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Abstract

Rhabdomyosarcomas are one of the most common solid tumors of childhood,
representing 4-8% of all malignant diseases under 15 years of age. Tumors arise de novo
from skeletal muscle, and in some instances demonstrate morphological characteristics of
differentiated muscle tissue. Sarcomas have traditionally been classified as
rhabdomyosarcomas based on morphology and expression of muscle structural genes,
such as myosin heavy chain or desmin. Expression of the muscle determination gene
MyoD has been shown to be the most sensitive marker for classifying sarcomas as
rhabdomyosarcomas. Although expression of the MyoD family has been demonstrated in
rhabdomyosarcoma, it appears that these potent muscle program activators lack the
ability to orchestrate terminal differentiation in these tumors. We have classified various
rhabdomyosarcoma cells lines as having either a recessive or dominant non-
differentiating phenotype. This study is an analysis on the overt failure to differentiate in
the rhabdomyosarcoma classified as dominant non-differentiating rhabdomyosarcoma.

To study the genetic basis of the dominant non-muscle phenotype we transferred
chromosomes from rhabdomyosarcoma cell into C2C12 mouse myoblasts. Transfer of a
single derivative 14 chromosome inhibited muscle differentiation. Gene amplification
and chromosomal rearrangements are associated with many tumor types. These genetic
abnormalities often result in aberrant gene expression. We characterized the derivative 14
chromosome with regard to the presence or absence of a variety of genomic and cDNA
markers. MDM2 was found to be amplified and over in the non-differentiating hybrids

and the parental thabdomyosarcoma. Furthermore, forced expression of MDM?2 was



shown to inhibit MyoD and myf-5 dependent gene transcription. While, constitutive
MDM?2 expression repressed muscle-specific gene transcription, forced expression of
antisense MDM2 resulted in rescued muscle-specific gene transcription.

Analysis on the inhibition of MyoD function by MDM2 revealed that loss of the
MyoD protein was not required for MDM2 repression of MyoD-dependent transcription.
Rather, MDM?2 inhibition of muscle gene transcription was shown to be DNA site
specific, requiring the presence of MRF binding sites. Expression of the MyoD family’s
synergistic partner, MEF-2C, rescued the non-muscle phenotype associated with
overexpression of MDM2. In addition, we found that MDM?2 repression to be
independent of p53. Contrary to p53 and p21, expression of pRb alleviated the MDM?2
inhibition of muscle-specific gene transcription. We therefore conclude that amplification
and overexpression of MDM?2 inhibits MRF medicated muscle gene transcription through
two potential mechanisms: 1) inhibition of MEF-2C activity, and 2) inhibition of pRb

function.
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The MyoD — Family and Myogenesis

In vertebrates skeletal muscle is derived from the somites, which are segmented
units of paraxial mesoderm formed on either side of the neural tube (Buckingham, 1994;
Rong et al., 1992). Under the influence of various extracelluar stimuli, multi-potent cells
from within the paraxial mesoderm differentiate into the dorsal dermomyotome and the
ventral sclerotome. The sclerotome will eventually give rise to cartilage and bone of the
vertebral column and ribs (Yun and Wold, 1996). Cells constituting the dermomyotome
are the progenitors of muscle tissue. Specifically, populations of cells contributing to the
dorsal-medial region in the somite migrate from the dermomyotome to from the
myotome. The myotome consists of muscle progenitor cells with the ability to
differentiate into post-mitotic differentiated skeletal muscle. The progenitor cells that
become committed to muscle differentiation are termed myoblasts. Myoblasts have the
ability to proliferate and migrate, and following the proper sequence of environmental
cues begin to express determination — class muscle regulatory factors (MRFs), exit the
cell cycle, and differentiate into mature muscle cells termed myocytes. Following
withdrawal from the cell cycle myocytes undergo cellular fusion to form multi-nucleated
syncytia which, following organized arrangement, form muscle fibers (Figure Intro-1).

The MyoD family of muscle regulatory factors includes, MyoD, myf-53,
myogenin, and MRF4, and constitutes a subset of basic Helix-Loop-Helix (bHLH)
transcription factors. There are at least three classes of HLI proteins, which are defined
by their dimerization preferences. Class A bHLH proteins constitutes those HLH proteins

that are present in a wide variety of cell types, and preferentially dimerize with class B
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Figure Intro-1. Muscle Differentiation

Diagram demonstrates progression of myogenic progenitor cells to terminally differentiation
myotubes. Myoblasts are capable of proliferation until induced to form myotubes. Following
myotube formation myoblasts cease proliferation and withdraw from the cell cycle.

bHLH proteins. E12, E47, and daughterless are examples of class A bHLH proteins.
Class B bHLH proteins, such as MyoD, myogenin, and achaete-scute tend to be tissue
specific in distribution and favor class A bHLH molecules as dimerization partners. The
class C proteins include the products of the myc family, which do not dimerize with

either class A or class B bHLH proteins.



