

171P 
450A 
762P 
91 OOP 
7453P 
12594P 
10124P 
1244P 
2386P 
10315P 

178P 
69A 
50A 

4612P 
731P 
1653P 
1704P 
981P 
14345P 
50A 

230P 
593P/M 
610P 
7427P 
4225P 
3884P 
3062P 
212P/A 
175P/A 
599P/A 

218A 
85A 
50A 

-4.4 
-4 .0 
-2.8 
-2.1 
-1.8 
-1.7 

1.0 

-1.3 
-1.3 

1.3 
1.2 
1.8 
3.2 
3.3 
5.9 

13.7 
17.2 

-1.2 
-1.2 

1.0 

a Call = (P)resent, (M)arginal, (A)bsent. 
b Two distinct probesets w.ere associated with these genes. 

skeletal muscle tissue that was used in the subtraction 
procedure (see Fig. 1). 

Several genes identified by RDA had low average 
difference values or "Absenf calls on the GeneChips 
(e.g., Cadherin6, Jntegrin-a7), highlighting the utility of 
the RDA procedure for sensitive detection of differential but 
low-level expression that may not be effectively detected by 
the probesets on the microarray. In summary, the Affymetrix 
array data are consistent with most of the expression data 
derived from Northern blot studies of clones identified in 
our RDA screens. We have thus provided a more complete 
listing of all the genes that were identified in the Affymetrix 
MullK hybridizations as having a consistent >2-fold 
change after pair-wise comparisons (Supplemental Table 
SI). 

MyoD"1^ —specific transcripts are expressed by satellite 
cells in vivo 

To determine whether the genes expressed predominantly 
by MyoD~'~ myogenic cells were also expressed in 
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uninjured wild-type muscle and regenerating mdx muscle in 
vivo, immunohistochemistry and in situ hybridization 
studies were employed. Immunohistochemistry revealed 
expression of Vcaml in MyoD~^ cells where it was 
concentrated at specific regions in the plasma membrane 
and cytoplasm (Fig. 4A). Moreover, Vcaml was expressed 
in satellite cells as well as monocuclear interstitial cells in 
uninjured muscle (Figs. 4B and C). 

IgSF4 mRNA was expressed in 2-3% of nuclei 
associated with uninjured wild-type muscle fibers (Figs. 
5A and B), with increased expression in regenerating areas 
of mdx muscle (Figs. 5C and D). This result suggests that 
IgSF4 is specifically expressed in quiescent satellite cells 
and their activated descendents. Transcripts for Neuritin 
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Fig. 4. Vcaml protein is expressed in MyoD myogenic cells and satellite 
cells. (A) Immunohistochemistry demonstrates localization of Vcaml in 
distinct areas of the plasma membrane in MyoD~'~ myoblasts. Hematoxy­
lin (blue) was used to counterstain nuclei. (B) Vcaml protein was detected 
in satellite cells in cross-sections of uninjured skeletal muscle (arrowheads). 
(C) Magnified view of boxed area in B. 

wildtype mdx 

Fig. 5. MyoD" "-specific mRNAs are expressed by satellite cells in vivo. 
(A and B) IgSF4 transcripts were detected in uninjured skeletal muscle by 
in situ hybridization. The expression oiIgSF4 was associated with 2-3% of 
the sublaminar nuclei visualized by PI staining (B). Arrowheads show 
IgSF4 expressing cells and corresponding nuclei. (C and D) IgSF4 was 
upregulated in regenerating mdx muscles demonstrating its expression in 
activated satellite cells and myoblasts. (E and F) Neuritin mRNA was 
expressed in uninjured (E) and regenerating skeletal muscle (F). Many 
Neuritin -expressing cells were located beneath the basal lamina of muscle 
fibers in uninjured muscle (E) (arrowheads) and associated with central 
nuclei in regenerated fibers (F) (arrowheads). (G and H) Integrin-a7 was 
expressed in satellite cells in uninjured muscle (G) and upregulated during 
regeneration (H). (I) HoxcIO was highly expressed in regenerating mdx 
muscle. (J) TcR-fS transcripts were also readily detected in regenerating 
muscle. 

were also detected in association with approximately 10% 
of nuclei in uninjured wild-type muscle inside as well as 
outside the basal lamina of muscle fibers (Fig. 5E). As with 
IgSF4, expression of Neuritin was markedly increased in 
regenerating mdx muscle (Fig. 5F). The satellite cell marker 
Integrin-vJ was also detected in uninjured muscle, with 
upregulated expression during regeneration (Fig. 5H). In 
addition, HoxcIO (Fig. 51), TcR-fi (Fig. 5J), Klral8, Itm2a, 
and G0S2 (data not shown) were all expressed in a similar 
pattern by cells in regenerating muscle. In situ hybridization 
of muscle sections with nonspecific sense riboprobes for 
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these genes did not show any nonspecific staining (not 
shown). Taken together, these studies suggest that many 
genes expressed specifically in MyoD myogenic cells 
were also expressed by wild-type satellite cells in vivo. 

