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ABSTRACT 

Neurons and skeletal muscle cells may share a common lineage, although once 

thought to arise from distinct precursor pools. While the majority of skeletal muscle is 

derived from mesoderm, a small percentage arises from the ectodermally derived neural 

crest, which also gives rise to the entire peripheral nervous system. In addition, cells 

which express the skeletal muscle-specific marker myf-5 have been identified in the mouse 

central nervous system early in development. Finally, certain types of neural tumors give 

rise to myoblasts when cultured. Studies in our laboratory indicate that based on the 

endogenous expression of MyoD, the peripheral neurotumor derived neuronal cell line, 

RT4-B8, may provide a unique model to study this lineage relationship. In vivo, the 

MyoD family of basic helix-loop-helix transcription factors has been shown to play a 

pivotal role in the regulation of skeletal muscle myogenesis. Significantly, the ectopic 

expression of MyoD in many non-muscle cell types can activate the entire myogenic 

program. The focus of this study was to gain an understanding of the regulation of MyoD 

function in a neuronal cell type. Our results demonstrate that despite the expression of both 

MyoD mRNA and protein, the myogenic pathway was not activated in RT4-B8. This 

finding is unique in that, to our knowledge, no other cell has been reported to express 

endogenous MyoD and lack the ability to activate the myogenic pathway. The inability of 

RT4-B8 cells to activate the myogenic pathway was demonstrated by immunoblot analyses, 

which revealed that the muscle-specific myogenin, desmin, or a-sarcomeric actin genes 

were not expressed in RT4-B8. In addition, myotubes did not form when RT4-B8 cells 

were grown in culture conditions that induced the differentiation of C2C12 mouse 

myoblasts. The MyoD expressed by RT4-B8 was wild type with respect to the size of the 

protein and length of the mRNA. Finally, MyoD protein was present in the nuclei of RT4-



B8 cells, and capable of binding to DNA in vitro. The results of the experiments conducted 

in this study suggest that the endogenous expression of MyoD is not sufficient to activate 

the myogenic pathway in RT4-B8. We therefore conclude that the block to myogenesis in 

RT4-B8 may lie downstream of the expression of MyoD. 
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CHAPTER I 

INTRODUCTION 

This study was conducted in order to investigate the function of the myogenic 

regulator, MyoD, in the peripheral neurotumor-derived, neuronal cell line RT4-B8. 

Although neurons and skeletal muscle cells were once thought to arise from distinct stem 

cell pools, there is evidence that a subset of peripheral nervous system neurons and skeletal 

muscle may share a common lineage. While primarily derived from mesoderm, a small 

percentage of skeletal muscle arises from ectoderm, in particular, the neural crest. 

Therefore, the RT4-B8 cell line may provide a model to study the potential lineage 

relationship between myogenesis and neurogenesis. 

Skeletal Muscle Myogenesis 

The origin of skeletal muscle 

There are three primary germ layers, which are formed during gastrulation, in the 

developing vertebrate embryo. These germ layers are the ectoderm, mesoderm, and 

endoderm. The mesodermal tissue layer gives rise to a number of different structures, 

including bands of cells which run longitudinally along each side of the notochord. These 

cells are referred to as paraxial mesoderm in the developing avian embryo and unsegmented 

mesoderm in the mammalian embryo. As development continues, this unsegmented 

mesoderm begins to form small blocks of cells called somites. These somites are 

composed of cells which give rise to a number of different tissues, including the skeletal 

muscles of the back, body wall, and limbs (reviewed in Gilbert, 1994). 

While all of the skeletal muscles of the body are derived from the somitic mesoderm, 

the skeletal muscles of the head have at least two origins. The majority of head muscle 

arises from more anterior, nonsomitic paraxial head mesoderm (Noden, 1984), while some 
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muscles of the head are derived from the cephalic neural crest, which is of ectodermal 

origin (Le Lievre et al., 1975; see later in this section). 

Discoverv of the myogenic regulators 

Over the last decade, skeletal muscle myogenesis has been used as a model system for 

understanding some of the molecular mechanisms which regulate cellular differentiation. 

The in vitro analysis of myogenesis led to the discovery of the skeletal muscle specific gene 

MyoD. Upon treatment with 5-azacytidine (5-azaC), which results in the demethylation of 

DNA, the embryonic mouse "fibroblast" cell line C3H10T1/2 (lOTl/2) gave rise to 

myogenic cells at a frequency of approximately 25% (Konieczny et al., 1984). By using 

RNAs that were isolated by subtractive hybridization from 5-azaC treated versus untreated 

lOTl/2 cells to screen a myocyte cDNA library, a cDNA was isolated that had the ability to 

convert lOTl/2 cells to stable myoblasts at a frequency of approximately 50% (Davis et al., 

1987). The gene encoded by this cDNA was named MyoD for "Myoblast Determining 

Gene." The discovery of MyoD led to the isolation and cloning of three other cDNAs 

encoding for similar, but unique muscle regulatory genes. These genes were myf-5 (Braun 

et al., 1989), myogenin (Wright et al., 1989), and MRF4 (Rhodes et al., 1989). These 

four genes, MyoD, myf-5, myogenin, and MRF4, are referred to as the MyoD family of 

myogenic regulators. 

Structural and functional characteristics of the myogenic regulators 

The MyoD family of myogenic regulators are skeletal muscle-specific, basic helix-

loop-helix (myo-bHLH) transcription factors. These transcription factors share 

approximately 80% sequence similarity within the basic helix-loop-helix region (reviewed 

in Olson et al., 1994). The basic region is N-terminal of the helix-loop-helix region and 

consists of two to three clusters of basic residues. The helix-loop-helix region is made up 



of two a-helices which are connected by a nonhelical polypeptide chain (reviewed in Olson 

et al., 1994). The myo-bHLH proteins can form homodimers by binding with each other 

or can form heterodimers by binding with the ubiquitously expressed bHLH proteins, E12 

and E47 (Murre et al., 1989). Upon dimerization, the basic regions of the bHLH proteins 

are brought together to form a bipartite DNA binding domain (reviewed in Olson, 1993). 

This domain binds specifically to the consensus DNA sequence CANNTG (where N 

denotes any base), called an E-box (Murre et al., 1989). Using site directed mutagenesis to 

remove the basic region of MyoD, investigators were able to abolish DNA binding in vitro 

and show that dimerization was not affected (Davis et al., 1990). Similar experiments 

demonstrated that deletions within the helix-loop-helix region of MyoD abolished its ability 

to dimerize with E12 (Davis et al., 1990). Thus, the basic region is necessary for binding 

to DNA, while the helix-loop-helix region is necessary for protein dimerization. The myo-

bHLH proteins can bind to DNA as both homodimers and heterodimers, although binding 

as heterodimers occurs at a greater efficiency (Murre et al., 1989). 

All of the myo-bHLH proteins contain within their basic region two highly conserved 

residues (Ala and Thr), which have been shown to be necessary for transcriptional 

activation based on several loss-of-function studies (Davis et al., 1990; Brennan et al., 

1991). In each study, the E-box consensus sequence of the muscle creatine kinase gene 

(MCK) was ligated to the chloramphenicol acetyltransferse (CAT) gene forming an MCK-

CAT reporter construct. This MCK-CAT construct was then cotransfected into lOTl/2 

cells along with the gene for one of the myogenic regulators. Upon deletion of Ala' ̂ ^ or 

Thr' '5 in the basic region of MyoD, the relative CAT activity decreased by 97% from that 

of the wild type MyoD. However, this MyoD mutant was still capable of dimerizing to 

E12 and binding to DNA in vitro (Davis et al., 1990). When either the conserved Ala^^ or 

Thr̂ *̂  in the basic region of myogenin was replaced with an Asn residue, respective 97% 

and 89% decreases in CAT activity were observed (Brennan et al., 1991). In a similar 



study, the basic region of myogenin was replaced with the basic region of El2, which 

lacks these conserved residues, and cotransfected with an MCK-CAT reporter construct. 

This myogenin-E12 chimera exhibited a 97% decrease in CAT activity. However, when 

Ala and Thr residues were placed in the appropriate positions within the basic region of this 

myogenin mutant, CAT activity increased to 89% of wild-type activity (Brennan et al., 

1991). These results suggest that the ability of the myogenic regulators to activate the 

transcription of muscle-specific genes relies on the conserved Ala and Thr being present 

within the basic region of these proteins. 

The Myogenic Pathway 

Based on both patterns of expression and the results of gene knockout studies, the 

myogenic regulators can be placed in a temporal pathway, with regard to expression in the 

somites (Fig. 1). In the developing mouse embryo, myf-5 transcripts are detected in the 

somites at 8.0 days post conception (dpc; Ott et al., 1991). Myogenin transcripts are 

detected in the somites from 8.5 dpc, followed by the expression of MyoD transcripts at 

approximately 10.5 dpc. (Sasoon et al., 1989). MRF4 exhibits a biphasic pattern of 

expression; in that transcripts first appear in the somites of the developing mouse embryo at 

9.0 dpc and are no longer detected after 12 dpc (Bober et al., 1991). The expression of 

MRF4 transcripts then reappears at 16 dpc in all skeletal muscles of the developing mouse 

and continues to be expressed at high levels after birth (Bober et al., 1991). This temporal 

pattern of expression suggests that each of the myogenic regulators performs a distinct 

function in the development of skeletal muscle. 

In order to determine the roles played by each of the myogenic regulators in 

myogenesis, gene knockout studies were performed in mice. The early expression of 

myf-5 suggested that its expression may be necessary for the determination of myoblasts. 

If this were the case, mice homozygous for the null myf-5 mutation [myf-5 (-/-)] would be 



expected to be completely deficient in skeletal muscle formation. Unexpectedly, myf-5 (-/-) 

mice contained no apparent aberrations in skeletal muscle tissue (Braun et al., 1992). 

However, these mice did fail to form a defined rib cage, which resulted in their death 

immediately after birth. Mice homozygous for a null mutation in the MyoD gene [MyoD (-

/-)] contained no morphological or physiological abnormalities in skeletal muscle (Rudniki 

et al., 1992). In neither the myf-5 (-/-) nor the MyoD (-/-) homozygous mutant mice, was 

the expression of the other myogenic regulators affected (Braun et al., 1992; Rudniki et al., 

1992). The results of these two knockout studies led to the hypothesis that myf-5 and 

MyoD are functionally redundant in the development of skeletal muscle. Rudniki et al. 

(1993) tested this hypothesis by examining mice which were homozygous for a double null 

mutation in both myf-5 and MyoD. Histological examination demonstrated that these mice 

were completely devoid of all skeletal muscle. The regions which were expected to have 

been occupied by skeletal muscle were instead occupied by amorphous loose connective 

and adipose tissues (Rudniki et al., 1993). In addition, immunocytochemical analysis 

revealed the absence of muscle-specific desmin expression, suggesting a lack of myoblasts. 

These results, in conjunction with the results of the single knockout studies, suggest that 

(1) the roles myf-5 and MyoD are functionally redundant in the development of skeletal 

muscle, and (2) expression of at least one of these two genes is required for the 

determination of skeletal myoblasts from uncommitted mesodermal stem cells, or for the 

propagation and/or survival of these determined cells, or for all three of these roles. 

In order to determine the in vivo role of myogenin, mice homozygous for a null 

mutation in the myogenin gene [myg (-/-)] were generated. The myg (-/-) mice experienced 

a severe reduction in the amount of differentiated skeletal muscle throughout their bodies. 