Though limb, head, and trunk skeletal muscles develop as separate lineages in
vertebrates, all rely on members of the same molecular network to regulate their
differentiation (Smith et al., 1994). Myf-5 is the first myogenic regulatory gene to be
expressed during mouse embryogenesis, with transcripts appearing in the somite at day
8.0-postcoitum (p.c.). Myogenin transcripts appear in the myotome beginning at day 8.5
p.c., and MRF4 and MyoD are expressed in the myotome beginning at day 9.0 p.c. and
10.5 p.c., respectively (Patapountian et al., 1993). In the limb buds, myf-5 transcripts
appear at day 11.0 p.c., with myogenin and MyoD mRNA expressed about twelve hours
later (Ott et al., 1991; Patapountian et al., 1993). MRF4 transcripts do not accumulate in
the muscle fibers of the limbs until birth. After birth MRF4 becomes up-regulated and is
the predominant member of the MyoD family to be expressed (Molkentin and Olson,
1996). While myoblasts destined to form limb musculature express MyoD at their first
stage in muscle determination (Smith et al., 1994; Smith et al., 1993), additional studies
indicate that cells committed to the formation of head and neck muscles initiate the
muscle program by expression of myf-5. The altering expression patterns between the
various muscle lineages raises the possibility that these proteins may function
interchangeably. Differentiation in all three lineages is initiated by expression of
myogenin and members of the myocyte enhancer factor 2 (MEF-2) family (Edmondson et
al., 1994).

One of the most striking properties of vertebrate MRF's is that ectopic expression
of any one of the four genes in the MyoD family, in a variety of cell lines, results in
phenotypic conversion from a previous cell type into that of skeletal muscle (Braun et al.,

1990; Braun et al., 1989; Davis et al., 1987; Edmondson and Olson, 1989). Forced



muscle differentiation includes expression of a wide array of muscle specific genes and
,in some instances, myotube formation. Cohtrary to data gained from tissue culture
experiments, gene disruption studies suggest that no single MRF is absolutely required to
command muscle differentiation in the developing mouse. It appears that skeletal muscle
formation in the mouse requires coordinated activation of a muscle regulatory network,
which is not confined to the MyoD family. Subsequent gene disruption studies on MRF's
indicated that some type of cross-regulation must take place between the MRF family in
the embryo. The different MRF genes were found to serve distinct roles in muscle
development. The myf-5 and MyoD single knockouts resulted in the production of
normal myocytes and muscle formation (Braun et al., 1992; Rudnicki et al., 1992). The
Myft-5/MyoD double knockout failed to produce myoblasts and was lethal (Rudnicki et
al., 1993). Thus myf-5 and MyoD have some degree of functional redundancy in
establishing the commitment of progenitor cells to the myogenic program. In contrast,
myogenin null mice are essentially void of mature myocytes, although they do appear to
possess a large pool of myoblasts (Haéty et al., 1993; Nabeshima et al., 1993). Myogenin,
therefore, functions to direct differentiation of myoblasts into mature myocytes.

MyoD Regulation of Gene Transcription

Regulation of target gene transcription by the bHLH proteins requires both
protein-protein interaction as well as protein-DNA binding (Blackwell, 1990; Lassar et
al., 1989; Molkentin et al., 1996; Murre et al., 1989). Members of the MyoD family share
extensive amino acid homology within a basic region and the adjacent helix-loop-helix

domain. Both motifs mediate distinct functions. The basic region of the protein is



involved with binding to target DNA sequences (Davis, 1992; Ma, 1994), while the helix-
loop-helix domain engages in protein-protein interactions. All bHLLH proteins that bind
DNA recognize the consensus sequence CANNTG, which is referred to as the E-box
(Blackwell, 1990; Lassar et al., 1989; Murre et al., 1989). Although most bHLLH proteins
bind the E-box, individual bHLH proteins display distinct half-site preferences for
binding that depend on nucleotides within and surrounding the CANNTG consensus
(Blackwell, 1990). Binding of the myogenic bHLH protein to DNA is enhanced by the
presence of ubiquitously expressed E2A gene products (E12 and E47) (Bain, 1993). The
MyoD family members preferentially form heterodimers with E-proteins (E12 or E47).
Furthermore, the MyoD/E-protein heterodimers must be formed, in order to effectively
bind DNA and initiate gene transcription (Blackwell, 1990).

E proteins also form heterodimers with other tissue specific bHLH proteins to
regulate different sets of genes in tissues, such as, erythrocytes (Aplan, 1992), pancreas
(Nelson et al., 1990), lymphocytes (Benerzra, 1994), and neurons (Jan, 1993). The ability
of these different protein complexes to regulate different sets of genes appears
paradoxical, since their DNA binding specificities are often overlapping. It therefore
appears that additional protein factors are involved in determining transcriptional
specificity. Recent experiments suggest that MyoD may require a positive cofactor to
activate transcription of appropriate genes, and that transcription can be prevented at
inappropriate sites by repressors that recognize bases overlapping the E-box (Tapscott et
al., 1993; Thayer and Weintraub, 1990; Thayer and Weintraub, 1993; Weintraub et al.,
1991). It appears that the function of the proposed cofactor and repressor both depend on

the presence of MyoD basic region residues alaninel14 and threoninel15. Mutations



involving these sites, which result in the amino acid sequence identical to the E protein
basic region, allow for DNA binding but not transcriptional activity (Davis, 1992). X-ray
crystallography studies indicate that in bound complexes these residues are in the
proximity of the major groove of the DNA (Ma, 1994). It appears that the MyoD basic
region can assume a conformation different than that of the E protein basic region and
that the conformational divergence by MyoD can allow important interactions between
MyoD and both activating cofactors and repressors.