Discussion 

Satellite cells play a central role in postnatal muscle 
growth and regeneration of skeletal muscle. However, the 
molecular mechanisms responsible for their activation, 
expansion, and self-renewal remain to be elucidated. A 
major impediment in the study of satellite cells has been the 
difficulty in identifying genes expressed specifically in this 
compartment. In this report we have employed a straightfor­
ward experimental strategy to identify novel markers for the 
satellite cell lineage (Fig. 1). 

Transcriptional mRNA profiling of MyoD~'~ myogenic 
cells by representational difference analysis revealed that 
markers expressed by quiescent satellite cells were also 
expressed in Afyo£>-deficient cells (Fig. 5). This indicates 
that MyoD~'~ myogenic cells represent a unique and 
tractable in vitro system to identify genetic pathways 
important for the function and maintenance of the satellite 
stem cell compartment in adult skeletal muscle. 

Interestingly, several cDNAs expressed specifically in 
MyoD~,~ myogenic cells were also expressed in hemato­
poietic or endothelial cells including Vascular cell adhesion 
molecule-1 (Vcaml), Asb5, Immunoglobulin superfamily-4 
(IgSF4), T-cell-receptor ft-chain (TcR-p), Killer Lectin 
Receptor-18 (KlralS), Laminin-u.5 (Lama5), Placenta-
derived growth factor (PIGF), and Cadherin-6 (see refer­
ences given in Table 1). This result supports the suggested 
developmental relationship between satellite cells and 
hematopoietic-endothelial lineages that has been proposed 
previously (De Angelis et al., 1999; Ordahl, 1999). 

The developmental origin of satellite cells remains 
unclear. Quail-chick grafting experiments originally sug­
gested that satellite cells originated from the somitic 
mesoderm along with embryonic and fetal myogenic cells 
(Armand et al., 1983). However, De Angelis et al. (1999) 
described the isolation of satellite cell myogenic clones from 
explanted dorsal aorta but not from the somites of mouse 
embryos. Notably, the aorta-derived myogenic cells express 
markers characteristic of the hematopoietic and endothelial 
cell lineages. The stem cells associated with blood vessels 
termed mesangioblasts are multipotential and readily partic­
ipate in the repair of dystrophic muscle (Minasi et al., 2002). 
In the present study, we demonstrate that several genes 
expressed in hematopoietic lineages are also expressed by 
adult muscle satellite cells in vivo. These findings are 
consistent with the hypothesis that progenitors associated 
with blood vessels can give rise to adult muscle satellite cells. 

The use of both wild-type myoblasts and MyoD-
deficient myogenic progenitors in our study identified 
distinct subsets of genes based on their expression during 

in vitro satellite cell myogenesis (see Table 1). For 
example, the paired-box transcription factor Pax7 was 
identified as a gene expressed specifically in proliferating 
myogenic cells. Based on its expression profile defined by 
this study, we then investigated the role of Pax7 in satellite 
cells (Seale et al , 2000). Importantly, analyses of Pax7-
deficient mice revealed a requirement for Pax7 in satellite 
cell ontogeny. The requirement for Pax7 in the develop­
ment of satellite cells is the basis of many ongoing studies 
aimed at identifying the origin of satellite cells and 
molecular pathways involved in their specification and 
function. The cloning and functional analysis of Pax7 in 
adult progenitors highlights the importance of identifying 
differentially expressed genes in refined progenitor cell 
populations. 