The regions where muscle was expected to have developed were populated with myoblast-

like mononucleate cells, based on their expression of myosin heavy chain and MyoD at 

embryonic day 15.5, and only occasional myofibers (Hasty et al., 1993). Significantly, 



these results suggest that myogenin expression is necessary for the further differentiation of 

skeletal myoblasts but not for their determination from uncommitted mesodermal stem cells 

(Hasty et al., 1993). A four-fold decrease in the expression of MRF4 was detected in myg 

(-/-) mice which suggests that myogenin may play a role in the up-regulation of MRF4 

expression. Although studies involving mice homozygous for a null mutation in the MRF4 

gene have been difficult to interpret, the results suggest that MRF4 expression may pla\ a 

role in the maintenance or maturation of skeletal muscle fibers (Braun et al., 1995). 

From the results described above, a model has been proposed for the position of the 

myogenic regulators in a regulatory pathwa>' (reviewed in Olson et al., 1994). Single gene 

knockouts in myf-5 or MyoD had no effect on skeletal muscle formation, suggesting that 

these genes may compensate for one another. The myogenin knockout produced severe 

defects in skeletal muscle formation, marked by a lack of myotube formation. In addition, 

the myf-5/MyoD double knockout mice failed to express myogenin, \\ hile the myogenin 

knockout mice did express MyoD. WTien combined, these results suggest that myogenin 

lies downstream of MyoD and myf-5. 

Activation of the myogenic pathway in non-muscle cell t\ pes 

Ectopic expression of the myogenic regulators can activate the myogenic program in a 

number of non-muscle cell types. For example, each of the four myogenic regulators can, 

upon transfection into lOTl/2 cells, convert these cells to myoblasts (Davis et al.. 1987; 

Braun et al., 1989: Wright et al., 1989; Rhodes et al.. 1989). In addition. Weintraub et al. 

(1989) demonstrated that exogenous expression of MyoD in some liver, melanoma, 

neuroblastoma, fat, and fibroblastic cell hnes can convert these differentiated cell types to 

muscle, as determined by the expression of desmin and the myosin heavy chain (Table 

1.1). However, the exogenous expression of MyoD in HeLa (a human cervical carcinoma 

ceU line) and CVl (an African green monkey kidney-derived cell line) cells failed to acti\ate 



myogenesis, which demonstrates that the exogenous expression of MyoD is not capable of 

converting all non-muscle cell types (Weintraub et al., 1989). The exact mechanisms that 

bring about the full or partial activation, or the lack of activation, of the myogenic program 

in these non-muscle cell types is poorly understood. However, recent evidence suggests 

that the inability of the myo-bHLH proteins to activate the myogenic pathway in the 

nonpermissive cell types may be due to the presence of negative regulators and/or the 

absence of necessary coactivators (Dias et al., 1994; described below and in the 

Discussion). 

Regulation of the Myogenic Regulators 

Phosphorylation 

Like many transcription factors, the activity of the myogenic regulators is subject to 

regulation by phosphorylation (reviewed in Dias et al., 1994 and Lassar et al., 1994). 

Fibroblast growth factor (FGF) is known to be a direct activator of protein kinase C 

(PKC), and has been shown to inhibit the transcriptional activity of the myogenic 

regulators (Davis et al., 1987). Studies involving the cotransfection of COS-1 cells with 

expression vectors encoding myogenin and a constitutively active form of PKC 

demonstrated that myogenin may be a substrate for PKC mediated phosphorylation (Li et 

al., 1992). Gel mobihty shift assays, using a bacterially expressed glutathione-S-

transferase-myogenin fusion protein (GST-myogenin), indicated that the in vitro 

phosphorylation, by PKC, of Thr̂ '̂  in GST-myogenin inhibited DNA binding (Li et al., 

1992). Thr̂ '̂  is one of two amino acids which are highly conserved among the myogenic 

regulators. The substitution of Thr̂ '̂  to Asp̂ "̂  in myogenin demonstrated that the 

introduction of a negatively charged amino acid in the basic region disrupts DNA binding 

activity (Brennen et al., 1991). Because this Thr residue is one of two highly conserved 

amino acids in the basic region of the myogenic regulators (mentioned earlier in the 



introduction), PKC may be capable of regulating the activity of all four of the myogenic 

regulators through this mechanism. 

In order to determine if FGF inhibition of myogenesis might be mediated through the 

phosphorylation of the myogenic regulators, COS-1 cells were transfected with a myogenin 

expression vector and then treated with FGF. Myogenin was observed to be 

phosphorylated at the same sites as those phosphorylated by activated PKC (Li et al., 

1992). These results suggest that FGF-activated PKC may inhibit myogenesis through 

phosphorylation of the conserved Thr residue in the basic region of the myogenic 

regulators. 

However, there is evidence which suggests that the mechanism of inhibition by PKC 

may not require the phosphorylation of the myo-bHLH proteins. Hardy et al. (1993) 

demonstrated that a mutant MRF4 protein lacking the PKC phosphorylation site (Thr^ to 

Ala^^) failed to activate myogenesis when transfected into lOTl/2 cells which were then 

treated with FGF (Hardy et al., 1993). While it is possible that MRF4 and myogenin are 

simply not regulated by PKC mediated phosphorylation, this result may suggest that FGF 

can inhibit myogenesis without the direct phosphorylation of the myo-bHLH proteins. 

Based on these studies it can be concluded that FGF activation of PKC has a negative effect 

on the ability of the myo-bHLH proteins to activate myogenesis. However, the direct or 

indirect mechanism(s) by which FGF-activated PKC carries out this negative regulation 

have not yet been determined. 

Id family of proteins 

A large body of evidence has emerged conceming the negative regulation of 

myogenesis by the Id ("inhibitor of DNA binding") family of proteins. The Id family is 

made up of four proteins. Id 1-4, which are similar to the bHLH proteins. Each member of 

the Id family contains a helix-loop-helix region, but lacks the basic region needed for DNA 
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binding activity (reviewed in Dias et al., 1994). After the discovery of Id, it's expression 

was measured in a number of different cell types. Id-1 transcripts were found to be widely 

expressed in undifferentiated hver, spleen, muscle, brain, and testes. Upon differentiation 

of each of these cell types, the level of Id-1 expression was observed to decrease 

significantly (Benezra et al., 1990). Thus, Id-1 may be a general inhibitor of 

differentiation, however, at this time the majority of information conceming Id-I and 

differentiation centers on its role in myogenesis. 

The discovery of Id-1 led to the isolation and cloning of three other cDNAs encoding 

for similar, but unique genes. These genes were Id-2 (Sun et al., 1991), Id-3 (Christy et 

al., 1991), and Id-4 (Riechmann et al., 1994). While Id-3, like Id-I, was widely 

expressed in a number of different cell types, the expression of Id-2 and Id-4 appeared to 

be more restricted (Benezra et al., 1990; Sun et al., 1991; Biggs et al., 1992; Riechmann et 

al., 1994). 

Recent studies suggest that the Id family of proteins plays a role in the regulation of 

myogenesis. Northern blot analysis has indicated that both Id-1 and Id-3 are highly 

expressed in proliferating myoblasts, but not expressed in myotubes, suggesting that Id 

expression is down-regulated upon myogenic differentiation (Benezra et al., 1990; 

Atherton et al., 1996). When C2C12 mouse myoblasts were transfected with Id-3, their 

abiUty to differentiate into myotubes decreased approximately 5-fold compared to 

untransfected cells (Atherton et al., 1996). Likewise, when lOTl/2 cells were 

cotransfected with an MCK-CAT reporter construct, MyoD, and Id-1 expression vectors, 

there was a greater than 30 fold reduction in CAT activity compared to cells cotransfected 

with MCK-CAT and MyoD alone (Benezra et al., 1990). 

Experiments were performed in order to determine if Id-1 might be inhibiting the 

myogenic fiinction of MyoD through direct protein-protein interaction. These experiments 

consisted of in vitro translating Id-1, MyoD, E12 and E47 in a rabbit reticulocyte lysate. 



either together or seperately, with L-[35S] cysteine. The products were then analyzed on a 

15% SDS-polyacrylamide gel either directly or after immunoprecipitation with either anti-

MyoD or anti-El2 antiserum. The immunoprecipitated products were identified by their 

comigration with either in vitro translated MyoD or Id protein. The results of these 

experiments demonstrated that Id-1 was not only capable of dimerizing with MyoD, but 

that Id-1 bound to E12 with approximately 10-fold greater affinity than to MyoD (Benezra 

et al., 1990). It was later determined that all four members of the Id family of proteins 

were capable of direct protein-protein interaction with the bHLH proteins E12 and E47 

(Benezra et al., 1990; Sun et al., 1991; Loveys et al., 1996; Riechmann et al.. 1994). 

These results suggest that the Id family of proteins may inhibit myogenesis by 

preferentially dimerizing with the E-proteins, leaving the myogenic regulators unable to 

form functionally active heterodimers. 

There is growing evidence to suggest that the Id proteins may also regulate 

neurogenesis. Expression of Id-1 was examined in the nervous system of the developing 

mouse embryo and found to be specifically localized to undifferentiated precursors of the 

central and peripheral nervous systems. Later in development, as these neural precursors 

ceased proliferation and began to differentiate, the level of Id-1 expression diminished 

(Duncan et al., 1992). In addition, Neuman et al. (1993) demonstrated that Id-2 was 

expressed in the early stages of neurogenesis within the mouse central nervous system. As 

the precursors of the central nervous system began to differentiate, Id-2 expression was 

down-regulated in neuroepithelial cells, but remained high in Purkinje cells of the 

cerebellum, mitral cells of the olfactory bulb, and in layers 2, 3, and 5 of the cerebral cortex 

(Neuman et al., 1993). Based on these experiments, it is possible that Id-1 and Id-2 play a 

role in the development of the central and peripheral nervous systems. Whether or not the 

roles played by Id-1 and Id-2 in neurogenesis are similar or distinct has yet to be 

determined. 
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MEF-2 Family of Proteins 

Recent evidence suggests that the myocyte enhancer binding factor 2 (MEF2) family of 

proteins function as cooperating activators for the myogenic regulators (Molkentin et al., 

1996). The MEF2 family consists of 4 proteins, MEF2 A-D, and belongs to the MADS 

superfamily of DNA-binding proteins (Lyons et al., 1995). The MEF2 proteins contain a 

56 amino acid MADS domain, which is named for the first four proteins in which this 

domain was identified: Minichromosome maintenance 1 (MCMl), agamous, deficiens, and 

serum response factor (SRF; reviewed in Molkentin et al., 1996). The MADS domain, 

which is located in the N-terminus, mediates dimerization and DNA binding to a consensus 

sequence CTA(A/T)4TAG/A (reviewed in Lyons et al., 1995). The four MEF2 proteins 

exhibit a high degree of homology within the MADS domain, but are divergent in their C-

termini (reviewed by Olson et al., 1995). 

MEF2A and MEF2D transcripts are expressed ubiquitously, whereas the expression of 

MEF2B and MEF2C transcripts are restricted to muscle and brain (Yu et al., 1992; 

Breitbart et al., 1993; Martin et al., 1993). Despite widespread expression of the MEF2 

transcripts, DNA binding activity is greatest in muscle cells and neurons, which may 

indicate that the expression of the MEF2 proteins is greatest in these tissues (Yu et al., 

1992; Breitbart etal., 1993). 