In addition to activating structural and functional genes associated with
myogenesis, each member of the MyoD family can auto-regulate its own and cross-
activate one another’s’ expression in transfected 10T1/2 cells (Thayer et al., 1989; Thayer
and Weintraub, 1990; Weintraub et al., 1989; Yutzey et al., 1990). Such interactions have
made it difficult to assign specific functions to the individuals of the myogenic family.
Since the knockout data indicates that full functional redundancy within the MyoD family
does not exist, it is likely that auto-regulation of the myogenic family may be a
mechanism which provides stability to the muscle phenotype via amplification of
multiple myogenic signals.

The myogenic regulators MyoD, myogenin, Myf-5, and MRF4 share
approximately 80% amino acid identity within the basic helix-loop-helix region, which
mediates protein dimerization and DNA binding (Atchley et al., 1994). In addition,
transcriptional activation domains, which show limited sequence similarities, are located
within the amino and carboxyl termini (Lassar et al., 1989; Weintraub et al., 1991). These
activation domains are not essential for myogenic conversion of 10T1/2 cells. It appears

that the E-protein dimerization partners also possess transcriptional activator domains,



which can function in the absence of a myogenic transcriptional activator region (Lassar
et al., 1991). This suggests that the activator domains function as adapters to the
transcriptional machinery. Mutational analysis of the MyoD protein revealed that
increasing the size of a C-terminal deletion resulted in substantial increases in the mutant
proteins’ ability to act as a transcriptional activator (Davis, 1992; Weintraub et al., 1991).
So it appears that changes in protein conformation result in enhanced transcriptional
activity. Such conformational changes may occur through either the act of dimerization or
by affecting binding affinity to target DNA sequences.

To determine if the MyoD transcriptional activator domain interacts with specific
factors in the transcriptional machinery, domain swapping experiments were performed.
The MyoD basic region was replaced with the basic region from the E12 protein termed
MyoD-E12Basic. The resulting protein failed to activate the MCK enhancer or 4RtkCAT
constructs in 10T1/2 and 3T3 cells (Davis, 1992; Weintraub et al., 1991). Furthermore,
fusion of the VP16 activation domain to MyoD-E12Basic construct resulted in activation
of 4Rtk-CAT at comparable levels with MyoD or MyoD-VP16 with both 10T1/2 and 3T3
cells (Weintraub et al., 1991). Therefore, although the MyoD activation domain functions
only within the context of the correct basic region, the VP16 activation region can
function independently of the activity governed by the basic region. VP16 could
essentially be functioning as a universal mediator to the transcription machinery and
transcriptional activation by MyoD may require interaction with a set of specific
developmentally expressed cofactors to activate transcription.

Although MyoD-E12Basic failed to activate the 4RtkCAT construct in 10T1/2 or

3T3 cells, it was shown to activate the same reporters in both CV1 cells and B78



melanoma cells (Weintraub et al., 1991). These results emphasize the fact that MyoD-
E12Basic can bind to the MyoD binding sights in vivo. The fact that activation occurred
after DNA binding in the CV1 and B78 cells, but not 10T1/2 or 3T3 cells, suggests that a
factor is available in CV1 and B78 cells, but not in 10T1/2 or 3T3 cells, that can
recognize the E12Basic region in association with MyoD DNA binding sites.

E-boxes are present in the control regions of most muscle-specific genes and are
important for muscle specific transcription (Jaynes et al., 1988; Moss et al., 1988; Nelson
et al., 1990; Piette et al., 1990). There exist, however, muscle-specific genes that lack the
presence of an E-box within their regulatory regions. Characterization of these regulatory
regions identified AT rich sequences of DNA that complexed with the MEF-2 family of
proteins (Takada et al., 1995). MEF-2 was originally identified as a muscle-specific DNA
binding protein who’s activity was induced when skeletal myoblasts differentiated into
myotubes (Gosset et al., 1989). The MEF-2 family of transcription factors comprises a
group of transcriptional activators, MEF-2A, MEF-2B, MEF-2C and MEF-2D, that show
homology in a MADS (MCM1, Agamous, Deficiens, and Serum response factor) box and
a proximal motif known as the MEF-2 domain (Shore and Sharrocks, 1995).