The Ankyrin repeat SOCS box containing gene Asb5 was 
expressed at high levels in wild-type myoblasts and 
MyoD~'~ myogenic cells as well as skeletal muscle tissue 
(Fig. 2A). Asb5 was independently identified as a gene 
expressed in smooth muscle and endothelial cells during 
arteriogenesis (Boengler et al., 2003). Interestingly, immu-
nolocalization of Asb5 protein in skeletal muscle revealed its 
expression in muscle satellite cells (Boengler et al., 2003). 
Pb99 was expressed specifically in proliferating myoblasts 
and was completely downregulated after 24 h in differentia­
tion conditions (Fig. 2A). Pb99, a putative G-protein-coupled 
receptor, is also expressed in pre-B cells and thymocytes 
but not in mature lymphocytes (Sleckman et al., 2000). 

Several other genes identified in wild-type satellite cell-
derived myoblasts were expressed in a differentiation-
dependent manner, including Synaptotagmin-like 2 (Sytl2), 
Death-associated kinase 2 (Dapk2), and Neuronal Leucine 
Rich Region-1 (Lrrnl) (Fig. 2B and Table 1). This subset of 
genes was expressed at lower levels in MyoD-deficient 
myogenic cells, suggesting specific roles in the differ­
entiation process downstream of MyoD. In particular, an 
unknown gene related to Arachidonate 5' -Lipoxygenase (5-
Lox) (dp3-5) was expressed in proliferating and differ­
entiating wild-type and C2C12 myoblasts, but notably absent 
from MyoD~'~ cultures (Fig. 2C). The expression pattern of 
dp3-5 is suggestive of a role for this gene in myogenic 
differentiation that will require further investigation. Taken 
together, several genes with previously undescribed roles in 
myogenesis were identified in wild-type myoblasts. 

The increased self-renewal capacity and enhanced pro­
liferation of MyoD-deficient myoblasts suggested that their 
gene expression profile would closely resemble that of 
satellite cells in vivo. The identification of known satellite 
cell markers including Vcaml (Figs. 3 and 5) and Integrin-u.7 
as genes expressed highly in MyoD-deficient myoblasts 
illustrates that MyoD~'~ cells express genes that are also 
expressed by satellite cells but that are low or absent in wild-
type myoblasts. Moreover, transcripts for lgSF4 and Neu-
ritin, genes not expressed in wild-type myoblasts, were 
detected in cells within uninjured skeletal muscle (Fig. 5). 
The frequency of cells expressing IgSF4 and Neuritin and 
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their overall expression levels were markedly increased in 
regenerating muscle consistent with their expression in 
muscle satellite cells. Several other genes expressed at high 
levels in MyoD~'~ myogenic cells including HoxclO, TcRfi, 
Klral8, and GoS2 were similarly activated during muscle 
regeneration (Figs. 51 and J). These results indicate a specific 
induction of these markers during muscle regeneration and 
support the hypothesis that MyoD-:Myf5+ myogenic pro­
genitors represent a distinct developmental stage in the 
satellite cell program during regenerative myogenesis. 

IgSF4 is a recently identified member of the immuno­
globulin protein superfamily (IgSF) of proteins related to 
Synaptic Cell Adhesion Molecule (SCAM) that functions 
at neuronal synapses (Biederer et al., 2002). IgSF genes 
encode a diverse group of proteins characterized by the Ig 
homology domain that regulate several processes includ­
ing cell adhesion and signal transduction cascades 
(reviewed by Rougon and Hobert, 2003). Neuritin is a 
GPI-anchored protein that is highly expressed in the brain 
and induced in response to neural activity (Naeve et al., 
1997). Nestin is an intermediate filament protein that 
serves as a marker for neural stem cells and adult 
pancreatic stem cells (Lendahl et al., 1990; Sawamoto et 
al., 2001; Zimmerman et a l , 1994; Zulewski et al., 2001). 
The function of these proteins in the myogenic lineage 
remains to be defined. 

Hox genes have been implicated in embryonic growth 
and pattern formation. Notably, HoxclO is specifically 
expressed in the developing hindlimbs but not forelimbs 
of the Axolotl (salamander), mouse, and chick (Carlson et 
a l , 2001; Peterson et a l , 1992, 1994). HoxclO is also 
induced early during the regeneration of Axolotl forelimbs 
coincident with the appearance of the undifferentiated 
blastema cells, suggesting a role for HoxclO in dediffer-
entiation (Carlson et a l , 2001). The expression of HoxclO 
in undifferentiated amphibian limb progenitors is consistent 
with its expression in "more primitive" MyoD-negative 
myogenic precursors during muscle regeneration. Further 
studies are required to assess the functional role of HoxclO 
in skeletal muscle development and regeneration. 

