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Abstract

MyoD is a member of the myogenic regulatory family of transcription factors
which play a pivotal role in the formation of skeletal muscle. Stable expression of MyoD
in the P19 embryonal carcinoma cell line leads to enhanced muscle formation only after
aggregation of these cells. To study how MyoD and cell aggregation cooperate to affect
muscle differentiation, a myc epitope tagged version of the protein was generated which
functioned like the native MyoD protein. The production of an expression construct
containing an internal ribosome entry site (IRES) was required to achieve efficient
expression of mycMyoD using a drug resistance gene. With this expression construct it
was determined that the level of mycMyoD protein did not increase after aggregation.
Similarly no changes in cellular localization were observed as MycMyoD was located in
the nucleus both before and after aggregation. There was no apparent change in
dimerization partners upon aggregation as mycMyoD was found bound to E2A proteins
in both the non-aggregated and aggregated cells. In a DNA binding assay mycMyoD
from both cell types was able to bind to an E-box containing oligonucleotide. Thus, the
effect of cell aggregation is not upon mycMyoD but rather is believed to be either at the
point of DNA accessibility by mycMyoD:E2A protein heterodimers or at the stage of
transcriptional activation. In vivo, these means of regulation are likely to ensure that
myogenesis occurs only when proper cell contacts are achieved.
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Chapter One

Introduction

Skeletal myogenesis is the process by which undifferentiated cells develop into
striated muscle. It involves a sequence of carefully orchestrated events in which each step
is tightly controlled and regulated by a myriad of cellular signals. Determining the nature
of such regulatory processes is crucial to understanding mammalian development. The
myogenic regulatory family of transcription factors plays an integral role in initiating the
formation of skeletal muscle from the otherwise undefined mesodermal cell. Regulation
of MyoD activity is a pivotal step in myogenesis. The aim of this thesis is to gain an
understanding of myogenesis by examining the regulation of MyoD mediated skeletal

muscle formation in the P19 embryonal carcinoma system.

1.1 The myogenic regulatory factors

MyoD, a member of the myogenic transcription factors, was one of the first
examples of a mammalian “master control” gene that is able to initiate differentiation of a
cell into a specific lineage. MyoD was isolated by virtue of its ability to convert 10T1/2
fibroblasts into myoblasts (Davis et al., 1987). Since then, three other related myogenic
regulatory factors, myf-5, myogenin and MRF4 (also known as herculin and myf-6) have
been described (Wright et al., 1989; Rhodes and Konieczny, 1989; Miner and Wold,
1990; Edmondson and Olson, 1989; Braun et al., 1989; Braun et al., 1990). All of these
four factors are able to activate transcription of muscle specific genes and induce the

myogenic program to varying degrees when ectopically expressed in a variety of cell
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types. The degree of myogenic conversion depends both on the background of the
recipient cell and the factor being expressed.
1.1.1 Expression Patterns

The four MRF genes have characteristic expression patterns with expression
beginning in the somites, the embryonal mesodermal structures from which skeletal
muscle arises (reviewed in Lassar and Munsterberg, 1994; Molkentin and Olson,1996).
The first MRF to be expressed in the mouse is myf-5 at day 8 in the anterior somites,
followed by myogenin at day 8.5. MRF-4 appears at day 9 while MyoD is the last to be
expressed and appears at day 10.5. This ordered pattern of MRF expression is repeated in
more posterior somites later during differentiation. In this way, differentiation progresses
in each somite in a rostrocaudal fashion along the neural tube with the most differentiated
being at the anterior end. The muscle in the developing limbs develops from somitic cells
which migrate to the limbs where they express the MRF genes in an order similar to that
in the somites.

The temporal regulation of MRF gene expression suggests that each factor may
serve a different role in the myogenic pathway. Indeed, gene knockout experiments in
mice support this hypothesis. The MyoD null mouse has normal skeletal muscle but has
elevated amounts of myf-5 mRNA (Rudnicki et al., 1992). Likewise, the myf-5 knockout
mouse has normal skeletal muscle but dies at birth due to an underdeveloped rib cage
(Braun et al., 1992). However, the double knockout mouse of myf-5 and MyoD
completely lacks myoblasts and skeletal muscle suggesting that myf-5 and MyoD have

overlapping roles which are necessary for forming myoblasts. In addition, mice lacking
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myogenin form myoblasts which fail to differentiate, resulting in a severe lack of skeletal
muscle and embryos which are not viable (Nabeshima et al., 1993; Hasty et al., 1993).
This implies that both MyoD and myf-5 are required for myoblast formation while
myogenin (and perhaps MRF4) is required for the further development of those myoblasts
(Weintraub, 1993).
1.1.2 MRF Sequence Features

The four MRFs belong to the basic helix-loop-helix (bHLH) superfamily of
transcription factors whose most notable sequence feature is the bHLH domain (Fig 1A).
This superfamily contains numerous transcription factors; some are specific for growth,
some are specific for lineage specific differentiation while others are relatively
ubiquitous. The bHLH domain was originally termed the myc similarity region since this
was one of the first proteins to be characterized which included this domain (Lassar et al.,
1989; Stone et al., 1987). The bHLH domain encodes a basic region (in MyoD, 13 amino
acids) followed by a conserved region which forms an amphipathic o helix (15 amino
acids) - loop- (5-20 amino acids)-amphipathic o helix (15 amino acids) structure Maet
al., 1994; Murre et al., 1989). The basic domain is involved in DNA binding while the
HLH region is involved in dimerization (Voronova and Baltimore, 1990; Davis et al.,
1990). Not surprisingly, the removal of the bHLH domain from MyoD completely
abolishes its myogenic activity (Tapscott et al., 1988). In addition to the conservation of
the bHLH domain (80% similarity), the four MRF proteins encode a cysteine/histidine

rich region N-terminal to the bHLH and a serine/threonine rich region in their C-terminus

(Dias et al.,



Fig. 1 Schematic representations of MyoD sequence features and muscle gene
transcription by MyoD

A) A linear representation of the MyoD with the common MRF features shown.
The most notable features are the basic (b) and helix-loop-helix (HL.H) motifs. The
basic domain mediates DNA binding and the HLH heterodimerization. Also found
in the MRFs are the cysteine/histidine (C/H) and serine/threonine rich (S/T)
regions. The purpose of these regions is unclear. Numbers indicate amino acid
positions.

B) A summary of some interactions involved in transcription of muscle specific
genes by MyoD. Shown are interactions which do not necessarily occur together or
in the same cell. MyoD is translocated from the cytoplasm to the nucleus but may
be sequestered in the cytoplasm by I-mf. Once in the nucleus, it must
heterodimerize with an E2A protein to be active. This heterodimerization may be
prevented by the proteins Mtwist or Id which preferentially bind E2A proteins.

The MyoD:E2A heterodimer binds to an E-box (sequence = CANNTG). Other
factors thought to co-operate with MyoD to activate transcription include p300,
pRb and members of the MEF2 family. It is not known whether these factors bind
to the transcription complex at the same time.
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1994) (Fig. 1A). MyoD, the MRF of interest in this thesis, comprises 318 amino acids
while myf-5, myogenin and MRF-4 comprise 255, 224 and 242 respectively (Olson,
1990).
1.1.3 Heterodimerization

In order to be active, an MRF must dimerize with another bHLH protein. Although
MyoD is able to form homodimers, the more active form of MyoD results from
heterodimerization with one of the E2A gene products (Lassar et al., 1991)(Fig 1B). The
E2A gene encodes two gene products, E12 and E47, which arise from alternative splicing
(Henthorn et al., 1990; Murre et al., 1989). E12 and E47 also contain the bHLH motif
and are ubiquitously expressed (Aronheim et al., 1993). The increased activity of MyoD
heterodimers may in part be due to the DNA binding affinities which have been reported
be ten times greater than MyoD homodimers (Sun and Baltimore, 1991; Murre et al.,
1989).