MEF2-C Synergizes with the MyoD Family

The MEF-2 family of proteins is capable of binding as homodimers and
heterodimers to a consensus site C/TTA (A/T), TAG/A (Olson et al., 1995). This
consensus site has been found in the control regions of numerous muscle specific genes,
as well as control regions governing expression of myogenic bHLH genes (Jaynes et al.,

1988). Expression of the MEF-2 genes occurs early in the embryogenesis of myogenic



lineages. With transcripts appearing in the precardiac mesoderm at day 7.5 postcoitum
(pc)(Edmondson et al., 1994), MEF-2C is the first member of the family to be expressed
in the mouse. MEF-2C is expressed in the skeletal muscle myotome beginning at day 9.0
pc and is soon followed by expression of the other members of the family. Following
birth, MEF-2C expression is restricted to skeletal muscle (Martin et al., 1993), brain, and
spleen (McDermott et al., 1993), whereas the MEF-2A, MEF-2B, and MEF-2D are
expressed ubiquitously (McDermott et al., 1993; Pollock and Treisman, 1991).

Unlike the myogenic bHLH factors, the MEF-2 family lack myogenic activity on
their own, but have been shown to synergize with the myogenic bHLH factors to activate
muscle gene expression (Molkentin et al., 1995). This synergy has been shown to be
mediated by direct protein- protein interactions between MEF-2 factors and heterodimers
formed between members of the MyoD family and E proteins. Co-immunoprecipitation
and trihybrid assays demonstrated that the MADS/MEF2 domains of MEF2-C
specifically interacted with the heterodimer formed between the bHLH regions of
myogenin and E12 (Molkentin et al., 1995).

Myogenin deletion mutants containing only the bHILH region were unable to
activate myogenesis in 10T1/2 fibroblasts, although this mutant was able to dimerize with
E proteins and bind DNA (Molkentin et al., 1996). In the presence of wild type MEF-2C,
the myogenin mutant induced myogenesis in 10T1/2 cells. This demonstrated that not
only did the bHLH region of myogenin mediate the synergism between myogenin and
MEF-2C, but that MEF-2C can act as a transcriptional activator for myogenic bHLH
proteins. To define the MEF-2¢ domains which were required for synergism with

myogenic bHLH factors, experiments were designed using wild type myogenin and

10



MyoD with various MEF-2C deletion mutants. The results of these experiments suggest
that only the first 117 amino acids, which contain both the MADS box and MEF2
domain, of MEF-2C are required for synergism with either myogenin or MyoD
(Molkentin et al., 1996). Together these results demonstrate that MEF-2C is a cofactor for
myogenic bHLH proteins and that only a single transcriptional domain is required in
either MEF-2C or myogenic bHLH proteins to activate endogenous muscle specific genes
in 10T1/2 fibroblasts.

Extensive mutational analysis of the MEF-2C N-terminus was carried out to
determine the regions of MEF-2C which are required for synergism with myogenic
bHLH proteins (Molkentin et al., 1996). While still allowing for synergism with MyoD
and myogenin in myogenic induction, mutations within the MADS domain abolished the
ability of MEF-2C to bind DNA. Alternatively, mutations within the MADS domain
which inhibited dimerization and mutations within the MEF2 region failed to synergize
with myogenic bHLH proteins. This suggests that both the MADS and MEF2 domains
are required for cooperativety between MEF-2C and myogenic bHLH proteins.
Specifically, DNA binding by MEF-2C is not an essential prerequisite for synergism,
while the ability to form dimers is a requirement.

Although DNA binding by MEF-2C was not required for synergism between
myogenic bHLH factors and MEF-2C, the myogenic bHLH proteins must be bound to
DNA via the E-box to active myogenesis in 10T1/2 cells (Molkentin et al., 1995).
Myogenin basic region mutants, which lack the ability to bind DNA, failed to activate

myogenic conversion of 10T1/2 cell in the absence or presence of wild type MEF-2C.
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Early studies demonstrated that two amino acids, alaninel14 and threonine115, in
the center of the DNA binding domain of myogenic bHLH proteins are required for
muscle specific gene activation (Davis, 1992). The placement of asparagines, which are
found in corresponding positions of E12, for these alanine and threonine residues resulted
in the loss of ability to activate myogenesis while still retaining the ability to bind the E
box. Interestingly, if alanine and threonine were introduced into the corresponding
positions of the E12 DNA binding domain, E12 gained the ability to active muscle gene
transcription (Davis, 1992; Weintraub et al., 1991). Since these myogenic amino acids
had no affect on DNA binding, but are essential for myogenesis, it was theorized that
these amino acids mediate an interaction with a cofactor which is required for muscle
gene activation. Both the mutant MyoD-E12basic, which contains the basic region of E12
in place of the MyoD basic region, and MyoD-E12basic (AT) which has alanine and
threonine reintroduced into the E12 basic region were tested for the ability to cooperate
with MEF-2C (Molkentin et al., 1995). Only the MyoD-E12basic (AT) had the ability to
synergize with MEF-2C. This demonstrated that these specific amino acids in the DNA
binding region of MyoD are required for coopererativity with MEF-2C. One possible
conclusion from these results is that MEF-2C is the cofactor that is required for the
MyoD family to activate muscle gene expression.