Analysis of gene expression in satellite cells by RT-PCR 
demonstrates that either Myf5 or MyoD is induced upon 
activation before their coexpression in committed myogenic 
precursors (Cornelison and Wold, 1997). Analysis of 
regenerating muscle confirmed these findings, indicating 
that 50% of activated satellite cells coexpress MyoD and 
Myf5, 30% express MyoD alone, and 20% express Myf5 
alone 3 h postinjury (Cooper et a l , 1999). Our study 
supports these findings and suggests a specific role for 
myogenic cells expressing Myf5 but not MyoD in satellite 
cell self-renewal. Taken together, our data indicate that 
cultured MyoD~'~ myogenic cells provide a unique 
opportunity to elucidate genetic networks activated in this 
adult progenitor compartment. 

Methodology to identify differentially expressed genes 
between RNA preparations has been revolutionized with 

the advent of spotted cDNA and oligonucleotide array 
technologies. These procedures are becoming increasingly 
robust for assessing global changes in gene expression. 
However, the use of independent methods like RDA 
remains powerful approaches to identify differentially 
expressed genes that are novel or are present at low 
levels. The ability to clone novel genes and tailor cDNA 
subtractions by altering input cDNA ratios is not possible 
with microarray methodology. Furthermore, the sensitivity 
of RDA for identifying genes expressed at low levels 
(e.g., tissue-specific transcription factors) offers a critical 
advantage. Finally, inherent to RDA is the "physical" 
retrieval of differentially expressed cDNA fragments that 
can then be used in expression studies and screening of 
cDNA or genomic libraries. In this study, we have 
successfully identified several specific genes using RDA 
that will now form the basis of further research into the 
biology of satellite cells. Future functional and genetic 
analyses of the genes identified in this survey will help 
elucidate the mechanisms acting during regenerative 
myogenesis. 
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TABLE SI 
Genes with elevated expression in MyoD-/- vs wildtype 
myoblasts (Avg.Diff. / CallA) (153 probesets) 

Gene 
Foxgl 
Anxa8 
Collal 
Ptpn8 
Cx3cll 
Collal 
Cx3cll 
Fbln2 
Ctgf 
Lhx8 
Bdnf 
Fgf7 
Ndn 
Syk 
? 
Rab3b 
Anxa8 
Mgst3 
Apbblip 
? 
Ltbp2 
Ly6a 
Pold4 
? 
Kitl 
Nfib 
Anxa8 
Anxa3 
Pam 
Ifil 
Ugtlal 
Itih2 
S100al3 
1110007C09Rik 

Genbank 
U36760 
AJ002390 
U08020 
M90388 
U92565 
U08020 
U92565 
X75285 
M70642 
D49658 
X55573 
Z22703 
C79136 
Z49877 
ET62118 
AA166533 
AA060106 
AA518117 
AF020313 
X66976 
AF004874 
M18184 
AA220798 
AA562685 
U44725 
U57634 
AA032354 
AA003383 
U79523 
U19119 
L02333 
X70392 
X99921 
AA289353 

Avg. Diff. / CallA 

wt 
4718P 
4635 P 
7161 P 
1915P 
1938 P 
8250 P 
3721 P 

10794P 
6803 P 
1086P/M 
2160P 

995 P 
3429 P 

695 P 
681 P 
703 P 

2061 P 
5484 P 
2115P 
3694 P 
3579 P 
7606 P 
5210P 
3678 P 

854 P 
797 P 
491 P 

2912P 
3056 P 

591 P 
420 P 
414 P/M 

2105P 
913P 

MD 
50A 
50A 

120 P/A 
50 A 
54 A 

244 P 
127 A 
369 P 
236 P/A 

50A 
106P 
50 A 

210P 
50 A 
50 P/A 
53 A 

158 P/A 
422 A 
183P 
333 P 
326 P 
705 P/A 
505 P/A 
363 A 

85 P 
83P 
52 A 

320 P/A 
340 P/A 

70 P/A 
50M/A 
50A 

256 P/A 
113P 

wt/MD 
Fold 
94.4 
92.7 
59.9 
38.3 
36.2 
33.8 
29.3 
29.3 
28.9 
21.7 
20.5 
19.9 
16.3 
13.9 
13.6 
13.4 
13.1 
13.0 
11.6 
11.1 
11.0 
10.8 
10.3 
10.1 
10.1 
9.6 
9.5 
9.1 
9.0 
8.4 
8.4 
8.3 
8.2 
8.1 
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Avg. Diff. / CaIlA wt/MD 
Gene 
Aqpl 
Figf 
Gas2 
Mglap 
Ly6a 
Itgb5 
Pmp22 
Igfbp7 
Ctsh 
Mmp24 
Itga6 
? 