1.1.4 DNA binding : the E-box

As early as 1985 it was known that the sequence CANNT G, or E-box, was an in
vivo site in immunoglobulin enhancers for binding by numerous factors (Murre et al.,
1989b; Ephrussi et al., 1985b). In the same year, studies performed with myocyte extracts
demonstrated that a myocyte specific nuclear factor also bound to an E-box containing
sequence from the mouse creatine kinase enhancer (Buskin and Hauschka, 1989).
Subsequent studies demonstrated that this nuclear factor was a MyoD: E-protein

heterodimer (Fig. 1B). The MyoD:E2A heterodimer showed high affinity for the E-box
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and could bind to two E-boxes present in the mouse creatine kinase enhancer (Lassar et
al., 1989; Murre et al., 1989). The entire bHLH domain of MyoD was required for E-box
binding (Lassar et al., 1989).

E-boxes are often present in multiple copies in muscle specific promoters
(Sartorelli et al., 1990; Sartorelli et al., 1992) and are also found in the promoters of the
MRFs, allowing for autoregulation and positive feedback (Thayer et al., 1989; Braun et
al., 1989). Such positive feedback is likely to be necessary for achieving the
differentiated state.

1.1.5 E-box specificity

The E-box sequence is a relatively simple and short sequence which would be
expected to be found relatively commonly throughout the genome and within the
enhancers/promoters of non-muscle genes. Specificity of muscle gene transcription is
believed to be achieved by a number of means. One such means is the context of E-boxes
within muscle -specific genes (Blackwell and Weintraub, 1990; Yutzey and Konieczny,
1992; Huang et al., 1996). While MyoD is able to bind the sequence CANNTG, where
NN is any two base pairs, the MyoD:E protein heterodimer is reported to prefer certain
sequences such as internal cytosines as well as 5 and 3' thymidines (Blackwell and
Weintraub, 1990). In addition, cis-acting repression elements flank both sides of E-boxes
present within the enhancers of non-muscle genes presumably preventing inappropriate
transcription (Weintraub et al., 1997). Perhaps the most predominant means of
controlling specificity is through distinctive MRF characteristics.

While numerous transcription factors contain the bHLH region, only the
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myogenic bHLH proteins are able to activate muscle specific gene transcription.
Switching the basic domain of MyoD and myogenin with that of either E12 or achaete-
scute, a Drosophila neurogenic bHLH, allowed the altered MyoD and myogenin to still
heterodimerize and bind DNA but they were unable to activate muscle -specific
transcription (Brennan et al., 1991; Davis et al., 1990). The specificity endowed by the
basic region was narrowed down to two necessary adjacent amino acids, an alanine and a
threonine, which are conserved in all in MRFs (Davis and Weintraub, 1992). These two
amino acids may ensure proper protein conformation necessary for myogenic specificity.
Substitution of these two amino acids and third amino acid from the junction between the
basic region and helix 1 from MyoD into the corresponding positions of E12 allowed the
converted E12 protein to activate the myogenic program. Thus, the transcriptional
specificity of the MRF genes is achieved both by sequence characteristics of the
enhancers/promoters and by features of the MRF genes.
1.1.6 Transcription by MyoD

Although DNA binding and heterodimerization are mediated by the bHLH
domain, a 53 amino acid acidic domain in the N-terminus of MyoD is necessary for
transcriptional activation (Weintraub et al., 1991). When this domain is fused to a
heterologous DNA binding protein such as the Gal4 gene it confers a transactivation
potential of 25-50 fold greater than the entire MyoD fused to the Gal4 gene (W eintraub et
al., 1991). It is postulated that this domain is normally masked within the MyoD protein

and co-regulators may be required to unmask this domain and increase transcriptional

activity.



1.2 Regulation of the MRFs

Since the MRFs serve a pivotal role in the formation of skeletal muscle, their
activity is highly regulated. Indeed, evidence of regulation exists for almost every step
that must occur before MyoD transcribes muscle specific genes; from transcription of
MyoD itself, to the binding of MyoD to target promoters and consequent transactivation
of muscle specific genes. Since there exists more information on regulation of MRFs than
can be addressed within the scope of this thesis, an overview of the topic is given with

attention paid to types of regulation relevant to this thesis.

1.2.1 Transcription

The upstream signals which initially activate transcription of the MRFs are not yet
known. Recent evidence however places MyoD under the control of the homeobox gene
Pax-3 (Maroto et al., 1997; Tajbakhsh et al., 1997). A current model for the regulatory
interactions which induce the myogenic pathways suggests that the Wnt family and sonic-
hedgehog (Shh), which are both secreted proteins, induce Pax-3 and myf-5 both of which
in turn activate MyoD and the rest of the myogenic pathway (Rawls and Olson, 1997).
Pax-3 has also been shown to activate transcription of myf-5 (Maroto et al., 1997;
Tajbakhsh et al., 1997). However, whether Pax-3 binds to the promoters of myf-5 and
MyoD to activate their transcription is unknown (Wang et al., 1997; Leyns et al., 1997,
Hoppler et al., 1996). Evidence also supports the model that MyoD and myf-5 regulate
each others expression. It has been noted that myf-5 and MyoD are generally not

expressed in the same cell line (Braun et al., 1989a) and that often their expression
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patterns are reciprocal (Peterson et al., 1990) suggesting that they may downregulate one
another. MyoD knockout mice overproduce myf-5 (Rudnicki et al., 1992), supporting the
suggestion that these genes do regulate each others’ transcription. In addition to these
pathways, both FGF and TGF have been shown to repress MyoD transcription (Vaidya et

al., 1989).

1.2.2. Post Transcriptional Regulation - Translational Control

Translational regulation is a common point of regulation for numerous proteins
(reviewed in Melefors and Hentze, 1993). While such regulation does not appear to be
prevalent in controlling the MRFs, a number of examples of such regulation exist.
Myogenin mRNAs are detected in embryonic somites as early as day 9.5, yet the protein
does not appear until day 10.5, suggesting lack of translation in early somites
(Cusella-De Angelis et al., 1992). The MEF2A 3' UTR serves as a cis-acting translational
repressor, restricting the expression of MEF2A to specific tissues (Black et al., 1997). In
addition a number of muscle structural proteins have been shown to be translationally

regulated (Sarkar, 1984).

1.2.3 Localization

The next level of regulation which has been demonstrated to be active in
controlling the activity of the MRF proteins is that of regulating the intracellular
localization. Control of nuclear import has been shown to be a method of regulation

commonly utilized in cells to control the activity of a variety of transcription factors
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ultimately influencing differentiation and growth (reviewed in Vandromme et al.,
1996).MyoD contains two nuclear localization signals (NLS), one present in the basic
domain and the other in helix-1 (Vandromme et al., 1995). These two signals have been
shown to be active in promoting nuclear transport and can function independently of one
another (Vandromme et al., 1995). In Xenopus, MyoD has been demonstrated to be
regulated at the level of nuclear localization. Xenopus embryos injected with mouse
MyoD (mMyoD) but not Xenopus MyoD (XmyoD) initiate the myogenic program (Rupp
et al.,, 1994). It appears this difference arises from the fact that mMyoD is imported into
the nucleus while XmyoD remains in the cytoplasm, presumably because XMyoD is
specifically inhibited from being translocated to the nucleus (Rupp et al., 1994).