MEF?2 factors function as homodimers and heterodimers and interact with
myogenic bHLH factors to regulate muscle gene expression (Figure Intro-2). In addition
to synergizing expression with members of the MyoD family at sites containing E-boxes,
wild type MEF-2C and MEF-2A activate transcription through the MEF2 site (Amacher

et al., 1993; Black et al., 1995; Cheng et al., 1993; Li and Paulin, 1993, Martin ¢t al.,
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Figure Intro-2. Possible Mechanisms for Muscle Gene Activation

Myogenic bHLH factors are expressed in myoblasts in response to an inducing
signal. Myogenic factors can induce MEF2 expression. MEF2 binds the control
region of several myogenic bPHLH genes, amplifing and maintaining their
expression. The Myogenic bHLH proteins activate E-box-dependent genes that
also contain MEF?2 sites. MEF2 can also act indirectly to activate E-box-dependent
genes by interaction with myogenic bHLH proteins. MEF2 can also regulate
expression of genes which lack E-boxes in their control regions. Taken in part
from Cell, Vol.83, 1125-1136, December 29, 1995.

1993). Dominant negative mutants defective in DNA binding interfere with the ability of
wild type MEF-2C to activate transcription at the MEF2 site by sequestering MEF-2C
from DNA binding (Molkentin et al., 1995). Alone the MEF2 DNA binding mutants fail
to activate MEF?2 site transcription but have the ability to activate transcription at the
MEF2 independent site by wild type MEF-2C. These mutants therefore retain the ability
to synergize with the bHLH region of MyoD and myogenin to activate E-box dependent
transcription. This suggests that MEF-2C has the ability to activate two classes of genes.
MEF2 proteins can activate transcription in control regions that lack the E-box through

direct binding to the MEF?2 site. Conversely, MEF2 proteins have the ability to activate

13



transcription at sites, which lack the MEF2 site, but possess E-boxes. Activation of E-box
dependent transcription requires a direct protein-protein interaction with DNA bound
myogenic bHLH proteins.

Furthermore, it appears that only the N-terminal 117 amino acids from MEF-2C,
which lacks the ability to activate MEF2 site transcription, can effectively activate MEF2
dependent transcription in the presence of myogenic bHLH proteins (Molkentin et al.,
1995). In this context, myogenic bHLH factors have the ability to function as
transcriptional enhancers for expression at MEF2 sites. This would essentially allow for a
greater degree of control by myogenic bHLH proteins in coordinating the establishment

of the muscle phenotype in a developing embryo.

Muscle Differentiation and the Cell Cycle

The process of muscle differentiation involves the induction of muscle-specific
gene expression which is coupled with withdrawal from the cell cycle and fusion of the
myocytes into multinucleated myotubes (Nadal-Ginard, 1978). Given that differentiated
myotubes permanently withdraw from the cell cycle, one might theorize that some
integration between the function of the myogenic bHLH proteins and a blockade of the
cell cycle exists. Since both MyoD and myf-5 are expressed in proliferating myoblasts
before terminal differentiation has occurred (Braun et al., 1989; Braun et al., 1989; Davis
et al., 1987), there must be some mechanism that modulates the activity and function of
these factors to permit cellular proliferation. Differentiation of skeletal myoblasts is

dependent on withdrawal from the cell cycle and entry into the G1/G0 phase. In tissue

14



culture, differentiation is generally initiated by depletion of serum, while the exact
mechanism that facilitates myotube formation in vivo remain unknown. Transforming
growth factor f(TGF-f) and fibroblast growth factor (FGF) can arrest myoblast
differentiation while failing to activate a proliferative response (Hardy et al., 1993). This
suggests that the G1/GO phase of the cell cycle may be composed of multiple sub-
compartments, some of which are refractory to the muscle differentiation pathway. In
addition, inhibition of myogenesis by activated N-ras and H-ras also lacks continued cell

proliferation (Payne et al., 1987).

Growth Factors Inhibit Muscle Development

Growth factors appear to act at multiple levels to inhibit myogenesis. The
transcription of genes coding for myogenic determination factors and MyoD is effectively
inhibited by growth factors (Brennan et al., 1991; Menko and Boettinger D., 1987). In
addition to inhibition of transcription of these genes, growth factors have been shown to
inhibit the activity of the myogenin protein (Brennan et al., 1991). High concentrations of
mitogens or activated oncogenes such as ras and fos can extinguish the action of muscle-
specific bHLH proteins and prevent myogenesis (Lassar et al., 1989; Li Li, 1992). It
appears that the constitutive expression of MyoD in proliferating myoblasts prior to
differentiation must become activated in some manner upon withdrawal of exogenous
growth factors.