The MEF2 family of proteins may function, in conjunction with the myogenic 

regulators, to synergistically increase the transcription of muscle-specific genes. For 

example, when MEF2C and MyoD were cotransfected into lOTl/2 cells, approximately 

23% of the cells expressed muscle-specific myosin heavy chain (MHC) protein. However, 

when MyoD was transfected alone, only approximately 8% of the cells expressed MHC, 

while transfection of MEF2C alone yielded no MHC-positive cells (Molkentin et al., 

1995). Likewise, when 1OT1/2 cells were cotransfected with MEF2C and myogenin 

approximately 12% of the cells expressed MHC, while only approximately 5% of the cells 
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expressed MHC when transfected with myogenin alone (Molkentin et al., 1995). Thus, 

the cotransfection of lOTl/2 cells with either myogenin or MyoD and MEF2C produced a 2 

and 4-fold increase, respectively, in MHC positive cells compared to myogenin or MyoD 

transfected alone. Although the results of these experiments do not argue that an interaction 

between MEF2C and the myo-bHLH proteins is absolutely necessary for the transcription 

of muscle specific genes, they do provide sufficient evidence for a synergistic effect in their 

ability to activate muscle-specific gene expression. 

The Neural Crest 

While the majority of skeletal muscle is derived from mesoderm, there is evidence to 

suggest that some skeletal muscle is ectodermally derived. The neural crest is a narrow 

band of cells which originates between the dorsal-most region of the neural tube and the 

epidermal ectoderm (Fig. 2; Reviewed in Selleck et al., 1993). The neural crest is made up 

of a heterogeneous population of unipotent, bipotent and multipotent stem cells which 

migrate, along defined pathways, from their point of origin to their target area. During 

their migration, neural crest cells receive many inductive cues from the surrounding tissues, 

which serve to influence their differentiation (Eraser et al., 1991). The wide range of cell 

types which the neural crest cells differentiate into include: (1) the neurons and glial cells of 

the sensory, sympathetic, parasympathetic, and enteric nervous systems, (2) the 

epinephrine producing (medulla) cells of the adrenal gland, (3) the pigment-containing cells 

of the epidermis, and (4) skeletal and connective tissue (i.e., bone and cartilage) 

components of the head (reviewed in Anderson, 1989; Bronner-Fraser, 1995; Selleck et 

al., 1993). 
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Some Muscle may be Ectodermally Derived 

Neural crest transplantation studies 

In addition to the ceU types mentioned above, the neural crest may give rise to skeletal 

muscle cells of the head (Le Lievre et al., 1975). Interspecies grafts of neural tube and 

associated cephalic neural crest from the rhombencephalon area of quail brain were 

transplanted into chick, producing a quail-chick chimera. The developmental fate of the 

grafted neural crest cells was followed by specifically staining the nuclei of the cells. The 

unique morphology of the quail nucleus made it possible to determine which tissues were 

host derived and which were graft derived. From the earhest stages, after completion of 

their migration, the grafted neural crest cells were observed to have invaded the 

mesodermal core of the branchial arches and become intermingled with the somite derived 

cells that eventually give rise to skeletal muscle. At the electron microscope level, Le 

Lievre et al. (1975) found quail nuclei from the grafted neural crest in striated myofibers of 

chick embryos. These studies suggested that the grafted neural crest cells invaded the 

mesodermal core and gave rise to skeletal muscle cells. However, it is possible that some 

of the grafts contained not only neural tube and associated neural crest, but also 

contaminating mesodermal cells. Because mesodermal contamination of the interspecies 

grafts was not controlled for beyond careful dissection, it is possible that the quail nuclei 

found in the striated myofibers of the chick embryos were of mesodermal origin and not 

derived from neural crest. 

In an attempt to determine the embryonic origin of the avian ocular and periocular 

tissues, Johnston et al. (1979) generated quail-chick chimeras by transplanting cephalic 

neural crest or paraxial mesoderm proximal to the rhombencephalon, according to the 

method of Le Lievre and Le Douarin (1975). These experiments determined that the cihary 

muscle of birds, which is striated, was derived from neural crest, while the extrinsic 

occular muscles were derived from paraxial mesoderm (Johnston et al., 1979). By 
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generating similar quail-chick chimeras, Nakano et al. (1985) were able to determine that 

the striated muscles of the avian iris were of neural crest origin (Nakano et al., 1985). The 

interpretation of Nakano et al. was later modified by the use of quail-duck chimeras, which 

demonstrated that the neural crest gave rise to the skeletal muscle cells of the dorsal iris, 

while the skeletal muscle cells of the ventral iris were of mesodermal origin (Yamashita et 

al., 1987). 

These studies provide evidence to suggest that the neural crest can give rise to some 

skeletal muscle. However, one general caveat of these experiments is that none of these 

results provide conclusive evidence that transplanted neural crest cells became part of the 

skeletal muscle fiber. More conclusive evidence could have been obtained if cells from the 

grafted neural crest, which were believed to have contributed to the formation of skeletal 

muscle, were tested for the expression of muscle-specific genes. The expression of quail 

muscle-specific proteins in the transplanted chick embryos would have strengthened the 

conclusion that cephalic neural crest can give rise to skeletal muscle cells. 

Supporting evidence that ectoderm is capable of giving rise to muscle 

In addition to the transplantation studies, there are well-documented examples of 

muscle cells being derived from neuroectodermal tissue, both in vitro and in vivo. While 

the following examples do not provide concrete evidence that skeletal muscle is derived 

from ectoderm, they do provide support and further rationale for investigating that 

possibility. 

Histological examination has revealed the rare presence of striated muscle in the rat 

pineal organ and cerebellum and in the human cerebellum (Quay, 1959; Ohanian, 1968; 

Hoffman, 1971). Cells which express myf-5 have been observed to exist transiently in the 

brains of developing mice (Tajbakhsh et al., 1995). The in vitro formation of contracting 

striated muscle fibers has also been observed by light and electron microscopy in cultures 
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of rat pituitary cells (Brunner et al., 1982), and cells that express muscle specific markers, 

such as myf-5 and myosin heavy chain, have been derived from cultures of mouse neural 

tube (Tajbakhsh et al., 1994). In addition, confluent cultures of the rat neurotumor-derived 

glial cell line, B9 (defined as glial by the expression of SlOOp and 14-3-2 proteins, and a 

putative glial surface antigen G2, as well as being electrically non-excitable), were able to 

give rise to contractile striated myofibrils, which were observed to express muscle-type 

acetylcholine receptors (Lennon et al., 1979). Finally, the appearance of both well-

differentiated neurons and skeletal muscle cells has been observed upon histological 

examination of such tumors as the benign "Triton Tumor" and medullomyoblastoma, 

which are tumors of the peripheral and central nervous systems, respectively (Markel et al., 

1982; Smith et al., 1984). These observations, when combined, suggest that there may be 

some degree of regulatory overlap between the differentiation of neurons and skeletal 

muscle cells, thereby increasing the probability of a potential lineage relationship between 

myogenesis and neurogenesis. 

RT4Familv of Cell lines 

Background 

The primary focus of this laboratory is the elucidation of the molecular mechanisms 

underlying the process of differentiation. In other words, how a stem cell gives rise to 

daughter cell types. The model system used in the laboratory is a family of cell lines called 

RT4. RT4 was derived from an ethylnitrosourea-induced, rat, peripheral neurotumor and 

is comprised of four cell types (Imada et al., 1978). The stem cell, RT4-AC, 

spontaneously and reproducibly gives rise to a glial derivative, RT4-D, and two neuronal 

derivatives, RT4-B and RT4-E. The stem cell line, RT4-AC, exhibits characteristics of 

both neurons and glia, such as the expression of S 100(3, GFAP, PO, SCGIO, and voltage 

gated Na+ and K+ channels. Upon conversion to the daughter cell types, these properties 

15 



segregate in a cell type-specific manner (Imada et al., 1978; Tomazawa et al.. 1978: 

Freeman et al.. 1987; Freeman et al., 1989; Donahue et al.. 1991; Hagiwara et al., 1993: 

Donahue et al., 1996). For example, the glial derivative, RT4-D. expresses only glial 

properties, such as S 100(3, GFAP, and PO. The neuronal derivatives, RT4-B and -E, on 

the other hand, express only neuronal properties, such as SCGIO, and voltage gated Na+ 

and K+ channels. Studies from our laboratory also indicate that the RT4 family of cell 

lines most closely resemble neural crest derivatives from embryonic day 10 to 12 in the rat 

(Donahue et al., 1996). 

Rationale 

The focus of our investigation was to gain an understanding of the myogenic potential 

of RT4-B8, as a result of its endogenous expression of MyoD, and to begin to determine 

the mechanisms which control the regulation of MyoD function in a neuronal cell type. 

Two lines of investigation with the RT4 model led to this current study. The first 

observation, made by Dr. Yasuko Tomozawa in the laboratory of Dr. Noboru Sueoka, 

was that when RT4-B8 cells were treated with 5-azacytidine (a treatment that results in the 

demethylation of DNA), the cells exhibited myotube-like multinucleation. In addition, the 

5-azacytidine treated B8 cells expressed muscle-type myosin, whereas the untreated cells 

did not (Y. Tomozawa and N. Sueoka, unpublished). The second observation, made by 

Dr. Laurel Donahue, was of expression of MyoD mRNA in RT4-B8 (L. Donahue and N. 

Sueoka, unpublished). 

We report that RT4-B8 expresses both MyoD mRNA and protein, but is unable to 

activate the myogenic pathway. The inability to activate the myogenic pathway is indicated 

by the lack of expression of the muscle-specific genes myogenin, desmin. and a-skeletal 

actin, and the inability to form myotubes when placed into culture conditions that induce the 

differentiation of C2C12 mouse myoblasts (i.e., 2% horse serum). The molecular weight 
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of the MyoD protein and the length of the MyoD mRNA expressed by RT4-B8 are the 

same as that reported in the literature for rat. Finally, MyoD protein is found in the nuclei 

of RT4-B8 cells, and is capable of sequence-specific DNA binding. To our knowledge, 

no other cell has been reported to express endogenous MyoD and lack the ability to initiate 

myogenesis. Therefore, the RT4-B8 cell line provides a model in which to study the 

negative regulation of MyoD function in a neuronal cell type, as well as a unique 

opportunity to study the potential lineage relationship between myogenesis and 

neurogenesis. 
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CHAPTER II 

MATERIALS AND METHODS 

Cell Lines and Tissue Culture Methods 

All cell lines used in this study were grown in high glucose (4500 mg/L) Dulbecco's 

Modified Eagle's Medium (DMEM) containing 100 units/ml penicillin and 100 |Xg/ml 

streptomycin, and maintained at 37°C in a humidified atmosphere of 90% air and 10% 

CO2. The RT4 cell lines and HeLa cells (obtained from American Type Culture Collection, 

Rockville, MD; ATCC) were grown in medium supplemented with 5% fetal calf serum 

(FCS). Mouse NIH3T3 cells (obtained from ATCC) were grown in medium 

supplemented with 10% calf serum (CS). Mouse C2C12 myoblasts (obtained from ATCC) 

and rat L6 myoblasts (obtained from ATCC) were grown in DMEM supplemented with 

10% FCS. The clonal sublines of the RT4 family of cell lines used in this study were RT4-

D6-5-1 (RT4-D), RT4-B8 (RT4-B), RT4-E5-1 (RT4-E), and RT4-AC36A (RT4-AC). 

The RT4-AC36A subline does not undergo cell-type conversion at a detectable frequency, 

but retains all other properties of RT4-AC (Freeman and Sueoka, 1987). 