In rat embryo fibroblasts, the nuclear localization of MyoD has been shown to
be dependent on c-AMP dependent protein kinase (PKA) (Vandromme et al., 1994).
However, the activity of PKA was believed to be directed not at MyoD itself since
mutagenesis of all putative PKA phosphorylation sites was unable to prevent nuclear
import (Vandromme et al., 1994).Recently, nuclear localization has also been found to be
modulated by a novel factor termed I-mf (Inhibitor of MyoD Family) which was shown
to inhibit the activity of the MRFs (Chen et al., 1996). During embryogenesis [-mf is
expressed throughout the sclerotome, a somitic derivative which does not give rise to
skeletal muscle. I-mf acts by sequestering the MRFs in the cytoplasm by masking their
NLS (Fig. 1B). In addition, I-mf can also interfere with the DNA binding activity of the
MRFs. I-mf is expressed in sclerotome, the same area of the somite in which two other

inhibitors of MRFs, Mtwist and Id, are expressed (Wang et al., 1992; Wolf et al., 1991;
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Chen et al., 1996). These inhibitors are not expressed in the myotome, the portion of the
somite which forms myoblasts. It is believed that I-mf acts in concert with Id and Twist
to control patterning in the somite by preventing improper commitment to the myogenic

pathway (Chen et al., 1996).

1.2.4 Dimerization

As previously mentioned, a necessary step of MyoD activation is the formation
of a heterodimer with a product of the E2A gene. Given that this dimerization is crucial
in the activation of MyoD, it is not surprising that a number of regulatory mechanisms act
to promote or repress this dimerization. The most well- characterized of these
mechanisms involves the Id family of proteins. This family includes at least four
members; Id1, Id2, Id3 and Id4 (Riechmann et al., 1994; Sun et al., 1991; Benezra et al.,
1990; Jen et al., 1992)which possess the HLH domain but lack the basic domain. Without
the basic domain, the Id proteins may still dimerize to other bHLH proteins but the
heterodimer is unable to bind DNA (Benezra et al., 1990). While the Id proteins are able
to bind MyoD and the other MRFs, they preferentially bind to E proteins (Jen et al.,
1992), and in this way sequester the E-proteins from the MRFs consequently preventing
myogenesis (Fig. 1B). Id expression is high in proliferating myoblasts presumably to
allow cell division and delay differentiation(Benezra et al., 1990). Another bHLH
inhibitory protein which has been demonstrated to moderate dimerization is MTwist
(Spicer et al., 1997).Like Id, MTwist preferentially binds E-proteins and sequesters them

from binding to the MRFs (Fig. 1B). It is also believed to prevent DNA binding by
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MyoD and to inhibit trans-activation by MEF2, another myogenic factor (Spicer et al.,
1997).

Dimerization may also be regulated by the formation of disulfide bridges that
are able to form spontaneously between E2A proteins resulting in cross-linked E2A
homodimers(Benezra, 1994). This disulfide bond is required for DNA binding by E2A
homodimers at physiological temperatures and is believed to be the reason that a
disulfide bond cross-links E2A homodimers in B cells, which require E2A homodimers
for DNA binding. Dissociation of these disulfide bridges through a reducing agent or an
activity in muscle cell lysates results in monomeric E2A proteins which are then able to
heterodimerize with MyoD. Such a mechanism has been proposed to regulate
dimerization and consequently myogenesis (Benezra, 1994).

Phosphorylation has also been implicated in controlling dimerization status. The
Mos kinase is expressed to high levels in skeletal muscle, and has been demonstrated to
bind and phosphorylate MyoD but not E2A proteins (Lenormand et al., 1997). This Mos
mediated phosphorylation of MyoD promotes the formation of MyoD:E-protein
heterodimers (Lenormand et al., 1997). Thus, the Mos kinase acts to promote the
transcriptional activity of MyoD.

1.2.5 DNA binding

It is well documented that exposure of myoblasts to growth factors, such as
FGF(fibroblast growth factor) and TGFp (transforming growth factor) inhibits
myogenesis (reviewed in Dias et al., 1994). These growth factors act through the

activation of various kinases. The activity of these kinases is thought to be directed at the
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MRFs themselves or at one of their co-regulators. Such phosphorylation mediated
regulation of the MRFs has been demonstrated to occur at the level of MRF binding to
DNA. For example, FGF phosphorylates a conserved protein kinase site in the DNA
binding domain of myogenin (Li et al., 1992b). This site is phosphorylated in vivo and
causes myogenin to become inactive presumably because the myogenin heterodimers are
unable to bind DNA. In the case of MRF4, potential serine and threonine targets of PKA
or PKC phosphorylation were mutated without affecting the PKA/PKC mediated
inhibition of MRF4, indicating that the observed inhibition was not due to direct
phosphorylation of MRF4 (Hardy et al., 1993). Thus, it was presumed that PKC or PKA
was phosphorylating another protein possibly E12, which has been shown to be
phosphorylated by PKC in vitro (Hardy et al., 1993). Phosphorylation can also stimulate
myogenesis. Phosphorylation of E47 by casein kinase II has been demonstrated to
increase the transcriptional activities of MyoD and MRF4 by inhibiting DNA binding by
E47 homodimers (Johnson et al., 1997).

Recent evidence suggests that regulation of myogenesis via modulation of DNA
binding also occurs when MRFs are unable to access E-box binding sites due to a
repressive chromatin conformation. MyoD was found to possess the ability to remodel
chromatin at its respective binding sites and activate transcription from these previously
inaccessible sites (Gerber et al., 1997). MyoD’s ability to disrupt the chromatin structure
was inhibited by TGF-B, bFGF and sodium butyrate (Gerber et al., 1997). The activity of
these growth factors may be aimed at the additional proteins which are required for

chromatin rearrangement. In this way, signalling pathways may influence the DNA
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binding ability of MyoD:E protein heterodimers and ultimately regulate myogenesis.

1.2.6 Transcriptional Activity :Activation and Repression

The most well-characterized co-regulators involved in regulating MRF
mediated transcription are the myocyte enhancer binding factor-2 (MEF-2) family of
transcription factors. This family consists of four genes Mef2 a,b,c and d which bind an
AJ/T rich conserved sequence in muscle-specific promoters. MEF2 proteins have
homology for an amino terminal MADS domain (for MCM1, agamous, deficiens and
serum-response factor) and a nearby domain named the Mef2 domain which mediates
DNA binding (reviewed in Olson et al., 1995). In vivo, MEF2s are expressed after the
MRFs and are unable to initiate muscle-specific differentiation on their own. However,
when co-expressed with the MRFs, myogenic conversion is greatly enhanced. The
increased transcriptional activity is a result of a direct interaction between the MRF's and
the MEF2s. As a result of these interactions only one of the two factors , either an MRF
or a MEF2 need be bound to their respective DNA binding sites (Molkentin et al., 1995).
This interaction allows the activation of those muscle-specific genes which do not
contain E-boxes and also provides a strong auto-regulatory loop as MEF2 sites are found
within the promoters of the MRFs.

An additional regulatory layer has been revealed with the finding of a direct
interaction of p300 (and CBP) with MyoD and MEF2C in vivo (Sartorelli et al., 1997).
p300 binds to the activation domain of MyoD, and is believed to serve as the

“unmasking”factor which enhances MyoD’s transcriptional activity. The p300 and MEF2
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interaction occurs via the MADS box. The effect of p300's binding is to positively
influence myogenesis since it increases the transactivation ability of both MyoD and
MEF2C and a dominant negative p300 abrogates myogenesis (Sartorelli et al., 1997). In
this way p300 is believed to reinforce the auto-regulatory loop established by the MRFs
and the MEF2 factors.