The exact mechanism through which growth factors suppress the activity remains

unclear. One possibility is that the negative effects of growth factors on myogenesis may
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Figure Intro-3 Hypothetical Hierarchy of Regulatory Genes in
Myogenic Differentiation

One or more lineage determining genes may be activated in
mesodermal progenitor cells, which leads to the formation of
myoblasts. Members of the MyoD family are expressed in
myoblasts and are able to positively regulate their own expression.
Growth factors and oncogene products prevent the activation of
genes associated with terminal differentiation and inhibit the
activity of the MyoD family. Upon release from growth factor
repression, members of the MyoD family activate expression of
intermediate myogenic regulators, such as MEF2. Taken in part
from Developmental Biology 154, 261-272 (1992).

be mediated through growth factor mediated induction of immediate early gene products.
A variety of growth related signaling pathways lead to the induction of c-fos, junB, junC,
and c-myc (Lewin, 1991). Repression by Fos and Jun is targeted at the E-box within the
MCK enhancer, but does not require direct DNA binding of Fos or Jun to the site.
Specifically, the Fos and Jun inhibition of myogenin and MyoD targets the bHLH region
(Lassar et al., 1989). It has not yet been determined whether DNA binding by the

myogenic bHLH domain was inhibited or if competition for interaction with a factor
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which normally interacts with the bHLH regions was being modulated by Fos and Jun
expression.

The gene c-myc has also been implicated in the repression of myogenesis by
growth factors (Dmitrovsky et al., 1986; Schneider et al., 1987). During myogenesis, c-
myc down-regulation occurs prior to the induction of muscle-specific genes. Transfection
of established muscle cell lines with c-myc could abolish muscle specific gene
expression. Because the Myc protein does not appear to interact with members of the
MyoD family or with E2A gene products, it seems its effects are indirect in nature. The
HLH proteins Max and Myn were demonstrated to form heterodimers with Myc that
effectively bind the CANNTG consensus indicating that Myc may directly induce or
repress expression of specific genes (Blackwell, 1990). It appears that the ability of'a
myoblast to differentiate may be determined by a balance between growth factor
generated signals and the differentiation modulating signals mediated by the MyoD
family.

Although many growth factors negatively affect muscle differentiation in vitro,
several studies suggest that muscle differentiation may be subject to positive regulation
by environmental cues. It has been suspected for some time that interaction of integrins
with the extracellular matrix is necessary to promote muscle differentiation in culture
(Menko and Boettinger D., 1987). In addition, the levels of endogenous insulin-like
growth factor (IGF) have been positively correlated with spontaneous muscle
differentiation (Montarras D, 1993). Likewise, work done with inducible anti-sense IGF
constructs suggest that IGF-1 is required for muscle differentiation in vitro (Powell-

Braxton et al., 1993). Also, gene disruption experiments with IGF-1 and the IGF receptor
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resulted in mice with hypoplastic muscle, suggesting that IGF may play a role in

governing the proliferative action of skeletal muscle stem cells (Liu et al., 1993).

The HLH protein Id Inhibits Muscle Differentiation

During the development of the peripheral nervous system in Drosphila, bHLLH
genes daughterless and achaete/scute are required for neurogenesis (Jan, 1993). The
activity of these genes is opposed by another HLH gene, extramacrochaetae that functions
by forming dimers with the achaete and scute genes. The biochemical/structural
equivalent of extramacrochaetae was found to exist in the mammalian muscle system,
and was termed Id for inhibition of differentiation (Benezra et al., 1990). Members of the
Id family contain the HLH motif but lack the basic region and therefore are incapable of
binding DNA sequences. Recently it was demonstrated that Id could form heterodimer
complexes with MyoD, which lack the ability to bind DNA (Fairman et al., 1993).
Likewise, the Id protein possesses the ability to bind E proteins and thereby sequesters
the obligate myogenic bHLH dimerization partners. Proliferating myoblasts contain high
levels of Id that decrease upon differentiation (Jen Y, 1992). It has been suggested that
high levels of Id may prevent MyoD function in proliferating cells. Consistent with this
hypothesis, forced expression of Id in myoblasts delayed their differentiation (Jen Y,
1992). It appeared that the Id protein becomes labile under differentiation conditions, and
allows for differentiation to occur, but at a markedly slower rate.

Additional evidence that Id plays a physiological role in controlling muscle

differentiation came from experiments using chimeric proteins containing both MyoD
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Figure Intro-4 Points of Negative Control of Myogenic bHLH Proteins

Myogenic bHLH proteins (MyoD) dimerize with E12. Id which is induced by serum, also
dimerizes with E12 and to a lesser degree MyoD, resulting in inhibition of muscle gene
expression. Serum may also inhibit DNA binding by myoegenic bHLH factors and E12 proteins,
possibly through inducing phosphorylation of the dimerizes proteins. Activation of muscle-
specific transcription by myogenic bHLH proteins requires collaboration with other transcription
factors and cofactors, such as p300 and MEF2. These cofactors could potentially be repressed

by growth factors resulting in failure of the MyoD-E12 complex to bind DNA.