Dlxl 
Twist 1 
Timp2 
Meisl 
Rbl2 
AI429613 
Penkl 
Sqrdl 
? 

Cd34 
Cd34 
Bgn 
Gsn 
Sh3d4 
Cxcll2 
Anxa5 
B130024L21Rik 
1110048B16Rik 
Xdh 
Sec8 
Nr2fl 
Vcaml 
Calm3 
Hexb 
H2-T23 

Genbank 
L02914 
X99572 
M21828 
D00613 
AA097051 
W14823 
M32240 
L75822 
U06119 
AA164044 
X69902 
AA273574 
U51000 
M63650 
X62622 
U33630 
U36799 
AA267483 
M13227 
AA245216 
C78076 
AA064307 
AA000252 
L20276 
J04953 
U58889 
L12030 
U29396 
AA239477 
W77105 
X75129 
AF022962 
X74134 
X67783 
M19380 
Y00964 
Ml 1284 

wt 
1471 P 
441 P 
821 P 

8031 P 
2081 P 

549 P 
3740 P 

12488P 
2399 P 

421 P 
3537 P 

314P 
1601 P 
1065 P 
6689 P 

594 P 
304 P 
281 P 
308 P 

1321 P 
2881 P 

275 P 
802 P 

21379P 
2407 P 

255 P 
5959 P 
5253 P 

766 P 
1211 P 
360 P 
552 P 
234 P 

4612 P 
220 P 

1789P 
450 P 

MD 
184P 
55 A 

103 P 
1015 P/A 
272 A 

72 A 
515P 

1800P 
349 P 

63 P 
541 P 

50A 
259 P/M 
175 P/A 

1159P 
104A 
54 A 
50 P/A 
55 A 

237 P/A 
519P 
50 A 

146A 
4048 P/A 

463 P 
50A 

1184P 
1059 P 

156M 
249 P/A 

76 A 
116P 
50 P/A 

1037P 
50A 

407 P 
104 A 

Fold 
8.0 
8.0 
8.0 
7.9 
7.7 
7.6 
7.3 
6.9 
6.9 
6.7 
6.5 
6.3 
6.2 
6.1 
5.8 
5.7 
5.6 
5.6 
5.6 
5.6 
5.6 
5.5 
5.5 
5.3 
5.2 
5.1 
5.0 
5.0 
4.9 
4.9 
4.8 
4.8 
4.7 
4.4 
4.4 
4.4 
4.3 
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Avg. Diff. / CaIIA wt/MD 
Gene 
Itgb5 
Cd53 
Rabl4 
Cd53 
Capg 
I14ra 
2210023F24Rik 
Cd53 
Peal 5 
Lama5 
Cd34 
Pdgfrb 
Anxal 
Ifit2 
Itgb5 
Eps8 
Ifngr2 
Tm4sfl 
Pccb 
Dhxl6 
Dnajc3 
Synpo 
Neol 
Retsdr2-pending 
Anxa4 
1647 
Nucb2 
Nidi 
Atp6vlal 
Klral 
? 
Pcolce 
Lxn 
Tm9sf2 
Rcbtbl 
Tnfsf9 
Camk2d 

Genbank 
W99005 
X97227 
W82651 
Z16078 
X54511 
M27960 
C76523 
AA105582 
AA108330 
U37501 
W65699 
X04367 
M24554 
U43085 
AA142328 
L21671 
U69599 
LI 5443 
AA237535 
AA 119035 
AA265871 
AA 182325 
W89821 
W20721 
AA 108947 
M63630 
W62646 
X14194 
U13837 
M25812 
W65256 
X57337 
D88769 
AA 117787 
AA689761 
L15435 
W09664 