At least two kinases have been shown to have negative effects upon
transcription by the MRFs. PKA has been reported to suppress the transcriptional
activities of the MRFs both directly (Winter et al., 1993) and indirectly (Li et al., 1992a).
[These PKA mediated suppression effects are different from those mentioned previously
which affect DNA binding.] The indirect mechanism is unknown, but as with other
regulatory mechanisms, may involve phosphorylation of a co-factor. The direct
mechanisms was reported to be the result of phosphorylation of the bHLH domain which
does not inhibit DNA binding but suppresses transcriptional activity (Winter et al., 1993).
Another phosphorylation event by an unknown kinase has been demonstrated to occur
only upon dimerization of myogenin (Zhou and Olson, 1994). The dimerization of
myogenin with E2A gene products is shown to potentiate phosphorylation of myogenin’s
transcriptional activation domains, diminishing myogenin’s transcriptional activity (Zhou
and Olson, 1994). This method of control may permit rapid downregulation of
myogenin’s activity.

The effect of bone morphogenetic protein -2 (BMP-2), upon MyoD and
myogenin is likewise negative; it inhibits MyoD/myogenin from initiating transcription

(Katagiri et al., 1997). The mechanism of this inhibition remains unclear, although it is
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known that BMP acts at a point following DNA binding of the MRF heterodimer.

1.3 Interaction of MyoD and the cell cycle

The proper formation of fully differentiated muscle cells from primitive
mesodermal cells requires a precise balance between cell cycle progression and the
initiation of differentiation. The MRFs were found to play a role in linking these two
processes. Their role first became evident with experiments which demonstrated that
MyoD could inhibit growth independently of differentiation (Sorrentino et al., 1990;
Crescenzi et al., 1990). This link between growth and differentiation was further
elucidated with the finding of a direct interaction between the retinoblastoma (pRb)
protein and MyoD (Gu et al., 1993). Briefly, during the cell cycle pRb is phosphorylated
by key cell cycle enzymes, the cyclin dependent kinases (eg. CDK4 and CDKS6) and,
primarily the cyclin D, family (for review see Weinberg, 1995). When
hyperphosphorylated (late G1) pRb is unable to bind the mitogenic E2F family of
transcription factors, the cell cycle proceeds. Just after mitosis, pRb becomes
hypophosphorylated and is able to bind E2F members and arrest the cell cycle. The
direct interaction of pRb with MyoD is necessary both for mediating the exit of the cell
cycle during myogenesis and for transcription of muscle specific genes (Guetal., 1993).
p107, an pRb family member is able to substitute for pRb as a differentiation co-factor
with MyoD but cannot replace pRb in suppressing growth (Schneider et al., 1994). In
addition to binding pRb, MyoD has been demonstrated to induce Rb gene expression

during myogenesis (Martelli et al., 1994).
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The interplay of MyoD and cell cycle is complicated with the finding that
Cdk/cyclin-D themselves inhibit the activity of MyoD in proliferating cells and this
corresponded with a change in MyoD’s phosphorylation state (Skapek et al., 1995).
Complimentary to this mechanism is the finding that forced expression of p21, a Cdk
inhibitor, allows MyoD to become active and transcribe muscle specific genes (Skapek et
al., 1995). In addition, p21 is up-regulated in cells undergoing myogenic differentiation
and in fibroblasts maintained in low serum which express MyoD(Halevy et al., 1995;

Parker et al., 1995).

1.4 Embryonal Carcinoma Cells

This thesis studies the regulation of myogenesis in the P19 cell line. The P19
cell line is a pluripotent cell line with a stable diploid karyotype (McBurney and Rogers,
1982). It was derived from a teratocarcinoma which was created by implanting a 7.5 day
C3H/He embryo into the testis of an adult mouse (McBurney and Rogers, 1982).
Differentiation of P19 cells mimics early embryonic development and they can form a
variety of cell types when injected into blastocysts ( Rossant and McBurney, 1982). Little
differentiation occurs upon aggregation, although the early mesodermal gene Brachyury
T is induced (Vidricaire et al., 1994). However, when aggregated and exposed to a
specific drug a variety of cell types may be formed. Dimethylsulfoxide (DMSO)
treatment and aggregation leads to the formation of both cardiac and skeletal muscle
along with other mesodermal and endodermal types (McBurney et al., 1982). Cardiocytes

begin to appear around day 6 of DMSO treatment while skeletal muscle appears later
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around day 9 (Edwards et al., 1983). Treatment with retinoic acid during aggregation
directs the P19 cells into the neuroectodermal derivates including neurons, glia and

fibroblast- like cells (Rudnicki and McBurney, 1987; McBurney et al., 1982; Berg and

McBurney, 1990).

1.5 MyoD mediated conversion of P19 cells into skeletal muscle

While most types of differentiation in P19 cells require induction by drug
exposure and aggregation, skeletal muscle can be formed when P19 cells stably
expressing MyoD (termed [MyoD]P19 cells) are aggregated (Skerjanc et al., 1994). P19
cells were stably transfected with an expression construct encoding the MyoD gene.
These cells were then cultured in monolayers, termed non-aggregated, or were
aggregated. The non-aggregated MyoD expressing P19 cells formed skeletal muscle at
only a very low frequency ( <4% of colonies following selection). The majority of the
non-aggregated [MyoD]P19 cells, which have not developed into skeletal muscle,
express markers characteristic of undifferentiated stem cells as well as those found in
myoblasts, such as myf-5 and myotonic dystrophy kinase (Skerjanc et al., 1994). Such
transcripts are normally absent from growing P19 cells. Aggregation of these cells leads
to a marked increase in myogenesis since approximately 30% of the cells in these
cultures become skeletal muscle. Transcripts found in developing skeletal muscle such
as myogenin and desmin, are detected by day 6 in the aggregated [MyoD] P19 cells. The
day 6 differentiated cells appear as bipolar myocytes, but later fuse into multinucleated

myotubes by day 10. These [MyoD]P19 cells possess characteristics of embryonic
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differentiated muscle since they express both embryonic and slow isoforms of myosin
heavy chain.

As mentioned previously, aggregation of P19 cells results in inefficient
differentiation and [MyoD] P19 cells only efficiently form skeletal muscle following
aggregation. This suggests that aggregation plays a role in regulating the MyoD directed

differentiation.

1.6 Area of Investigation

Previous studies have shown that MyoD can dominantly induce myogenesis in a
variety of cell types. In the P19 cell model described above, aggregation potentiates the
ability of MyoD to induce myogenesis. The aim of this thesis was to examine whether the
increase in myogenesis following aggregation of [MyoD]P19 cells was the result of the
direct up-regulation of MyoD activity. In order to facilitate the investigation of changes
in MyoD activation following aggregation, an improved model system was developed
which included the generation of an active MyoD protein fused to the myc-epitope
recognized by the monoclonal antibody 9E10. Preliminary results had suggested that the
expression of MyoD protein increased following aggregation. Experiments were
designed to address the possibility of translational regulation mediating this effect.
However, once it was determined that translational control and up-regulation of MyoD
protein was not occurring following aggregation, other mechanisms of control were

examined. The following points were then evaluated as possible means of MyoD
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regulation:
1) Regulation of nuclear import
2) Ability to heterodimerize with an E2A protein

3) Ability of MyoD:E2A heterodimers to bind DNA
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Chapter Two