and E proteins connected by a flexible linker (Neuhold and Wold, 1993). This work

revealed that the intramolecular HLH interactions were favored over the intermolecular
HLH interactions. The chimeric MyoD-E protein bound DNA more avidly and displayed
a greater resistance to inhibition by Id protein than did wild type MyoD in electrophoretic
mobility shift assays. Although the tethered MyoD-E proteins displayed an increase in
functional activity in proliferating cells, the activity of these constructs in the proliferative
cells was still diminished relative to their activity in growth arrested cells. These findings
support the notion that Id inhibits MyoD function during proliferation and suggest that
additional Id independent mechanisms of inhibiting MyoD must exist (Figure Intro-4).
Consistent with this prediction, a recent report demonstrated the MyoD-E protein-E-box

complexes were not observed in nuclear extracts from proliferating myoblasts (Jen Y,
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1992). In other studies, MyoD —E protein complexes were capable of binding to an E-box
oligomer in nuclear extracts from both proliferating myoblasts and differentiated
myotubes (Simon and Burden, 1993). This raises the possibility that other factors or post-
translational modifications that are independent of DNA interactions act as regulators of

myogenic bHLH function.

Cyclins Inhibit MyoD Transcriptional Activity

Negative regulation of MyoD function was recently demonstrated by ectopic
expression of cyclins D1 and D2 (Skapek et al., 1995). 10T1/2 fibroblasts were co-
transfected with plasmids encoding MyoD, cyclin D1, and a reporter MCK-CAT.
Expression of cyclin D1 inhibited transactivation of MCK-CAT whereas expression of
either cyclins A end E only had mild inhibitory effects. In addition, the retinoblastoma
gene product (Rb) was shown to be required for terminal cell cycle withdrawal in SAOS2
osteosarcoma cells (Gu et al., 1993). Given that the ability of Rb to control cell cycle
arrest is governed in a negative fashion by G1-cyclin dependent phosphorylation (Chen et
al., 1989; Furukawa et al., 1990; Stein et al., 1990), the inhibitor effects of cyclin D1
expression might be mediated through phosphorylation of the Rb protein. Because
cyclins A and E, both of which can phosphorylate and inactivate Rb, failed to inhibit
MyoD transactivation of MCK-CAT, Rb inactivation may not be sufficient to inhibit
MyoD function (Skapek et al., 1995). Furthermore, transcriptional activation of the

MyoD right binding site aligned as four tandem repeats upstream of the thymidine kinase
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(tk) promoter (4Rtk-CAT) was similarly inhibited by expression of cyclin D1. This
suggested that the target of cyclin D1 is the MyoD- E protein heterodimer.

Although cyclin D1 expression did not alter the amount of MyoD protein present
in the transfected cells, the electrophoretic mobility of MyoD was affected (Skapek et al.,
1995). The change in MyoD mobility in SDS-polyacrylamide electrophoresis was
consistent with hyperphosphorylation as seen in MyoD extracted from proliferating cells.
In proliferating C2C12 myoblasts, cyclin D1 levels are high and decrease upon
differentiation. The catalytic partner for cyclin D1, CDK4 is expressed in both myoblasts
and myotubes suggesting that activation of CDK4 may lead to repression of MyoD
function (Fiddler, unpublished ; Lees, 1995). Furthermore, data from co-transfection
experiments in 10T1/2 suggest that p21 is a potent inhibitor of several cyclin dependent
kinases including CDK4 (Halevy et al., 1995; Parker et al., 1995). Ectopic expression of
p21 reversed the D1 inhibition of MyoD dependent transcription of the MCK-CAT
reporter without altering cyclin D1 protein levels in 10T1/2 cells. In addition, co-
expression of both p21 and p16 in C2C12 myoblasts achieved expression from the MCK-
CAT reporter equal to levels achieved by culture differentiation conditions of serum
starvation (Skapek et al., 1995). Expression of the endogenous muscle gene, myosin
heavy chain (MHC) was observed to be 2-3 fold higher in C2C12 cells transfected with
both p21 and p16 constructs. These findings indicate that coordinate cell cycle
withdrawal and muscle differentiation can be down-regulated through cyclin D1

associated CDK activity.
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Oncogenes Inhibit Muscle Differentiation

Myogenic differentiation can be blocked and cell cycle progression promoted by
the expression of viral oncogenes (Coppola and Cole, 1986; Dmitrovsky et al., 1986;
Falcone et al., 1985; Fiddler ct al., 1996, Freytag, 1988; Lassar et al., 1989; Li et al.,
1992; Li Li, 1992; Webster et al., 1988). Specific viral oncogenes have the ability to
inactivate the retinoblastoma family of tumor suppressor proteins (Sandmoller et al.,
1996; Webster et al., 1988; Xiao et al., 1995). High levels of nuclear,
hypophosphorylated Rb was observed upon muscle differentiation (Endo and Goto,
1992), implying that Rb may play a role in skeletal muscle differentiation. Moreover,
expression of the SV40 large T antigen, which inactivates Rb, drives new rounds of DNA
synthesis in otherwise terminally differentiated myocytes (Gu et al., 1993). Contrary to
the hypothesis that ectopic expression of MyoD in cells that lack the Rb gene effectively
undergo muscle differentiation (Novitch et al., 1996). In contrast to wild type
differentiated myotubes which withdrawal from the cell cycle, differentiated myotubes
lacking Rb can initiate DNA synthesis and over-expression of the Rb related gene, p107,
rescues this defect (Novitch et al., 1996; Schneider et al., 1994). Thus it appears that Rb
plays a role in maintaining differentiation through inhibition of DNA synthesis. The fact
that Rb deficient myotubes can differentiate indicates that Rb function is not required to
support skeletal muscle gene expression. However it is a possibility that functional
redundancy within the Rb family may resuscitate the functions governed by Rb during