C2C12 myotubes were generated by culturing C2C12 myoblasts, as described above, 

until the cells were approximately 50% confluent, whereupon the serum conditions were 

changed from 10% FCS to 2% horse serum (HS) "low serum conditions." After being 

cultured in these conditions for 4-6 days, the myoblasts had fused into differentiated 

myotubes and were harvested. The RT4 cell lines were cultured until approximately 50% 

confluent, whereupon the serum conditions were changed from 5% FCS to 2% horse 

serum (HS) and the cell lines designated; RT4-AC (ACL), RT4-D6 (D6L), RT4-E5 (E5L), 

and RT4-B8 (B8L). 

The NIH3T3 mouse fibroblast cell line was transiently transfected [as previously 

described (Donahue and Stein, 1988)] with the MyoD expression vector pEMCIIs (Davis et 
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al., 1987; provided by Andrew B. Lassar, Fred Hutchinson Cancer Research Center, 

Seattle, WA). Briefly, NIH3T3 cells were plated at a density of 5x10^ cells per 100 mm 

tissue culture dish (Corning, Corning, NY). 24 hr after plating, the calcium phosphate-

DNA co-precipitate containing 20 \ig of the MyoD expression vector was added to the 

cells. After 24 hr, the media containing the calcium phosphate-DNA co-precipitate was 

replaced with fresh growth medium. The cells were allowed to proliferate for 48 hr, at 

which point they were harvested for nuclear extracts as described below. 

Preparation of Whole Cell Extracts 

For the preparation of whole cell extracts, all cell lines were harvested at approximately 

90-95% confluence, except C2C12 myoblasts, which were harvested at approximately 50% 

confluence. C2C12 myotubes, ACL, D6L, E5L and B8L cells were harvested after growth 

in low serum conditions for 4-6 days, at which point the cells were 100% confluent. Cells 

to be harvested were rinsed twice with ice cold IX tris buffered saline (TBS: 0.15 M NaCl, 

0.2 M Tris Base, pH 7.6) and lysed in sodium dodecyl sulfate (SDS) lysis buffer [1 mM 

sodium vanadate, 1 mM glycerol-3-phosphate, 50 mM Tris (pH 7.4), 1% SDS, 1 mM 

EDTA, 30 mM sodium pyrophosphate (NaPPi), 10 |iM E64a, 0.1 |ig/ml each of 

chymostatin, leupeptin, antipain, and pepstatin, and 1 mM phenylmethylsulfonylfluoride 

(PMSF)]. Whole cell extracts to be treated with calf intestinal alkaline phosphatase 

(described below) were lysed in a milder lysis buffer [ 1% Nonidet-P40 (NP-40), 0.15 M 

NaCl, 0.01 M sodium phosphate (pH 7.2), 2 mM EDTA, 50 mM sodium fluoride, 0.1 

|j,g/ml each of chymostatin, leupeptin, antipain, and pepstatin, and 1 mM (PMSF)]. DNA 

in the lysates was sheared by passing the lysate 6 times through a 25 gauge needle. The 

protein concentration of the extracts was assayed by the Lowry method (Lowry et al., 

1951). 
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Preparation of Nuclear Extracts 

For the preparation of nuclear extracts, all cell lines were harvested at approximately 

90-95% confluence, except C2C12 myoblasts, which were harvested at approximately 50% 

confluence. C2C12 myoblasts and RT4-B8 cells were harvested after growth in low serum 

conditions for 40-48 hours. Nuclear extracts were prepared as described (Schreiber et al. 

1989), except 0.1 |ig/ml each of chymostatin, leupeptin, antipain, and pepstatin were added 

to solutions A and C. The protein concentration of the nuclear extracts was assayed by the 

Lowry method (Lowry et al., 1951). 

Preparation of Whole Cell Extracts for Alkaline 
Phosphatase Treatment 

In order to examine the phosphorylated state of MyoD, 100 |ig of protein from whole 

cell extracts (prepared as described above) were pre-incubated in Tris/MgCl2 (50 mM Tris-

HCl/1 mM MgCl2 ; Current Protocols) at 30°C for 10 min. After pre-incubation, 20 U of 

calf intestinal alkaline phosphatase (CIP) was added to the samples, which were incubated 

(along with untreated samples) for an additional 15 min at 30°C. In some samples, 

phosphatase activity was inhibited by adjusting the final concentration of sodium phosphate 

in the sample to 100 mM prior to the addition of CIP. After incubation, 20 jig of each 

sample was prepared for electrophoresis as described below. 

Isolation of Polv rA)^RNA and Northem Analysis 

For the isolation of Poly (A)"*" RNA, all cell lines were harvested at approximately 90-

95% confluence, except L6 myoblasts, which were harvested at approximately 50% 

confluence. C2C12 myotubes were harvested after growth in low serum conditions for 4-6 

days. Poly (A)+ RNA was isolated exactly as previously described (Donahue et al., 1991; 

Donahue et al., 1996). The concentration of RNA was estimated by absorbance at 260 nm. 
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To examine the expression of MyoD and myf-5 mRXAs, Northem analysis was 

performed as previously described (Donahue et al., 1991). The MyoD probe was the full-

length mouse MyoD cDNA (1785 bp), which was isolated from the pEMCIIs plasmid 

(Davis et al., 1987; provided by Andrew B. Lassar, Fred Hutchinson Cancer Research 

Center, Seattle, WA). The myf-5 probe was the full-length human myf-5 cDXA (1430 

bp), which was isolated from the pBluescript KSVmyf-5 plasmid (Braun et al., 1989; 

provided by Stephen Koneiczny, Purdue University, W. Lafayette, IN). The DNA 

templates were labeled with a32p-dCTP by random primer extension using the Prime-It Kit 

(Stratagene; La Jolla, CA). Hybridizations and washes for MyoD were performed at 55'C 

and for myf-5 at 42 C. Each Northem blot was \isualized and quantitated using both 

autoradiography and phosphorimagery (Molecular Dynamics, Sunnyvale, CA). The filter 

from the MyoD Northem was stripped and reprobed for cytoplasmic actin to confirm that 

equal amounts of RNA were loaded on the gel. Hybridizations and washes for cytoplasmic 

actin were performed at 42 C. The cytoplasmic actin probe was a 405 bp fragment, which 

encodes the 3'-UTR of the human P actin mRNA, isolated from the pHFpA-3'UTHF 

plasmid (Erba et al., 1986). 

Immunoblot Analysis 

The expression of MyoD, myogenin, desmin, and a-sarcomeric actin was examined 

by immunoblot analysis. Whole cell or nuclear exttacts (described above) containing 20 îg 

of protein were added to an equal volume of 2X stop buffer [100 mM Tris (pH 6.8), 2% 

SDS, 2% beta-mercaptoethanol, 20% glycerol, 0.00025% (w/v) Pyronin Y], boiled for 3 

min and separated by SDS-PAGE on 4% stacking and 9% separating gels. The proteins 

were transferred to Immobilon P membranes (MiUipore; Bedford, MA) in ice cold 0.5X 

transfer buffer (12.5 mM Tris, 96 mM glycine, 0.01% SDS, 10% MeOH) for 16-24 hr at a 

constant current of 40 mA. The membranes were washed 3 x 10 min in IX TBS at room 
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temperature (RT) and blocked by incubation in blocking buffer (5% nonfat dried milk in 

IX TBS, with the addition of 0.2% Tween-20 for MyoD and 0.05% Tween-20 for myf-5) 

for 1.5 hr at RT. The membranes were then incubated in primary antibody overnight at 

4°C. For primary antibody incubation, the following antibodies were added to blocking 

buffer at the specified dilutions: 1:10 of mouse monoclonal anti-MyoD (5.8A; P. 

Houghton, St. Jude Children's Research Hospital, Memphis, TN); 1:1 of mouse 

monoclonal anti-myogenin (F5D; W.E. Wright, University of Texas Southwestern Medical 

Center, Dallas, TX); 1:2000 of mouse monoclonal anti-desmin (Amersham; Arlington 

Heights, IL); 1:8000 of mouse monoclonal anti-a-sarcomeric actin, which recognizes a-

skeletal and a-cardiac actin (Sigma, St. Louis, MO). After primary antibody incubation, 

the membranes were washed 2 x 10 min in IX TBS at RT and incubated for 1.5 hr at RT in 

a 1:10,000 dilution of horseradish peroxidase-conjugated goat anti-mouse secondary 

antibody (Cappel, Durham, NC) in blocking buffer. The membranes were then washed 3 

x 10 min in IX TBS, developed in Renaissance Chemiluminescence reagents 

(DuPont/NEN, Boston, MA), and exposed to X-ray film. 

Electrophoretic Mobility Shift Assays (EMSA) 

A 25 bp double-stranded oligonucleotide, consisting of the E-box consensus sequence 

of the muscle creatine kinase promoter (MCK; Benezra et al., 1990), was used to detect 

MyoD specific DNA binding. The sequence of the MCK oligonucleotide was: upper strand 

5'-GATCCCCCCAACACCIGCTGCCTGA-3' and lower strand 5'-

GATCTCAGGCAGCAGGIGTTGGGGG-3'. A mutant oligonucleotide (MUT; Davis et 

al., 1990), was used in order to test specificity of binding. The sequence of this 

oligonucleotide is: upper strand 5'-GATCCCCCCAACACGGICTGCCTGA-3' and lower 

strand 5'-GATCTCAGGCAGACCGTGTTGGGGG-3'. The core CANNTG sequence 

(E-box) is underiined. The oligonucleotides were labeled with [32p]-YATP and annealed as 
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described (Benezra et al., 1990). Briefly, 15-20 îg of nuclear extract, 4.5-7.5 ng of the 

labeled oUgonucleotide probe, and 1 |Xg of poly (dI:dC) were added to DNA binding 

cocktail (3.2% Ficoll, 0.8 mM EDTA, 8 mM Hepes, pH 7.8) and brought to a final volume 

of 25 jxl with sterile water. Binding reactions were performed at room temperature for 15 

min, immediately loaded onto a 5% non-denaturing acrylamide (30:1, acylamide:bis-

acrylamide) gel and electrophoresed for 2 hr. The gel was then dried, and the results 

visualized by autoradiography and phosphorimagery (Molecular Dynamics, Sunnyvale, 

CA). Competition assays were performed by adding unlabeled MCK oligonucleotide to the 

binding reaction at 10,50, and 100-fold molar excess, and unlabeled MUT oUgonucleotide 

at 10 and 100-fold molar excess. Supershifts were performed by adding either 5 |j.l of 

mouse monoclonal anti-MyoD antibody (5.8A) to the binding reaction, or l̂ ig of mouse 

anti-C/EBPP antibody (provided by Simon Wilhams, TTUHSC, Lubbock, TX). In each 

EMS A, the labeled ohgonucleotide probe was the final component added to the binding 

reaction. 
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CHAPTER m 

RESULTS 

MvoD is Expressed in RT4-B8 Cells 

Northem blot analysis 

The expression of MyoD mRNA was examined in the RT4 family of cell lines in order 

to confirm a previous report that MyoD mRNA was expressed by RT4-B8 (L. Donahue 

and N. Sueoka, unpublished). Northem blot analysis revealed the expression of MyoD 

mRNA in RT4-B8 cells, but not in the stem cell RT4-AC, glial derivative RT4-D6, 

neuronal derivative RT4-E5, or in NIH3T3 cells (Fig. 3.3a). The level of expression of 

MyoD mRNA in RT4-B8 was approximately 3-fold less than that observed in C2C12 

myotubes, as determined by phosphorimage analysis (Image Quant, Molecular Dynamics, 

Sunnyvale, CA). The MyoD mRNA expressed by rat RT4-B8 cells resolved at 

approximately 2.1 kb, slightly larger than the MyoD mRNA expressed by mouse C2C12 

myotubes (approximately 2.0 kb), which is consistent with the published size of MyoD 

mRNA in mouse (1.83 kb; Pinney et al., 1987) and in rat (1.94 kb; Vaidya et al., 1992). 