Materials and Methods

2.1 Plasmid constructs

The construct Pgk-MyoD[+UTR] is as described previously (Skerjanc et al.,
1994). It contains the phosphoglycerate kinase [Pgk-1] promoter driving an EcoRI
fragment containing the full-length MyoD cDNA (Davis et al., 1987) followed by a Pgk3’
fragment which directs 3' end processing of the resulting mRNA (McBurney et al., 1991;
Adra et al., 1987). To construct the plasmid pCAl, [Fig. 2A] a Bsrl-BgllI fragment from
Pgk-MyoD [+UTR], containing MyoD without any MyoD untranslated region (including
only two base pairs 5' to the start ATG, effectively removing any MyoD untranslated
region) and a portion of Pgk3' was ligated into the Kpnl/BglII sites of pPOP (Hannan et
al., 1993) using an adaptor. The adaptor, shown below, permitted ligation of the Bsr/ end
of the fragment to the Kpn/ site of pPOP. The adaptor also contained an internal Xbal site
which was useful for making a second plasmid, pCA2 which would fuse a 6-myc-epitope
tag to the N-terminus of MyoD. The adaptor is shown as follows:

Kppl Xbal TEil

5' CTCTAGAATCGG 3
3' CATGGAGATCTTAG >’

The construct pCA2 [Fig 2B] was made using an Xba-BglII fragment from pCA1
which was ligated in-frame into pKJ1AF, a Pgk containing plasmid which contains six
myc epitope tags. The resulting plasmid, pCA2, was expected to drive the expression of a

N-terminal 6-myc MyoD under the control of the Pgk promoter.
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Fig. 2A A schematic of the pCA1 plasmid
To construct pCAl, the coding region of MyoD without any MyoD untranslated
region was ligated into the Pgk driven expression plasmid pPOP using an
adaptor as described in the text. The blue panel represents the entire MyoD
coding region. Important restriction sites used for constructing all MyoD
expression plasmids are shown in their approximate positions. (not drawn to
scale)
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Fig. 2B A schematic of pCA2
Construction of pCA2 was performed by ligating the Xba-BglII fragment in-
frame into the myc epitope in plasmid pKJ1AF. The result is a Pgk driven MyoD
fused to 6 myc epitope tags at the N-terminus. The MyoD ATG transcription
start site was removed and transcription begins from the ATG at the 5' end of the
myc tag. Restriction sites relevant for the construction of MyoD expression
constructs are shown in approximate locations. (not drawn to scale).
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Fig. 2C Schematic of pCA4 and the intermediate plasmid used in its construction
An intermediate plasmid shown above was first constructed to facilitate
production of pCA4. Two fragments from pCA2, a Sphl-Mlul and Mlul-Sau3A,
encompassing most of Pgk5' and all of mycMyoD, were ligated into
tgCMVHygTK to generate the intermediate plasmid such that Not! sites flanked
Pgk 5' and mycMyoD. The Not1 fragment from the intermediate was ligated into
IRES-Bgeo which contained only one unique site, Not/, 5' to the IRES sequence.
The resulting plasmid, pCA4, has Pgk5' driving expression of mycMyoD
followed by the internal ribosome entry site (IRES) sequence and the fgeo
fusion gene. An SV-40 polyadenylation (pA) sequence is present after fgeo to
replace Pgk3' and allow proper 3' processing. Relevant restriction sites are shown
in approximate locations. (not drawn to scale)
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To construct pCA4, an intermediate plasmid was first generated (Fig. 2C). The
MyoD and pgk5' containing Sphl-Mlul and Mlul-Sau3A fragments from pCA2 were
ligated into the Xhol-BamHI sites of tgCMV-Hy-Tk (Immunex Research and
Development Corp., Seattle, WA). Once this intermediate was obtained, the Not/
fragment from this plasmid was ligated into the Not site of the 7.84kb IRES-fgeo
plasmid (Mountford et al., 1994). The resulting plasmid encoded the Pgk promoter
driving mycMyoD followed by the internal ribosome entry site (IRES) and Pgeo gene,
which encodes a fusion protein of the bacterial B-galactosidase gene and the drug
resistance gene, neomycin (Fig. 2C). Instead of Pgk3' an SV-40 polyA termination signal
is present after the Bgeo gene.

The plasmid encoding Pgk-puro (Vara et al., 1986) contains the Pgk promoter
driving expression of the drug selection gene puromycin. Stable transfection of this
plasmid allows selection of expressing cells in puromycin. Similarly, Pgk-neo,
constructed by Karen Jardine, expresses the selection gene neomycin driven by the Pgk
promoter. The plasmid B17 enhances integration of transfected DNA and consists of
intragenic regions of the murine Pgk gene (McBurney et al., 1994). Pgk-lacZ, another
Pgk plasmid, drives expression of the bacterial B-galactosidase gene and is described in
Pari et al., 1991. The plasmid Pgk-neo:CA-CAT was constructed by Giovanna Pari (MSc
thesis) and the relevant portion contains the cardiac actin (CA) promoter driving
expression of the chloramphenicol acetyl-transferase (CAT) gene. Other plasmids used

include the Pgk-CAT plasmid, in which CAT gene expression is driven by the Pgk
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promoter [Karen Jardine] and the Pgk-mycpuro gene [Helen Tai] containing a myc
epitope tagged version of the puromycin gene driven by the Pgk promoter. The plasmid
containing the IRES sequence followed by the B-geo fusion genes was as described in
Mountford et al (1994) and the corresponding plasmid Pgk-IRES- Bgeo, [Karen Jardine],
contains the IRES sequence and B-geo gene expressed by the Pgk promoter. The plasmid
pGEM was obtained from BioCan (Mississauga, Ont)and is used as a control plasmid.
The plasmid CMV-p300 contains the human cytomegalovirus (CMV) promoter driving
the expression of p300 (Eckner et al., 1994b).

Plasmids were propagated in Escherichia coli strain DH5e or strain TG1 and
were isolated by the sodium dodecyl sulfate (SDS)/alkaline lysis method (Birnboim,
1983) or by use of QTAGEN Maxi prep kit (QIAGEN). Manipulation of plasmid DNAs
and subcloning methods were essentially according to Sambrook et al. (1989).

2.2 Cell culture and transfections

The P19 cell line was maintained as described (Rudnicki and McBurney, 1987).
Cells were transfected by the calcium phosphate method (Chen and Okayama, 1987) or
by Lipofectamine (Gibco BRL, Burlington Ont.) with the modifications described below.
For transient transfections, 10° cells were plated in Sml media in a 60mm dish 24 hrs
before transfection. Transient transfections utilizing Lipofectamine were followed
according to the manufacturer’s directions (Gibco BRL, Burlington Ont.) with 10 pl
Lipofectamine, 1 ug Pgk-lacZ, 2 pg CA-CAT and 2 pg of a MyoD containing plasmid
depending on the experiment. For transient transfections utilizing the calcium phosphate

method 3 pg Pgk-lacZ, 5 pg CA-CAT and 5 pg of MyoD containing plasmid in 0.5ml 2.5
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M CaCl, was mixed with 0.5ml 50mM BES buffer at pH 6.88 and incubated at 37°C, 5%
CO, until a very fine precipitate formed. The solution was then added to the cells and
incubated for 6-8hrs after which cells were washed and given fresh media. Cells were
harvested 48 hrs after transfection for B-galactosidase activity (Skerjanc and McBurney,
1994) or for CAT activity using FAST CAT (Molecular Probes) according to the
manufacturer’s direction followed by detection and quantification using a
phosphorimager (Molecular Dynamics) and Excel 5.0.