muscle differentiation.
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The ubiquitous expression of Rb in normal cells and tissue types suggests that Rb
plays essential roles in cell cycle regulation (Coppola et al., 1990; Furukawa et al., 1990).
In the GO/G1 phase of the cell cycle, pRb is present in an unphosphorylated form,
whereas during the S and M phases it is detected as multiple phosphorylated species
(Chen et al., 1989). The unphosphorylated Rb protein associates with MyoD and is
essential for MyoD suppression of proliferation and myogenic activation (Gu et al.,
1993). The pRb protein also forms complexes with the cellular transcription factor E2F
(Helin et al., 1992; Hiebert et al., 1992), c-Myc, and N-Myc (Picksley and Lane, 1994),
which are involved in cell proliferation. These finding suggest that unphosphorylated pRb
exerts its growth-suppressing effect by two distinct mechanisms: 1) by sequestering the
growth promoting transcription factors 2) binding and activating differentiation
promoting bHLH factors.

Transcriptional activation of muscle-specific genes by MyoD can be inhibited by
expression of the adenovirus E1A gene (Webster et al., 1988). The E1A gene product was
recently shown to interact with the p300 transcriptional adapter protein and inhibits its
ability to enhance MyoD dependent transcription (Puri Pieri, 1997; Sandmoller et al.,
1996). Two domains of p300, at its amino and carboxyl terminals independently function
to mediate both co-activation and physical interaction with MyoD (Eckner et al., 1996;
Yuan, 1996). A truncated segment of p300, unable to bind MyoD, acts as a dominant
negative protein and abrogates both myogenic conversion and transactivation by MyoD,
suggesting that endogenous p300 is a required coactivator for MyoD function. Direct
protein- protein interaction between p300 and both MyoD and MEF-2C was recently

demonstrated suggesting that p300 may act as a linker between the bBHLH myogenic
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factor and the MEF2 family in coordinated muscle differentiation (Sartorelli, 1997).
Thus, inhibition of skeletal myogenesis by oncoproteins may rely upon inactivation of a
number of cellular proteins.

Progression through the cell cycle is tightly regulated by a series of positive and
negative signals. Disturbances in these signaling pathways may be a significant
contributor to the dysregulation of cell growth that is characteristic olf malignant cells
(Hollstein et al., 1991). The p53 tumor suppressor protein is a sequence specific DNA
binding protein and transcription factor and plays a critical role in prevention of
malignancies in both men and mouse (Ko and Prives, 1996; Picksley and Lane, 1994,
Zambetti et al., 1992). The ability of p53 to prevent malignancies is likely due to its

ability to regulate the cell cycle and the apoptotic pathway.

MDM2 Inactivates Tumor Suppressor Products Rb and p53

In animals and cell culture, DNA damage or events that result in abnormal
proliferation cause an increase in p53 mRNA and protein levels and p53 dependent
transcription (Di-Leonardo et al., 1994; Zambetti et al., 1992). The increased level of p53
protein results in either cell cycle arrest or apoptosis. The biological activity of p53
pertaining to cell cycle arrest stems from p53’s ability to activate transcription of the
cyclin-dependent- kinase (CDK) inhibitor, p21 (Macleod et al., 1995; Michieli et al.,

1994). The p21 protein functions to inactivate growth promoting kinases such as, CDK4
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(Halevy et al., 1995; Parker et al., 1995). Other than inducing BAX expression, is still
unclear as to how p53 regulates the apoptosis pathway.

Recently, an endogenous gene product was identified that can bind to the p53
protein and affect its function (Oliner et al., 1992). The MDM2 protein, initially
identified as an oncogene involved in murine transformation (Fakharzadeh et al., 1991),
was demonstrated to bind to the p53 protein and inhibit p53 mediated transcription
without effecting p53 protein levels (Chen et al., 1993; Momand et al., 1992; Oliner et al.,
1992; Oliner et al., 1993). Inhibition of p53 function is thought to be due to MDM?2
binding to the region of p53, which acts as a transcriptional activator. In cells lines that
are capable of undergoing p53 mediated apoptosis, overexpression of MDM?2 efficiently
inhibited apoptosis (Chen et al., 1996). Initially, it was shown that MDM2 must be able
to bind to the p53 protein in order to abrogate p53 mediated cell cycle arrest (Chen et al.,
1996; Haines et al., 1994; Sisalas et al., 1996). Additional mutational analyzes revealed
that MDM2 mutants which lacked the ability to bind the p53 protein still retained the
ability to inhibit p53 dependent cell cycle withdrawal (Sisalas et al., 19<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>