Note that two larger transcripts, which may represent unprocessed MyoD heteronuclear 

RNAs or weakly cross reacting unrelated RNAs, are weakly detected in C2C12 myotubes. 

The MyoD probed membranes were stripped and reprobed with cytoplasmic actin in order 

to determine if equal amounts of the different RNAs were loaded on the gels (Fig. 3.3b). 

Immunoblot analysis 

The expression of MyoD protein in the RT4 family of cell lines was examined by 

immunoblot analysis (Fig. 3.4), which revealed the expression of two forms of MyoD 

protein in C2C12 myoblasts, C2C12 myotubes, RT4-B8 and RT4-B8 cells cultured in low 

serum conditions (B8L). The observed doublet resolved in the molecular weight range of 
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46-48 kD, w hich is slightly higher than the reported molecular weight for MyoD of 45 kD 

(Dias et al., 1992). Computer assisted image analysis (Visage 2000, Biolmage, Ann 

Arbor, MI) indicated that both C2C12 myoblasts and C2C]2 myombes expressed 

approximately 2-fold more of the higher molecular weight form of MyoD than of the lower 

molecular weight form. In contrast, both B8 cells and B8L cells expressed approximately 

2-fold more of the lower molecular weight form of MyoD than of the higher molecular 

weight form. The total amount of MyoD protein expressed by B8 cells and B8L cells was 

not significantly different. However, the total amount of MyoD protein expressed by 

C2C12 m\'oblasts was approximately 2.5-fold greater than that expressed by B8 cells, B8L 

cells, and C2C12 myotubes. The expression of MyoD protein was not detected in NIH3T3 

fibroblasts, RT4-AC (stem cell), RT4-D6 (glial derivative), or RT4-E5 (neuronal 

derivative). 

RT4-B8 is the Only RT4-B Cell Line which 
Expresses MvoD Protein 

The expression of MyoD protein was examined in six different RT4-B isolates (Fig. 

3.5) culmred under normal and low serum conditions (as described in Materials and 

Methods). Immunoblot analysis re\ ealed the expression of a MyoD-specific doublet, in the 

molecular weight range of 46-48 kD, in the positive controls C2C12 myoblasts, C2C12 

myotubes, RT4-B8 and RT4-B8 grown in low serum conditions. In this experiment, the 

expression of MyoD protein in RT4-B8 is significantly less than that of RT4-B8 culmred in 

low serum conditions. This observed decrease in MyoD expression is confined to this 

experiment and is thus not consistent among other MyoD immunoblots. The expression of 

MyoD protein was not detected in the other RT4-B cell lines, RT4-B1, RT4-B3, RT4-B6, 

RT4-B7, RT4-13, RT4-34. irrespective of growth conditions fi.e. normal serum vs. low 

serum conditions). 
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RT4-B8 Expresses Phosphorylated and Unphosphorylated 

Forms of MyoD 

Cellular extracts were treated with calf intestinal alkaline phosphatase (CIP) and 

examined by immunoblot analysis in order to determine if the observed multiple forms of 

MyoD were due to phosphorylation (Fig. 3.6). RT4-B8 and C2C12 extracts were treated 

with either CIP or CIP and 100 mM sodium phosphate to inhibit phosphatase activity. In 

the untreated RT4-B8 extracts, and in those extracts treated with both CIP and the 

phosphatase inhibitor, the expression of at least two forms of MyoD was observed between 

47-50 kD. In the B8 and B8L extracts treated with CIP, a single band was observed at 

approximately 47 kD. Similar results were obtained with the C2C12 myoblast extracts 

(Fig. 4). The results of this experiment suggest that the upper band in the MyoD-doublet is 

the phosphorylated form of MyoD and that the lower band in the MyoD-doublet is the 

unphosphorylated form of MyoD protein. 

RT4-B8 does not Form Myotubes when Cultured in 
Low Serum Medium 

C2C12 myoblasts can be induced to differentiate and form myotubes when grown in 

low serum conditions (2% HS; Fig. 3.7). Because RT4-B8 cells express MyoD protein, 

they may also possess the ability to form myotubes when cultured in 2% HS. In order to 

determine if RT4-B8 could form myotubes in low serum conditions, the cells were cultured 

in regular growth medium until approximately 60% confluent, at which point the semm 

conditions were changed from 5% FCS to a variety of low semm conditions ranging from 

0.5 - 2% HS. The cells were then cultured for approximately six days (the point at which 

C2C12 myoblasts form twitching myotubes in culture). After six days in the low serum 

conditions, RT4-B8 cells had not formed myotubes (Fig. 3.8). 
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RT4-B8 does not Express Four Skeletal 
Muscle-Specific Genes 

In order to determine the degree to which RT4-B8 had progressed along the myogenic 

pathway, the expression of the four skeletal muscle-specific genes, myogenin, desmin, a-

skeletal actin, and myf-5 was examined by either immunoblot or Northem blot analysis. 

Although RT4-B8 cells were not capable of forming myotubes after being cultured in 2% 

HS, these cells may express some skeletal muscle-specific genes. 

Myogenin 

Myogenin expression was examined by immunoblot analysis. The expression of 

myogenin, one of the four myogenic regulators, is necessary for myoblasts to differentiate 

into myotubes (refer to introduction). Myogenin protein has a molecular weight of 

approximately 35 kD in rat (Wright et al., 1989). Immunoblot analysis revealed the 

expression of myogenin protein in both C2C12 myoblasts and myotubes. The expression 

of a myogenin doublet was observed in C2C12 myotubes (Fig. 3.9). Although not tested 

direcdy here, the higher molecular weight form is most likely the result of phosphorylation 

(Li et al., 1992). The expression of myogenin was not detected in NIH3T3, RT4-AC, 

RT4-D6, RT4-E5, RT4-B8, or RT4-B8 cells cultured in low serum conditions. 

Desmin 

Desmin is a skeletal muscle-specific intermediate filament protein, which has a 

molecular weight of approximately 53 kD in rat (Patterson et al., 1996). Immunoblot 

analysis to detect the expression of desmin in RT4-B8 was performed by Donnie Simons, a 

Howard Hughes student working in the lab under my direction. Immunoblot analysis 

revealed the expression of a single desmin-specific band, in the molecular weight range of 

53-56 kD, in the positive controls C2C12 myoblasts and myotubes (Fig. 3.10). As 

expected, there was an increase in the level of desmin expression detected in C2C12 
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myotubes relative to myoblasts. The expression of desmin was not detected in NIH3T3, 

RT4-AC, RT4-D6, RT4-E5, RT4-B8, or RT4-B8 cultured in low serum conditions. 

a-skeletal actin 

a-skeletal actin is a skeletal muscle-specific protein which has a molecular weight of 

approximately 45 kD in rat (Garrels et al., 1976). Immunoblot analysis to detect the 

expression of a-skeletal actin in RT4-B8 was also performed by Donnie Simons. 

Immunoblot analysis revealed the expression of a-skeletal actin protein in the positive 

control C2C12 myotubes (Fig. 3.11). The expression of a-skeletal actin was not detected 

in the negative controls, C2C12 myoblasts and NIH3T3 cells, RT4-AC, RT4-D6, RT4-E5, 

RT4-B8, or RT4-B8 cells cultured in low serum conditions. 

myf-5 

The expression of myf-5 mRNA in the RT4 family of cell lines was examined by 

Northem blot analysis (Fig. 3.12). The estimated size of mouse myf-5 mRNA is 

approximately 1.5 kb (Braun et al., 1989). A myf-5-specific band resolved at a slightly 

larger kb, in rat L6 myoblasts. The expression of myf-5 mRNA was not detected in 

NIH3T3, RT4-B8, RT4-AC, RT4-D6, or RT4-E5. 

MyoD Protein is Present in the Nucleus and 
Cvtoplasm of RT4-B8 Cells 

The lack of myogenesis observed in RT4-B8, despite the expression of MyoD, could 

be due to the inability of MyoD protein to be localized in the nucleus of RT4-B8. The 

presence of MyoD protein in nuclear, cytoplasmic, and whole cell extracts was examined 

by immunoblot analysis to determine if MyoD protein was present in the nucleus of RT4-

B8 cells (Fig. 3.13). Nuclear and cytoplasmic extracts were generated simultaneously 

from a single culture of cells and compared to whole cell extracts. It was evident, in each 
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of three experiments, that MyoD protein was present in the nuclear extract of RT4-B8. 

Immunoblot analysis revealed the expression of a MyoD doublet in all three B8 extracts, 

similar to that observed in previous experiments. In this experiment, a small amount of a 

cross reacting protein, which resolved at 47 kD, was detected in the NIH3T3 cellular 

extract. This cross reacting protein has also been detected in RT4-AC36A, RT4-D6, and 

RT4-E5 which, to the limit of detection of RT-PCR, do not express MyoD mRNA. In 

addition, NIH3T3 cells are commonly used as a negative control in the study of 

myogenesis and have been shown to not express MyoD (Simon et al., 1993). 

Nuclear Extracts of RT4-B8 Exhibit MyoD-Specific 
DNA Binding Activity 

The lack of myogenesis observed in RT4-B8, despite the expression of MyoD, could 

also be due to the inabihty of MyoD protein to bind to DNA. In order to determine if the 

MyoD protein expressed by RT4-B8 could bind to DNA, electrophoretic mobihty shift 

assays were performed using a 25 bp ohgonucleotide (MCK), containing the E-box fitjm 

the muscle creatine kinase gene, as the target DNA sequence. In order to test the specificity 

of binding, comparative smdies were performed using a mutant ohgonucleotide (MUT), in 

which 3 nucleotides have been mutated to abolish E-box specific binding activity. 

DNA binding activity was initially examined in various nuclear extracts. Each extract, 

except the negative control NIH3T3, contained DNA binding activity (Fig. 3.14) as 

indicated by a shift in the mobihty of the probe due to the formation of several protein/DN A 

complexes. 

In order to determine if the DNA binding activity observed in RT4-B8 was E-Box-

specific, a competition series was performed using cold (unlabeled) MCK and MUT 

oUgonucleotides (Fig. 3.15). In this experiment a 10, 50, and 100-fold excess of cold 

MCK ohgonucleotide, or a 10- and 100-fold excess of cold MUT oligonucleotide was 

added to the indicated binding reactions. A dramatic decrease in the amount of DNA 
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binding activity was observed in two complexes when a 10-foId excess of cold MCK 

oligonucleotide was added to the binding reactions of C2C12 myoblasts, which had been 

cultured in low serum conditions for 44-46 hr (C2L), and RT4-B8 cells (B8). Upon the 

addition of 50- and 100-fold excess of cold MCK oligonucleotide to these binding 

reactions, the DNA binding activity of these same two complexes was completely 

abolished. In contrast, DNA binding activity was not affected by the addition of either 10-

or 100-fold excess of cold MUT oligonucleotide to the binding reactions of C2L and B8. 

These results suggest that the DNA binding activity observed in RT4-B8 is E-box-specific. 