To isolate P19 cells with transfected DNA stably integrated, cells were
transfected using one of the methods described above, except with different amounts of
DNA. For calcium phosphate transfection 2 pg Pgk-puro, 8 ug B17 (McBurney et al.,
1994) and 8 ug MyoD containing plasmid were used and with Lipofectamine 1 pg Pgk-
puro, 3 ug B17 and 3 ug MyoD containing plasmid were used. Plasmid use varied from
experiment to experiment as described in results, eg. Pgk-puro was replaced with Pgk-
neo. After 24 hrs, cells were trypsinized and approximately 2x10° cells were selected in
the required drug, either 2 pg/ml puromycin (Sigma-Aldrich, Oakville Ont), or 400ug/ml
G418 (Gibco BRL, Burlington Ont). When colonies began to appear (6-10 days
depending on drug) they were either picked and used as clones, or colonies were pooled
and used as a mixed population. Pooled clones were used for all experiments prior to the
construction of pCA4 after which only clones were used. Cells stably expressing MyoD
are referred to by the MyoD protein they contain, i.e. [mycMyoD]P19 are cells stably
transfected with a mycMyoD expression construct . Some results shown in this thesis (as

described in results) were from cell cultures in which stable lines which were transfected
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with pCA4 and selected for G418 resistance, were then co-transfected with Pgk-puro and
pCA2 and selected for resistance to both puromycin and G418.

Stably expressing cells were either cultured in tissue culture dishes, (non-
aggregated), or in 60mm bacterial dishes so that aggregates could form, (aggregated).
Cells were aggregated for 5 days at which point they were plated onto tissue culture
dishes and harvested, the next day, day 6. Non-aggregated cells were maintained in
culture dishes for the same period of time and passaged as required. Under both
conditions cells were maintained in the presence of selective drug. On day 6, cells were
harvested for immunofluorescence or for isolation of either RNA or protein.

2.3 Immunofluorescence

Cells were plated onto gelatin coated coverslips and fixed in -20°C methanol for
5 min and then re-hydrated in phosphate buffered saline (PBS) for 15 min at room
temperature. After re-hydration cells were washed once more with PBS and then
incubated for one hour with the appropriate primary antibody. For myc tag
immunodetection, 50 pl of the culture supernatant from the mouse monoclonal 9E10
hybridoma was used (Chan et al., 1986); for myosin heavy chain detection 50 pl of the
mouse anti-myosin monoclonal antibody supernatant MF20 was used (Bader et al.,
1982); for B-galactosidase staining the rabbit polyclonal was diluted 1:500 (Cappel,
Cooper Biomedical, Westchester PA). Each coverslip was washed three times in PBS for
2min and then incubated for one hour with either a 1:100 dilution of the goat anti-mouse
immunoglobin G cy3-linked antibody (Jackson Immunoresearch Labs Inc, Westgrove

PA) or with a 1:50 dilution of the goat anti-rabbit immunoglobin G flourescein
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isothiocyanate (FITC) linked antibody (Amersham Oakville Ont). Coverslips were then
washed 2 min each for three times in PBS and mounted on slides for viewing with the
Zeiss Axiophot microscope.

For double labelling, the same procedure as described above was followed
except it was repeated with second set of antibodies [described above] before mounting
the coverslips on slides. For example, the B-galactosidase primary antibody and
corresponding secondary antibody were used in sequence followed by the MF20 primary
antibody and corresponding secondary antibody. Pictures of the cells were taken with a
Close-Coupled Device (CCD) camera and the Snappy™ image grabber. Colour tones and
saturation of images were adjusted with Corel PhotoPaint.

2.4 Northern blot analysis

Total RNA was harvested using Trizol (Gibco BRL, Burlington Ont.) according
to the manufacturer’s instructions. Northern blot analysis was performed as described in
Sambrook et al. (1989) with the following modifications. 10ug of RNA from each
sample were separated on a 1% agarose gel containing formaldehyde. RNA was
transferred to Hybond-N (Amersham, Oakville Ont) by capillary blotting and was cross-
linked by UV irradiation. Hybridization was done with either a MyoD probe made from
the Bsr-BglII fragment described previously (section 2.1) or a tubulin probe made from a
tubulin cDNA containing plasmid. Probes were made with the multiprime labelling kit
(Amersham, Oakville Ont) and labelled to >10°cpm/pg with [e-**P]dCTP (Amersham
Oakville Ont). Hybridization was carried out for 16hrs at 42°C followed by three 10min

washes at 42°C in 2X SSC (Sambrook et al., 1989) and three 20 min washes in 0.2X SSC
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at 65°C. Images were captured either by autoradiography or by use of a phosphorimager
(Molecular Dynamics, CA).
2.5 Western blot analysis

Western blots were performed as described in Sambrook et al. (1989), with the
modifications described below. Cells were harvested in 2X harvesting buffer [1M Tris
pH 6.8, 200mM dithiothreitol, 4% sodium dodecyl sulfate (SDS), 20% glycerol] at 4°C
and sonicated for thirty seconds. Protein was then quantified using the Biorad
(Mississauga, Ont) protein assay kit and equal amounts of protein from each sample
(usually 15 - 30 ug) were separated on 8% or 10% PAGE. Proteins were then
electrophoretically transferred to Hybond-C Extra (Amersham Oakville, Ont). Blots
were blocked in 5% powdered milk in Tris-buffered saline (TBS)(10mM Tris-HCl
pH7.5, 150mM NaCl) and all antibody immunodetection was also done in 5% milk :TBS
solution. For immunodetection of MyoD, a mouse monoclonal MyoD(5.8A) antibody
was generously donated by Dr. Peter Houghton (St. Jude’s Children’s Research Hospital,
Memphis Tennessee) and was used at 1:100 dilution (Dias et al., 1992). The myc epitope
was detected using a 1:100 dilution of the mouse monoclonal 9E10 supernatant
(American Type Culture Collection, ATCC, Rockville, MA). Detection of myosin heavy
chain was with the mouse anti-myosin monoclonal antibody MF20 supernatant, undiluted
(Bader et al., 1982). B-tubulin was detected with 1:10 dilution of the mouse B-tubulin
monoclonal hybridoma supernatant (Developmental Studies Hybridoma Bank, University
of Iowa, Iowa). B-galactosidase was detected with undiluted supernatant from the f3-

galactosidase mouse monoclonal JIE7 (Developmental Studies Hybridoma Bank,
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University of Iowa, owa). The E2A gene products E12 and E47 were both detected with
the mouse monoclonal antibody Yae 416 (Vierra et al., 1994)(SantaCruz Biotechnology,
Santa Cruz CA). The secondary antibody used was a goat anti-mouse anti-IgG heavy and
light chain, horse-radish peroxidase conjugated antibody at a dilution of 1:5000 (Biorad,
Mississauga,Ont.). Following incubation of the blot in each antibody solution, the blot
was washed four times for 10 min in TBS. Detection was performed with the Kirkegaard
Perry Laboratories (Gaithersburg, MA) Lumiglo™ chemiluminescence substrate kit as
per manufacturer’s directions. Luminescence was detected by autoradiography and
exposures varied from blot to biot but were in the range of 10s to Smin.
2.6 S*>-Methionine in vivo labelling and immunoprecipitation

Confluent plates of P19 cells stably expressing pCA4 or a control plasmid Pgk-
IRES-Bgeo (both non-aggregated and aggregated) were treated as described in Lassar et
al. (1991) with the following modifications. Cells were starved of methionine and
cysteine by incubating them for 1 hour at 37°C in «-MEM methionine and cysteine free
media (Gibco BRL, Burlington Ont.) containing 10% dialyzed serum (3:1 ratio Donor
bovine: Fetal calf serum) plus 292 mg/L L-glutamine. Cells were then given 70.15
pCi/ml of Pro-Mix™ (Amersham, Oakville Ont.), an in vivo cell labelling mix containing
L-[**S]-methionine and L-[ ** S]cysteine (Pro-Mix™ contains10mCi/ml [*S]-methionine
and 4.3mCi/ml [**S]cysteine) and incubated for another four hours. Cells were then
rinsed four times in TBS and then dislodged in 2ml TBS +10mM ethyldiamine tetra-
acetic acid (EDTA) and pelleted. Cells were then lysed for 1 hr at 4°C in approximately