wt 
1154P 
518P 

1251 P 
1290 P 
4131P 
1586P 
1066P 
1126P 
864 P 
731 P 
195 P 
789 P 
230 P 
258 P 
720 P 

2981 P 
233 P 

15268P 
208 P 
264 P 

1457 P 
181 P/M 
393 P 
965 P 
578 P 

1181 P 
184P 

3472 P 
584 P 
167 P 
458 P 

13900P 
3214P 

796 P 
210P 
193 P/M 
304 P 

MD 
271 P 
122 P 
296 P 
313P 

1004P 
386P 
260 P 
276 P 
213 P/A 
182P/A 
50A 

206 P/A 
60 A 
68 A 

191 P/M 
792 P 

63 P/A 
4110P 

56 A 
73 P 

403 P 
50 A 

HOP 
271 P 
163 P 
336A 

53 A 
1021 P 

174P 
50 A 

139P 
4224 P 

983 P 
244 P 

65 P 
60 P 
95 P 

Fold 
4.3 
4.2 
4.2 
4.1 
4.1 
4.1 
4.1 
4.1 
4.1 
4.0 
3.9 
3.8 
3.8 
3.8 
3.8 
3.8 
3.7 
3.7 
3.7 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.5 
3.5 
3.4 
3.4 
3.3 
3.3 
3.3 
3.3 
3.3 
3.3 
3.2 
3.2 
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Avg. Diff. / CallA wt/MD 
Gene 
ank 
ank 
Crat 
Cdl4 
Nat2 
F3 
2410019G02Rik 
Sema3c 
Anxa5 
Cfh 
? 
? 

Ltbp3 
Stk24 
Fts 
Matn2 
Lamcl 
Aes 
Anxa4 
Iqgapl 
MGC47046 
Mppl 
4931426K16Rik 
5730420B22Rik 
Kpnb3 
Kpnb3 
A430081P20Rik 
Nr2f2 
Grn 
Anp32a 
Anxal 
Dnajc3 
Myln 
Lampl 
2210023F24Rik 
? 
Camkl 

Genbank 
AA529805 
AA163465 
X85983 
X13333 
U35886 
M26071 
AA684048 
X85994 
W98864 
M12660 
AA231147 
AA450768 
L40459 
AA 154321 
X71978 
U69262 
J02930 
X73359 
AA 142796 
AA118739 
AA138866 
U38196 
AA611940 
C77647 
AA409333 
AA 120563 
AA409056 
X76653 
M86736 
W91701 
X07486 
U28423 
AA 107052 
M25244 
C76523 
D19038 
W30101 

wt 
15188P 
6348 P 
460 P 

2749 P 
183P 
152P 

1300P 
152P 

3519P 
150P 
414P 

1777 P 
3224 P 
3251 P 
405 P 
231 P 

2436 P 
4908 P 

486 P 
2942 P 

146 P 
2270 P 

326 P 
499 P 

1427 P 
1552P 
223 P 
231 P 

2555 P 
787 P 

15421P 
489 P 

4941 P 
8824 P 

881 P 
1367P 

124 P 

MD 
4857 P 
2037 P 

148 P/A 
896 P 
60 A 
50 A 

428 P 
50 A 

1172P 
50A 

139 P/A 
597 P 

1084P 
1099P 

138P 
79 P 

836 P 
1698 P 

170P 
1027P 

52 P 
815P 
117 P/A 
181P 
519P 
579 P 
84 P 
89 P 

991 P 
305 P 

6048 P 
195 P/A 

1988 P 
3569 P 

361 P/A 
565 P/A 

52 P/A 

Fold 
3.1 
3.1 
3.1 
3.1 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
2.9 
2.9 
2.9 
2.9 
2.9 
2.9 
2.8 
2.8 
2.8 
2.8 
2.8 
2.7 
2.7 
2.6 
2.6 
2.6 
2.5 
2.5 
2.5 
2.5 
2.4 
2.4 
2.4 



Appendix C - Muscle Satellite Cell-Specific Genes 226 

Gene 
Rab7 
Cd9 
903022 lM09Rik 
Jakl 
4921505F14Rik 
Dpp7 
Gkap42-pending 
9130415E20Rik 

Genbank 
X89650 
C80730 
AA682033 
AA561503 
AA123450 
AA122717 
W98992 
AA289168 

Avg. Diff. / CallA 

wt 
9001 P 

973 P 
1007P 
508 P 

1480 P 
435 P 
121 P 

1359P 

MD 
3744 P 
407 P 
426 P 
219P 
644 P 
196 P 
55P/A 

627 P 

wt/MD 
Fold 
2.4 
2.4 
2.4 
2.3 
2.3 
2.2 
2.2 
2.2 

A Call = (P)resent, (M)arginal, (A)bsent 
* Two distinct probesets were associated with these genes 
An arbitrary floor Average Difference of 50 was used. 