In order to confirm that the DNA-binding activity observed in nuclear extracts of RT4-

B8 was MyoD-specific binding, a supershift analysis (Fig. 3.16) was performed using a 

monoclonal antibody to MyoD (5.8A, refer to Materials and Methods). The MyoD 

antibody was added to the binding reactions of 3T3, 3T3-M, C2L, and B8. The addition of 

MyoD antibody to the binding reactions of 3T3-M, C2L, and B8 produced a supershifted 

complex. The formation of this supershifted complex coincides with the disappearance of 

the two E-box-specific complexes observed previously in Figure 3.14. In addition, the 

formation of a doublet was observed in the supershifted complex of the B8 (a-MyoD) 

extract. While this doublet is most likely present in the supershifted complex of the C2L 

extract as well, it is observable in the B8 extract because of less total binding material. In 

order to demonstrate that the supershifted complex was MyoD-specific and not due to the 

addition of any antibody to the binding reaction, C2L and B8 extracts were incubated with 

an antiserum to an unrelated transcription factor, C/EBPp. The addition of this antibody 

did not produce a supershifted complex in either of the extracts. Therefore, the 

supershifted complexes observed in this experiment are MyoD specific. A supershifted 

complex was not formed after the addition of antibody to the 3T3 binding reaction. 
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Fig. 3.3 RT4-B8 expresses MyoD mRNA. (a) MyoD Northern analysis. Five 
)j.g of Poly(A)+ RNA from each cell line was examined. The lane designations 
are: C2C12 myotubes as a positive control (MT); RT4-AC (AC); RT4-D6 (D6); 
RT4-E5 (E5); RT4-B8 (B8). (b) The membrane was stripped and reprobed with 
cytoplasmic actin. RNA markers (Promega; Madison, WI) were used to estimate 
the size of transcripts. 
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Fig. 3.4 RT4-B8 expresses MyoD protein. MyoD immunoblot. Twenty ug of 
protein from each cell line was loaded onto the gel. The lane designations are: 
C2C12 myoblasts (MB) and C2C12 myotubes (MT) as positive controls; RT4-
AC (AC); RT4-D6 (D6); RT4-B8 (B8); RT4-E5 (E5); NIH3T3 as a negative 
control (3T3); RT4-B8 cells grown in low serum (i.e. 2% Horse Serum, B8L). 
Arrows indicate the two cross reacting forms of MyoD protein. Rainbow 
markers (Amersham, Arlingtion Heights, IL) were used to estimate the size of 
proteins. 
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Fig. 3.6 RT4-B8 expresses both phosphorylated and unphosphorylated forms 
of MyoD. Twenty jig of protein from each cell line was loaded onto the gel. 
Proteins were dephosphorylated by treating samples with calf intestinal alkaline 
phosphatase (CIP). Phosphatase activity was inhibited by adjusting the final 
concentration of sodium phosphate in the sample to 100 mM. The lane 
designations are: C2C12 myoblasts (MB) as a positive control; C2C12 myoblasts 
plus CIP (MB-CIP); C2C12 myoblasts plus CIP plus phosphatase inhibitor (MB-
CIP-I); RT4-B8 (B8); RT4-B8 plus CIP (B8-CIP); RT4-B8 plus CIP plus 
phosphatase inhibitor (B8-CIP-I); RT4-B8 low serum, (B8-L); RT4-B8 low 
serum plus CIP (B8L-CIP); RT4-B8 low serum plus CIP plus phosphatase 
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(a) 

(b) 

Fig. 3.7 C2C12 myoblasts can be induced to differentiate and form myotubes. 
(a) C2C12 mouse myoblasts cultured in 10% FCS until 100% confluent, (b) 
C2C12 myoblasts differentiate to form myotubes after being cultured in low 
serum conditions (2% HS) for 4-6 days. Each micrograph 
is lOOX. 

37 



(a) 

(b) 

Fig. 3.8 RT4-B8 cells do not form myotubes when cultured in low serum 
medium, (a) RT4-B8 cells cultured in 5% FCS until 100% confluent, (bj 
RT4-B8 cells do not differentiate to form myotubes after being cultured in 
low serum conditions (2% HS) for 4-6 days. Each micrograph 
is lOOX. 

38 



kD 

6 9 -

4 6 -

3 0 -

2 1 -

«J 
0) 

r 
CD 1 -

"^ o < 
(D 
Q 

CO 
CO 

i n 
LU 

- J 
00 
CQ 

Fig. 3.9 RT4-B8 cells do not express myogenin protein. Myogenin immunoblot 
analysis. Twenty |ig of protein lysate from each cell line was loaded onto the 
gel. The lane designations are the same as in Fig. 2 with the addition of HeLa 
(HeLa) cells as a negative control. C2C12 myoblasts (MB) and myotubes (MT) 
are positive controls. 
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Fig. 3.10 RT4-B8 cells do not express desmin protein. Desmin immunoblot 
analysis. Twenty \xg of protein from each cell line was loaded onto the gel. 
The lane designations are the same as in Fig. 2. C2C12 myoblasts (MB) and 
myotubes (MT) are positive controls, and NIH3T3 (3T3) is the negative 
control. 
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Fig. 3.11 RT4-B8 cells do not express a-skeletal actin protein, a-skeletal 
actin immunoblot analysis. Twenty fig of protein from each cell line was 
loaded onto the gel. The lane desienations are the same as in Fi2. 2. C:Ci2 
myoblasts (MB) and myotubes (MT) are positive controls, and NIH3T3 
(3T3) is the negative control. 
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Fig. 3.12 RT4-B8 does not express myf-5 mRNA. myf-5 Northern 
analysis. Five \xg of Poly(A)+ RNA from each cell line was examined. 
The lane designations are as follows: RNA markers (Promega; Madison, 
WI); NIH3T3 (3T3) as a negative control; L6 myoblasts (L6) as a 
positive control; RT4-AC (AC); RT4-D6 (D6); RT4-E5 (E5); RT4-B8 
(B8). 
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Fig. 3.13 MyoD protein is located in the nucleus and cytoplasm of RT4-
B8. Twenty \xg of protein lysate from each cell line was loaded onto the 
gel. The lane designations are: NIH3T3 cells (3T3); B8 whole cell extracts, 
(B8-wce); C2C12 whole cell extracts, (C2Ci2-wce); B8 nuclear extract, (B8-
nuc); B8 cytoplasmic extract, (B8-cyt); C2C12 nuclear extract, (C2Ci2-nuc); 
C2C12 cytoplasmic extract, (C2Ci2-cyt). Arrows indicate two cross reacting 
forms of MyoD protein. 
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Fig. 3.14 Nuclear extracts of RT4-B8 exhibit DNA-binding acti\it\ to the MCK 
enhancer. Electrophoretic mobility shift assay (EMSA) was performed to examine 
the ability of the M\oD protein expressed b\' RT4-B8 to bind to the E-box of the 
muscle creatine kinase gene (MCK). The lane designations are: NIH3T3 cells, 
(3T3); NIH3T3 cells transfected with MyoD. (3T3-M): C:Ci:. iC:H): C:Ci2 grown 
in low serum, (C:L): RT4-B8. (B8); RT4-B8 grown m low serum. (BSL). E-box-
specific DNA binding complexes are represented b\- the "̂ s. The free probe is 
indicated by FP. 
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Fig. 3.15 Nuclear extracts of RT4-B8 exhibit E-Box-specific DNA-binding acti\it\'. 
The lane designations are: NIH3T3 cells. (3T3); C2C12 grown m low serum, (C2L); 
RT4-B8, (B8H). To the indicated extracts. 10. 50. and 100 fold excess of unlabeled 
wild type oligonucleotide (MCK) was added to the binding reaction, while 10 and 
100 fold excess of unlabeled mutant oligonucleotide (MUT) was added to the 
binding reaction. E-box-specific DNA binding complexes are represented b\' the '^s. 
Non-E-box-specific DNA binding complexes are represented b\ the ~. 
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Fig. 3.16 Nuclear extracts of RT4-B8 exhibit MyoD-specific DNA-binding 
activity. In order to determine if M\oD protein was specificalK' binding to the 
MCK oligonucleotide. M\oD antibodv was added to the indicated extracts. The 
lane designations are: NTH3T3 cells, (3T3); NTH3T3 cells transfected with 
MyoD. (3T3-M); C2C12 grown in low serum. (C2L); RT4-B8. (B8). Lanes 
marked with a-MyoD represent extracts incubated with anti-MyoD antibody. 
Lanes marked with a-C/EBPp represent extracts incubated with an antibod) to 
the non-MyoD related C/EBPp protein. MyoD specific DNA binding complexes 
are indicated by the *s. The M\oD-specific supershifted complex is indicated by 
the **. 
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CHAPTER IV 

DISCUSSION 

The results of this study demonstrate that RT4-B8 expressed both MyoD mRNA and 

protein, but was unable to activate the myogenic pathway. This finding is unique in that, to 

our knowledge, no other cell has been reported to endogenously express MyoD and lack 

the ability to activate the myogenic pathway. The inability of RT4-B8 to activate the 

myogenic pathway was demonstrated by a lack of expression of the muscle-specific 

myogenin, desmin, or a-skeletal actin genes. In addition, RT4-B8 did not form myotubes 

when grown in culture conditions that induced the differentiation of C2C12 mouse 

myoblasts. The MyoD expressed by RT4-B8 was wild type with respect to the size of the 

protein and length of the mRNA. Finally, MyoD protein was present in the nuclei of RT4-

B8 cells, and capable of binding to DNA in vitro. The results of the experiments conducted 

in this study suggest that the endogenous expression of MyoD is not sufficient to activate 

the myogenic pathway in RT4-B8 and that the block to myogenesis may lie downstream of 

the expression of MyoD. 

MyoD is Expressed by RT4-B8 

Northem blot and immunoblot analyses revealed the expression of both MyoD mRNA 

and protein in RT4-B8. Experiments in our laboratory demonstrate that RT4-B8 resembles 

an immature neuronal cell line derived from embryonic day 10-12 neural crest (Donahue et 

al., 1996). As discussed in the Introducfion, neural crest cells have been shown to 

contribute to skeletal muscles of the craniofacial region and the iris (LeLievre et al., 1975; 

Johnston et al., 1979). Therefore, it is possible that, since the neuronal cell line RT4-B8 

expresses MyoD, B8 represents a neural crest derived cell type, with the potential to give 

rise to both neurons and skeletal muscle. 
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The Expression of MyoD in RT4-B8 does not 
Activate the Myogenic Pathway 

RT4-B8 does not form myotubes after growth in differendation medium 

C2C12 myoblasts can be induced to form myotubes by changing the serum 

concentradon in the growth medium from 10% FCS to 2% HS and allowing the cells to 

remain in these condifions for 4-6 days. In addition, the exogenous expression of MyoD in 

a number of nonmuscle cell types has been shown to activate the myogenic program, 

marked by the formafion of myotubes after growth in low semm containing medium. After 

being cultured in a variety of low serum condidons for 6 days, RT4-B8 did not form 

myotubes. Therefore, despite the expression of endogenous MyoD protein, RT4-B8 did 

not respond to being cultured in low serum conditions as C2C12 myoblasts did. The 

deplefion of growth factors (i.e., the lowering of semm) in the medium of cultured 

myoblasts has been postulated to induce differendation by down-regulating the expression 

of Id. The down-regulation of Id expression is believed to increase the availability of E-

proteins which are able to dimerize with the myo-bHLH proteins and acdvate the 

transcription of muscle-specific genes (reviewed in Dias et al., 1994). Since RT4-B8 did 

not form myotubes after being cultured in low semm containing medium, some mechanism 

may be in place within RT4-B8 that prevents the down-regulation of Id expression, such 

that myotube formation does not occur. Alternatively, because the RT4 family of cell lines 

is neurotumor derived, it is possible that RT4-B8 may have circumvented the need for 

growth factors contained in semm to divide. This phenomenon is a salient feature of tumor 

derived cell lines (Alberts, 1994) and may account for RT4-B8's inability to respond to the 

lowering of serum. 
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RT4-B8 does not express marker genes of muscle differentiation 

Although the expression of MyoD protein was not capable of activating the myogenic 

pathway to the extent of enabling RT4-B8 to give rise to myotubes after growth in low 

serum, it was possible that RT4-B8 might express some muscle-specific genes as a result 

of the expression of MyoD protein. Therefore, in order to determine the extent to which 

RT4-B8 had progressed along the myogenic pathway, the expression of three muscle-

specific genes was analyzed by immunoblot analysis. 