24 000 cell equivalents/uL (=0.5mL) of buffer containing 20mM Tris-HCI pH 7.5,
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150mM NaCl, 2mM EDTA, 1% TritonX-100, ImM PMSF, 1mM aproteinin, ImM
leupeptin (Frack’s buffer). For each sample, 60 ul of a 50% slurry of Protein G-Plus
Sepharose beads (Gibco BRL, Burlington Ont.) were washed in Frack’s buffer and then
incubated for 1 hr in the same buffer with 2.4 pg High Performance Liquid
Chromatography (HPLC) purified 9E10 myc antibody (Chan et al., 1986) kindly donated
by Dr. Ken Garson. After 1 hr the beads were washed once again to remove unbound
9E10 antibody and then incubated with the labelled cell lysate overnight at 4°C. The
following day, the unbound protein supernatant was removed and the beads were washed
four times in Frack’s buffer. 50 pl 2X SDS harvesting buffer (Sambrook et al., 1989) was
added to each sample followed by incubation at 100°C for 3 minutes after which the
supernatant from each sample was separated on a 10% SDS-PAGE gel (Sambrook et al.,
1989). Following separation the gel was dried and exposed on the phosphorimager
(Molecular Dynamics, CA) until signal was detected.
2.7 Nuclear Lysates

Nuclear lysates were obtained using the method described by Dignam et al.
(1983) although many modifications were necessary for the cells used and are as follows.
Confluent plates of both non-aggregated and aggregated cells, including controls were
trypsinized, washed three times in PBS, quickly rinsed in 1ml cold 10mM NaCl and then
gently pelleted at 2000 rpm, 4°C. The supernatant was removed and cells were then
incubated in 2ml of cold lysis buffer (20mM Hepes pH7.9, 10mM NaCl, 1.5mM MgCl,,
0.2 mMEDTA, 0.1%NP-40, ImM PMSF, ImM aproteinin, ImM leupeptin) until lysis of

the cytoplasm was observed by microscopy. Nuclei were pelleted at 2000rpm at 4°C and
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then quickly rinsed in lysis buffer without NP-40. After removal of the supernatant,
nuclei were resuspended in = 4x10* cell equivalents/ul Buffer C (20mM Hepes pH7.9,
20% glycerol, 420mM NaCl, 1.5 MgCl,, 0.2 mM EDTA) and incubated on ice for 1 hr.
During incubation the nuclei were sheared with a 26** gauge needle until complete
destruction of the nuclei was observed by microscopy. The nuclear lysate was
centrifuged for 15min at 14,000rpm at 4°C and the supernatant was dialyzed overnight at
4°C in Buffer D (20mM Hepes pH 7.9, 5%glycerol, 0.IM KCl, 0.2mM EDTA) using
microcollodion tubes with a molecular weight cut off of 3400 D (Sartorius, Micro-
collodion bags, Germany). The next day the lysates were centrifuged at 14,000rpm for

15min at 4°C, the protein concentration determined and the lysates stored at -80°C until

needed.
2.8 Immunoprecipitation - Western

The non-radioactive immunoprecipitations were performed using a slightly
different method from the immunoprecipitations described for the in vivo labelling
experiments. In order to obtain cleaner results, nuclear lysates were used.
Immunoprecipitations were performed as described in section 2.6 with the following
modifications. The Sepharose beads were pre-incubated with either 1 pg E12/E47 Yae
416 antibody, 1 pg of Bcl2 antibody (DAKO, Denmark), or no antibody. Following
washing, 20 pg of the appropriate nuclear lysate was incubated with the antibody bound
beads for 3 hrs at 4°C with occasional mixing. The beads were washed four times with
Frack’s buffer, extracted in the 2X SDS harvesting buffer (Sambrook et al., 1989) and

separated on a 10% SDS-PAGE gel. Transfer and immunodetection of
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immunoprecipitated mycMyoD was performed as described previously for Western
blotting (section 2.5) with a 1:100 dilution of the mouse monoclonal 9E10 supernatant
(American Type Culture Collection, ATCC, Rockville, MA).
2.9 Electrophoretic Mobility Shift Assays

Electrophoretic mobility shift assays (EMSAs) were performed as described by
Buskin and Hauschka (1989) with the following modifications. The oligonucleotides
used were the MEF-1 consensus oligonucleotides (Santa Cruz Technology, Santa Cruz
CA.) identical to sequences of the mouse muscle creatine kinase (MCK) promoter around
the high affinity E-box (Buskin and Hauschka, 1989) and a MEF-1 mutant
oligonucleotide with an identical sequence to that found in the MCK promoter with the
exception of a six base pair substitution within the E-box (Santa Cruz Technology, Santa
Cruz CA). Both oligonucleotides used were 25 base pairs long and double stranded. The

top strand of each is shown below with the E-box shown in bold and mutated base pairs

underlined.

MEF-1 consensus oligonucleotide:
5'- GAT CCC CCC AAC ACCTGCTGCCTG A -3

MEF-1 mutant oligonucleotide:
5'- GAT CCC CCC AAC ACG GTA ACCCTG A -3

Oligonucleotides were end-labelled with polynucleotide kinase and [y 2p)ATP
as described in Sambrook et al. (1989) and purified on an HR-200 spin-column
(Pharmacia, Baie d’Urfé, Que.) to yield a probe with a specific activity of approximately

200,000 cpm/ng of oligonucleotide. Binding reactions contained 20 pg of nuclear lysate,
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20mM Hepes pH 7.8, 0.05 M KCl, 10%glycerol, 1mM dithiothreitol (DTT), 0.2 mM
EDTA and were pre-incubated with 2.0 pg poly (dI-dC) (Bohreinger Mannheim, Laval,
Que.) for 15 min at room temp to inhibit non-specific binding of the labelled probe to
nuclear proteins. Samples to be supershifted contained 1.0 pg of the appropriate antibody
(antibodies as described in sections 2.3 and 2.5) and were otherwise identical to other
samples. Following this incubation, 1.0-2.0 ng of labelled probe was mixed into each
sample for a total volume of 25 pl. The reactions were incubated for 15 min at 37°C after
which 0.5 pl of a 0.05% bromophenol blue/xylene cyanol solution was added. DNA-
protein complexes were resolved on a 5% polyacrylamide gel (29:1 polyacrylamide:Bis-
NN-acrylamide) in SOmM Tris-base, 50mM boric acid and I mM EDTA (same solution
in running buffer) which had been pre-run for 30 min at 100Volts . The gel was then run
at 100 Volts at room temp with water cooling until the bromophenol blue was
approximately two thirds of the way down the gel. The gel was removed, wrapped in
plastic and exposed to the phosphorimager (Molecular Dynamics, Sunnyvale, CA) for 15

min for visualization.
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Chapter Three
Results

3.1 Expression of MyoD in P19 cells

To investigate the mechanism by which MyoD expressing P19 cells undergo
myogenesis, P19 cells stably expressing the wild type MyoD cDNA were generated. The
cells were co-transfected with Pgk-MyoD, B17 and Pgk-puromycin and selected in
puromycin. Colonies were pooled and then grown in monolayers (non-aggregated) or
aggregated for five days. P19 cells transfected with a control plasmid, Pgk-CAT, and
with Pgk-puromycin, did not form bipolar myocytes in either the non-aggregated or
aggregated samples (as shown with myosin heavy chain immunodetection). MyoD
expressing P19 cells formed bipolar myocytes only in the aggregated sample (Fig 3A).
The proportion of aggregated [MyoD]P19 cells which formed skeletal muscle was
approximately 30%.