Gene knockout studies have determined that the expression of myogenin is necessary 

for the differentiation of skeletal myoblasts into myotubes (Hasty et al., 1993). In 

addition, MyoD has been shown to be capable of activating the expression of myogenin 

(Hollenberg et al., 1993). Iimnunoblot analysis did not detect the expression of myogenin 

in either RT4-B8 or RT4-B8 cells cultured in low semm conditions. Therefore, the MyoD 

protein expressed by RT4-B8 does not activate the expression of myogenin. This result 

suggests that the lesion in the myogenic pathway in RT4-B8 might be placed at some point 

between the expression of MyoD and myogenin. 

Desmin is a muscle-specific intermediate filament protein and is one of the earliest 

myogenic markers to be expressed (Li et al., 1994). Desmin contains two E-boxes in its 

promoter region (Li et al., 1993). In addition, the exogenous expression of MyoD in a 

number of non-muscle cell types can induce the expression of desmin protein (Choi et al., 

1990). Immunoblot analysis did not detect the expression of desmin protein in either RT4-

B8 or RT4-B8 cultured in low semm conditions. Therefore, the expression of MyoD 

protein in RT4-B8 does not activate the expression of desmin protein, even in the low 

serum condition. 

Although the promoter region of a-skeletal actin contains an E-box, its expression is 

not dependent upon the expression of the myogenic bHLH genes (Peterson et al., 1990). 

The expression of a-skeletal actin was investigated in order to determine if RT4-B8 might 
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express other skeletal muscle-specific genes, despite the lack of expression of myogenin or 

desmin. a-skeletal actin is a skeletal muscle-specific protein expressed in myotubes and 

myofibrils (Muscat et al., 1992). Immunoblot analysis did not detect the expression of a-

skeletal actin in RT4-B8 or RT4-B8 cells grown in low semm conditions. 

The lack of expression of myogenin, desmin, and a-skeletal actin proteins suggests 

that RT4-B8 has not progressed along the myogenic pathway beyond the expression of 

MyoD. Because MyoD has been shown to activate the expression of both myogenin and 

desmin, the lack of expression of these genes in RT4-B8 suggests that MyoD may be 

incapable of activating the transcription of muscle-specific genes and thus, incapable of 

activating the myogenic pathway in RT4-B8. 

RT4-B8 does not express myf-5 mRNA 

Since myf-5 expression is detected approximately 2 days prior to the expression of 

MyoD in the developing mouse embryo (Ott et al., 1991; Sassoon et al., 1989), Northem 

blot analysis was performed in order to determine if any members of the RT4 family of cell 

lines expressed myf-5 mRNA. The expression of myf-5 was not detected in RT4-B8 nor 

any other member of the RT4 family of cell lines. 

Recent evidence suggests that the expression of myf-5 is capable of inducing the 

expression of MyoD in skeletal myoblasts of the body of the developing mouse (Tajbakhsh 

et al., 1997). In the same study, it was demonstrated that the expression of MyoD was not 

regulated by myf-5 in skeletal myoblasts of the head. These data suggest that skeletal 

myoblasts of the head may develop along a different pathway. In addition, the neural crest 

is believed to give rise to skeletal muscle cells in the head (Le Lievre et al., 1975), and the 

RT4 family of cell lines most closely resemble neural crest derivatives (Donahue et al., 

1996). Therefore, the observation that RT4-B8 does not express myf-5, supports the 

hypothesis that RT4-B8 may represent a primitive, neural crest-derived, neuronal cell 
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which may have myogenic potential. Furthermore, RT4-B8 may be poised to differentiate 

along the myogenic pathway described by Tajbakhsh et al. (97), which does not require the 

expression of myf-5. 

Summarv of Initial Results 

The initial results of this study demonstrated the inability of endogenously expressed 

MyoD to activate the myogenic pathway in RT4-B8. The size of the MyoD mRNA and 

protein expressed by RT4-B8 are in agreement with the sizes reported in the literature. 

Despite the expression of this apparently "normal" MyoD protein, RT4-B8 does not 

progress along the myogenic pathway. Growth in low semm conditions did not induce the 

formation of myotubes in RT4-B8 and, RT4-B8 did not express other muscle-specific 

genes such as myogenin, desmin, and a-skeletal actin. Because MyoD has been shown to 

be capable of activating the expression of both myogenin and desmin (Brennan et al., 1990; 

Choi et al., 1990), the lack of expression of these genes in RT4-B8 suggests that the 

inability to activate the myogenic pathway may be due to MyoD's inability to activate the 

transcription of muscle-specific genes in RT4-B8 cells. 

There are a number of scenarios which might explain why MyoD is non-functional in 

RT4-B8 and thus, unable to activate the myogenic pathway. For example, the block to 

myogenesis in RT4-B8 might have been the result of a lack of MyoD protein in the nucleus 

of RT4-B8 cells. MyoD protein must be localized in the nucleus in order to activate the 

transcription of muscle-specific genes. Once in the nucleus, a transcription factor must be 

capable of binding to DNA. It was also possible that the MyoD protein expressed by RT4-

B8 was not able to bind to DNA, and therefore, not able to activate the transcription of 

muscle-specific genes. However, my data has demonstrated that these possibilities are not 

the case. 
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The block to myogenesis could also be caused b\' the expression of a mutated form of 

MyoD protein, \\ hich is incapable of activating gene transcription. Although the sizes of 

both MyoD mRNA and protein from RT4-B8 cells are consistent with the sizes reported in 

the literature, size differences due to a point mutation, small deletion, or insertion would 

not ha\'e been detected. Finally, the level of MyoD expression in RT4-B8 may not be 

sufficient for the activation of gene transcription. Northem blot and immunoblot analysis 

indicated that approximately 3-fold less MyoD w as expressed in RT4-B8 cells compared to 

C2C12 myoblasts and myombes. 

MyoD Protein is Phosphor\ lated in RT4-B8 

The myo-bHLH proteins contain multiple phosphorylation sites for PKC (Li et al.. 

1992). In cells treated with activated PKC, the ability of the myogenic regulators to 

activate the transcription of muscle-specific genes was inhibited. Whether or not this 

inhibition requires the direct phosphorylation of the myogenic regulators is not entirely 

understood. Immunoblot analysis revealed the expression of two forms of MyoD protein 

in RT4-B8 cells. The expression of two forms of MyoD protein in C2C12 cells was 

demonstrated previously by immunoblot analysis (Katagiri et al., 1997) and confirmed in 

our studies. When the extracts w ere treated with CIP, the multiple forms of MyoD were no 

longer observed. Therefore, the multiple forms of MyoD expressed in RT4-B8 are most 

likely the result of phosphorylation. 

Phosphorylation of the highly conserved Thr residue (in the basic region of the myo-

bHLH proteins) by PKC has been shown to inhibit the ability of the myogenic regulators to 

bind to DNA (Li et al., 1992). Although this experiment suggests that RT4-B8 expresses 

at least one phosphorylated form of MyoD, the exact location of the phosphorylated 

residue(s) has not been determined. Electrophoretic mobility shift assays (see later) 

conducted in this smdy indicate that nuclear extracts of RT4-B8 exhibit E-box-specific 
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DNA binding activit)' mediated by MyoD. WTiile RT4-B8 expresses MyoD protein in a 

form which can bind to DNA in vitro, studies have not been conducted to determine 

whether or not the amount of DNA binding activit\ is sufficient to activate the transcription 

of muscle-specific genes. Although computer assisted image analysis suggests that RT4-

B8 predominantly expresses the unphosphorylated form of MyoD, transactivation smdies 

will need to be performed in order to determine whether or not RT4-B8 expresses an acti\ e 

or inactive form of MyoD protein. 

MyoD is Present in the Nucleus of RT4-B8 

MyoD has two nuclear localization signals: one in the basic region and the other in the 

helix 1 domain (Vandromme et al., 1995). Although the translocation of MyoD to the 

nucleus has not been reported to be a primary means of regulation of its function, it was 

possible that the inabihty of MyoD to activate the myogenic pathway in RT4-B8 was the 

result of a lack of MyoD protein in the nucleus of RT4-B8 cells. 

In order to determine if MyoD protein was present in the nucleus of RT4-B8, its 

expression was analyzed in nuclear, cytoplasmic, and whole cell extracts. Immunoblot 

analysis revealed the expression of a MyoD doublet in all three B8 extracts, similar to that 

observed in previous experiments. Both phosphorylated and unphosphorylated forms of 

MyoD are present in the nucleus of RT4-B8. It is possible that the ratio of phosphorylated 

to unphosphorylated MyoD protein is different in the nuclei of RT4-B8 cells compared to 

"normal" myoblasts and that this ratio is critical for the transcriptional activation of muscle-

specific genes. 
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Nuclear Extracts of RT4-B8 Exhibit MyoD-Specific 
DNA Binding Activity 

It was possible that the MyoD protein expressed by RT4-B8 was not able to bind to 

DNA, and therefore not able to activate the transcription of muscle-specific genes. 

However, the EMS A experiments performed in this study demonstrate that nuclear extracts 

of RT4-B8 exhibit MyoD-specific DNA binding activity which is similar to that observed in 

nuclear extracts of C2C12. In order to activate the transcription of muscle-specific genes, 

MyoD must be able to bind to DNA. 

The results of these experiments demonstrated the presence of two MyoD-specific 

DNA binding complexes in the nuclear extract of RT4-B8. The formation of multiple DNA 

binding complexes was observed in C2C12 nuclear extracts (Katagiri et al., 1997), and 

confirmed in our studies. Interestingly, the binding patterns of nuclear extracts from both 

B8H and B8L cells are similar to that of C2H. However, when C2C12 myoblasts are 

cultured in low semm conditions (C2L) the intensity of DNA binding activity increases 

dramatically. This suggests that RT4-B8 is not capable of responding to the lowering of 

semm as C2C12 myoblasts do. The removal of semm from the growth medium is believed 

to bring about a decrease in the expression of the Id family of proteins. A decrease in the 

expression of Id is believed to increase the level of free E-proteins, thus making them 

available for forming functionally active heterodimers with the myogenic regulators. As 

stated in the introduction, the myogenic regulators bind to DNA both as heterodimers and 

as homodimers, but heterodimers bind with far greater efficiency (Murre et al., 1989). 

Thus, as homodimers the myogenic regulators might function only as weak transcriptional 

activators. If, in RT4-B8, the homodimeric form is the predominant form binding to DNA, 

then the block to myogenesis might be explained. However, this will remain undetermined 

until supershift analysis with an antibody to the E-proteins can be carried out and the results 

compared to the supershifted complexes formed by the addition of the MyoD antibody. 
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CHAPTER V 

FUTURE DIRECTIONS 

The results of this study verify that RT4-B8 expressed both MyoD mRNA and 

protein, but lacked the ability to activate the myogenic pathway. It remains possible that the 

inability of RT4-B8 to activate the myogenic pathway could be the result of insufficient 

expression of MyoD or the expression of a mutated form of MyoD protein. As mentioned 

in the introduction, three important mechanisms by which the myogenic pathway can be 

inhibited are (1) phosphorylation of the myogenic regulators by PKC, (2) negative 

regulation of myogenesis by the Id family of proteins, and (3) the lack of expression of a 

coactivator such as a member of the MEF2 family of proteins. The next phase of this 

project will be to determine the mechanism(s) underiying the block to myogenesis in RT4-

B8. 

Insufficient Expression of MvoD or Expression 
of a Mutant Form of MyoD 

The inability of endogenous MyoD to activate the myogenic pathway in RT4-B8 may 

be due to the expression of a mutated form of MyoD protein or insufficient expression of 

MyoD protein. In order to address these possibilities, RT4-B8 could be transfected with a 

MyoD expression vector and stable transfectants generated. Western analysis would then 

need to be performed in order to confirm that the stable transfectants were overexpressing 

MyoD protein. The myogenic potential of these transfectants could then be determined by 

testing the their abihty to form myotubes after being culmred in low semm conditions and 

by the ability to express myogenin, desmin, or a-skeletal actin. The formation of 

myotubes or the de novo expression of any of these three muscle-specific genes would 

suggest that RT4-B8 expresses either insufficient levels of MyoD protein or a mutant form 
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of MyoD protein. Finally, the MyoD gene expressed b\' RT4-B8 could be cloned and 

sequenced in order to determine if, in fact, a mutant form of MyoD was expressed by RT4-

B8. 

Phosphorylation 

The direct phosphorylation of the myogenic regulators by PKC has been show n to 

inhibit their abihty to bind to DNA. Although electrophoretic mobilitv' shift assays, 

conducted in this smdy. indicate that nuclear extracts of RT4-B8 exhibit MyoD-specific 

DNA binding activity-, smdies ha\ e not been conducted to determine whether of not the 

amount of DNA binding activit}' is sufficient to activate the transcription of muscle-specific 

genes. Although computer assisted image analysis suggests that RT4-B8 predominanUy 

expresses the unphosphorylated form of MyoD, transactivation smdies would need to be 

performed in order to determine whether or not RT4-B8 expresses sufficient levels of an 

active (unphosphorylated) form of MyoD protein. 

In order to determine if RT4-B8 cells express sufficient levels of unphosphorylated 

MyoD protein to activate the transcription of a muscle-specific gene, C2C12 and RT4-B8 

cells could be transfected with an MCK-CAT reporter constmct (see Introduction: I;C ) and 

the level of CAT activir> compared. The difference in transfection efficiencies would need 

to be conu-olled for b\ die cotransfection of a constimtiveh acti\ e luciferase reporter 

construct. The level of CAT activity in C:Ci2 and RT4-B8 cells would then be normalized 

to luciferase activit>. A low level of CAT activity in RT4-B8, compared to that of C2C1:. 

might be the result of insufficient DNA binding activity, which could possibly be 

explained if a high proportion of the MyoD protein, expressed b>' RT4-B8, were 

phosphorylated at the conserved Thr residue (see Introduction: I;F). On the other hand, a 

high level of CAT activit}-. might suggest that sufficient levels of DNA binding activit>' 
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were present and that phosphorylation of MyoD protein in RT4-B8 was not the cause of the 

block to myogenesis. 

Recent studies suggest that the conserved Thr residue in the basic region of the 

myogenic regulators is the only phosphorylation site known to inhibit DNA binding 

activity. When this conserved Thr residue in myogenin (Thr̂ '̂ ) was changed to Asn, DNA 

binding activity was no longer subject to inhibition by PKC mediated phosphorylation (Li 

et al., 1992). Therefore, if the inhibitory mechanism blocking myogenesis in RT4-B8 is 

mediated through the phosphorylation of the same conserved Thr residue (Thr̂  î ) in the 

MyoD protein, the transfection of a similar mutant (Thr̂  ̂ ^ - Asn^ 15) form of MyoD may 

enable RT4-B8 to overcome this repression. Stable transfectants could be generated and 

their myogenic potential determined by testing their ability to form myotubes after being 

cultured in low semm containing medium, and by the ability to express myogenin, desmin, 

or a-skeletal actin. The formation of myotubes or the de novo expression of any of these 

three muscle-specific genes would suggest that the block to myogenesis was the result of 

the phosphorylation of the conserved Thr residue in the MyoD protein expressed by RT4-

B8. Although the direct phosphorylation of the myogenic regulators has been shown to 

inhibit their ability to bind to DNA, it has not yet been determined if this is the mechanism 

by which activated PKC inhibits myogenesis in vivo (Li et al., 1992). It is possible that 

alternative mechanisms, in addition to the phosphorylation of MyoD, are responsible for 

the block to myogenesis in RT4-B8. 

Id Familv of Proteins 

The Id family of proteins is beheved to act as a negative regulator of myogenesis by 

preferentially dimerizing with the ubiquitously expressed E-proteins, leaving the myogenic 

regulators unable to form functionally active heterodimers (Benezra et al., 1990; Sun et al., 

1991; Atherton et al., 1996; Reichman et al., 1994). Based on recent studies which 
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demonstrate the expression of all four members of the Id family of proteins in the 

developing mouse brain (Reichman et al., 1994), it is possible that one or more member(s) 

is expressed in RT4-B8. A detailed analysis of Id expression in RT4-B8 could be 

conducted by immunoblot analysis using antibodies to each member of the Id family 

(commercial antibodies are available). 

If RT4-B8 expressed Id proteins, additional experiments would need to be conducted 

in order to determine if the block to myogenesis is due to the expression of Id. For 

example, the expression of antisense Id sequences has been shown to inhibit the translation 

of Id mRNA (Barone et al., 1994; Hara et al., 1994). The expression of antisense Id-3 in 

C2C12 myoblasts was shown to produce a 3-fold increase in their ability to differentiate 

into myotubes at high cell densities (Atherton et al., 1996). The expression of antisense Id 

is a viable means of inhibiting Id's negative effect on myogenesis. Therefore, by 

transfecting RT4-B8 with antisense sequences specific to the Id genes expressed in RT4-

B8 cells, the block to myogenesis may be overcome. The myogenic potential of these cells 

could then be determined. The formation of myotubes or the de novo expression of any 

muscle-specific genes would suggest that the block to myogenesis in RT4-B8 was due to 

the inhibitory effect of Id function. The inability of the transfectants to form myotubes 

would be more difficult to explain. A negative result may suggest that the expression of Id 

in RT4-B8 does not inhibit myogenesis, or that Id is simply not the sole inhibitor. On the 

other hand, a negative result could be due to the inabihty of the antisense sequence to 

inhibit Id translation. Immunoblot analysis would need to be performed with the 

transfectants in order to confirm a decrease in the expression of Id protein. Finally, the 

expression of antisense Id could inhibit Id function and still produce a negative result, if a 

necessary cofactor, needed to activate gene transcription, were not expressed by RT4-B8 or 

if other unknown negative regulators were present. 
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It may also be possible to override the inhibitor)' function of Id by overexpressing 

either E12 or E47 in RT4-B8. After cloning and characterizing Id-1. Benezra et al. 

suggested that the overexpression of E12 or E47 might rescue the inhibition of MyoD by 

Id-1 (Benezra et al., 1990). Since the Id proteins have higher affinity for E12 and E47 

than they do for MyoD, the overexpression of E12 or E47 might diminish the inhibitory 

effect of Id expression by repositioning the equilibrium between MyoD, Id, and the E-

proteins. The myogenic potential of the transfected cells could then be determined as 

mentioned previously. 

The inabihty of the transfectants to form myombes would be more difficult to explain 

for many of the same reasons as mentioned above. A negati\e result may suggest that the 

expression of Id in RT4-B8 was not inhibiting myogenesis. or that RT4-B8 failed to 

express a necessary cofactor needed to activate gene transcription. On the other hand, the 

inabihty of the transfectants to form myombes or express muscle-specific proteins may 

simply suggest that the expression of exogenous E12/E47 was not sufficient to reheve the 

inhibition brought about by Id expression. 

MEF2 Familv of Proteins 

Recent evidence suggests that the myocyte enhancer binding factor 2 family of proteins 

(MEF2A-D) function as coactivators for the myogenic regulators (Molkentin et al., 1996). 

It is possible that the block to myogenesis in RT4-B8 may be the result of either the total 

lack, or low levels, of expression of one or more members of the MEF2 family of proteins. 

MEF2 DNA binding activity is greatest in muscle cells and in neurons, which may suggest 

that the expression of MEF2 proteins is greatest in these tissues (Yu et al., 1992, Breitbart 

et al., 1993). The expression of MEF2C is first detected in the mouse myotome at 8.5 dpc 

(Molkentin et al., 1996). The expression of MEF2C is not detected in die central nervous 

system of the mouse until 11.5 dpc. However, by 13.5 dpc the mouse central nervous 
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system expresses all four members of the MEF2 family (Lyons et al., 1995). Studies from 

our laboratory indicate that the RT4 family of cell lines most closely resemble neural crest 

derivatives from embryonic day 10 to 12 in the rat (Donahue et al., 1996). It is possible 

that RT4-B8 is at a point in development where the expression of MyoD has been activated, 

but the expression of one or more members of the MEF2 family has not, resulting in a 

block to myogenesis. 

A detailed analysis of MEF2 gene expression in RT4-B8 could be conducted by 

immunoblot analysis using antibodies to each member of the MEF2 family of proteins 

(antibodies are both independentiy and commercially available). Immunoblot analysis 

could reveal a total lack of expression of the MEF2 family of proteins, the expression of 

one or more members of the MEF2 family, or low levels of expression of the entire MEF2 

family. Therefore, based on the results of the immunoblot analysis, additional experiments 

would need to be conducted in order to determine if the block to myogenesis were due to 

the absence or decreased levels of MEF2 expression relative to positive controls. The lack 

of MEF2 expression in RT4-B8 might be overcome by transfecting RT4-B8 with specific 

MEF2 expression vectors. The myogenic potential of these transfectants could again be 

determined as mentioned previously. 

The inability of the transfectants to form myotubes would be more difficult to explain. 

A negative result may suggest that MEF2 expression is not required for the activation of the 

myogenic pathway in RT4-B8 since MEF2 may not function as a necessary cofactor for the 

myogenic regulators in an ectodermally derived cell. Finally, a negative result may suggest 

that the expression of MEF2 in RT4-B8 was providing a synergistic effect on the 

transcription of muscle-specific genes, but that RT4-B8 failed to relieve the inhibition by Id 

needed to activate gene transcription. 
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CHAPTER VI 

CONCLUSIONS 

The myogenic pathway is a complex pathway which is regulated by many different 

mechanisms, that may function simultaneously. Therefore, the activation of the myogenic 

pathway in RT4-B8 may require that MyoD be unphosphorylated. Id expression be down-

regulated, and MEF2 expression be activated before the myogenic regulators can activate 

the transcription of muscle-specific genes. The elucidation of the mechanisms which 

regulate myogenesis in RT4-B8 will contribute to the field of myogenesis by furthering the 

understanding of how myogenesis is regulated in an ectodermal cell-type. A greater 

understanding of these mechanisms will increase RT4-B8's strength as a model to smdy 

the potential lineage relationship between myogenesis and neurogenesis. 
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