To determine the levels of MyoD mRNA expressed from the Pgk-MyoD vector
(+UTR), a northern analysis of total RNA from pooled [MyoD]P19 cells was performed.
Figure 3B shows that comparable levels of the MyoD mRNA are present both before and
after aggregation, while no signal was detected in the control lanes. The length of MyoD
mRNA expressed from Pgk-MyoD was of the expected size. Endogenous MyoD mRNA

was not detected in controls.
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Fig. 3A Expression of MyoD induces myogenesis following aggregation of P19
cells
Immunofluorescent detection of striated muscle specific myosin heavy chain
with MF20 monoclonal antibody in non-aggregated and aggregated control and
[MyoD+UTR]P19 cells. Control cell lines were co-transfected with Pgk-
puromycin and Pgk-CAT. Differential interference contrast microscopy (left
panels) shows the same field of view as shown for immunofluorescence (right
panels). Bar = 40um
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Fig. 3B Levels of Pgk-MyoD mRNA do not increase during aggregation
Total RNA from [MyoD+UTR]P19 or [CAT]P19 stable cell lines was extracted
on day 5 from both non-aggregated and aggregated cultures and examined by
Northern blot assay. The blot was first hybridized with a MyoD cDNA probe and
then stripped and hybridized with a tubulin cDNA probe. The lanes are as
marked. The full length Pgk-MyoD message is expected to be approximately
1833 bases not including the poly(A) tail while the 18s and 28s ribosomal RNAs
are 1869 and 4712 bases respectively.
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3.2 Removal of the MyoD untranslated region has no effect on myogenesis

Given that the levels of Pgk- MyoD mRNA did not change during aggregation, it
was postulated that MyoD protein expression was up-regulated during aggregation
resulting in a corresponding increase in myogenesis. Preliminary experiments had
suggested that MyoD protein expression increased following aggregation despite the
observation (Fig 3B) that Pgk-MyoD mRNAs remained constant. Since myogenin and
MEF2A (Cusella-De Angelis et al., 1992; Black et al., 1997), are translationally
regulated, it was possible that MyoD might be similarly regulated. Commonly the 5' or 3'
UTR of a gene may interact with the translational machinery to inhibit or slow the
translation of the mRNA into protein (Melefors and Hentze, 1993; Blau 1993). It is
conceivable that translation of MyoD mRNA is inhibited by a portion of the UTR in the
non-aggregated cells, resulting in insufficient amounts of the protein to induce
myogenesis. Under this hypothesis, MyoD would become adequately translated in the
aggregated cells allowing them to become muscle. To examine this possibility, the entire
5'and 3' UTR from the MyoD cDNA were removed so that any effect of these regions
would be lost. This MyoD fragment is referred to as MyoD-UTR and is expressed by the
Pgk promoter in the plasmid pCA1. To verify that MyoD encoded by this plasmid was
functional, transient transfections were performed. A reporter construct, consisting of the
human cardiac actin promoter driving expression of the CAT gene, was used to
determine activity of the MyoD gene encoded by pCA1. Co-transfections of this reporter
with pCA1 indicated that the MyoD protien produced from pCA1 was functional as it

was able to transactivate transcription from this promoter (Fig. 6A).
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The ability of pCALl to induce myogenesis was determined as described in
section 3.1. Stably expressing [MyoD- UTR] P19 cell lines were generated and pooled
clones were grown in either the non-aggregated or aggregated state. As shown
previously, control cell lines expressing Pgk-puromycin and Pgk-CAT did not show
muscle formation before or after aggregation. The removal of the 5' and 3' UTRs did not
affect the phenomenon of muscle formation since the [MyoD-UTR] P19 cells formed
significant amounts of muscle only after aggregation (Fig. 4A).

To determine if the time course of muscle formation was similar to the
[MyoD+UTR] P19 cells, a Western blot analysis of protein lysates from the [MyoD-
UTR] P19 cells was performed. As with the [MyoD+UTR]P19 cells, significant muscle
was formed after five days of aggregation as shown by immunodetection of myosin
heavy chain (Skerjanc et al., 1994) (Fig 4B). Northern analysis of mRNA from these cell
lines showed that no appreciable change in MyoD-UTR mRNA levels either before or
after aggregation (Fig 4C). Without the UTR the MyoD mRNA runs below the 18s
ribosomal RNA.

Since the deletion of the MyoD untranslated regions had no observable effect on
muscle formation in P19 cells, we interpreted this to indicate that translational regulation
mediated by the 5' and 3' UTRs was not responsible for the phenomenon of increased

myogenesis following aggregation of [MyoD]P19 cells.
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Fig. 4A Removal of the 5' and 3' untranslated region has no effect on MyoD induced
myogenesis
Immunofluorescent detection of myosin heavy chain in non-aggregated and
aggregated control and [MyoD-UTR]P19 cells. Control cell lines were co-
transfected with Pgk-puromycin and Pgk-CAT. Differential interference contrast
microscopy shows the same field of view as shown for immunofluorescence. Bar

=40um
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Fig. 4B & 4C Removal of the MyoD untranslated region does not influence levels
of mRNA or the timing of muscle formation

4B Protein harvested daily from stable [MyoD-UTR]P19 cells before
aggregation and for five days of aggregation were analysed by Western
blot assay using an anti-myosin heavy chain antibody. The B-tubulin
loading control is shown below and was performed using an anti-tubulin
antibody. Size markers are as shown in kilodaltons.

4C Total RNA from both non-aggregated and aggregated [CAT]P19 and
[MyoD-UTR] P19 cells was harvested and analysed by Northem blot
assay. The blot was hybridized with a MyoD probe followed by a f-tubulin
probe. MyoD message lacking the UTR is predicted to be 958 bases not
including the poly (A) tail and appears below the 18s rRNA (1869 bases).
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3.3 pCA2 expresses mycMyoD

Although MyoD’s activity was unaffected by the removal of the 5' and 3'
UTRs, a number of other types of regulation may have been responsible, as reviewed in
the introduction. Determination of MyoD protein expression, localization, etc., requires a
reliable supply of antibody. At the time these experiments were conducted, MyoD
antibody was not commercially available, although a small amount was generously
donated by Dr. Peter Houghton. Consequently, it was convenient to epitope tag MyoD
with six myc tags at the N-terminal end to facilitate detection of the MyoD protein. This
protein, referred to as mycMyoD, lacks the MyoD UTRs. Like other plasmids constructed
for this thesis, expression of mycMyoD was driven by the Pgk-promoter. The Pgk-
mycMyoD expression plasmid is referred to as pCA2.

A Western blot analysis of [mycMyoD]}P19, [MyoD]P19, and [CAT]P19
stable cell lines was performed to confirm both MyoD and mycMyoD protein expression.
As shown in Fig. SA, mycMyoD protein was expressed well in the [mycMyoD] P19
cells as was the MyoD protein in the [MyoD]P19 cells. Control cells showed no MyoD
expression. It is expected that a mycMyoD protein would be larger than the wildtype
MyoD protein due to the addition of the myc epitope tag. The MyoD protein is 318
amino acids with an apparent molecular weight of 45-48kD (Tapscott et al., 1988; Dias et
al., 1992). The myc epitope tag represents an additional 102 amino acids which adds
approximately 12kD to the MyoD protein, yielding a mycMyoD protein which should be
approximately 60kD. The apparent molecular weight of mycMyoD is 65kD, slightly

higher than predicted.
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In addition to being immunoreactive with the MyoD antibody, the

mycMyoD protein should be detectable using the anti-myc 9E10 antibody. As expected,
a band in the [mycMyoD]P19 lysate was detected in same position as that detected by the
MyoD antibody (Fig 5B). No bands were detected in the [MyoD]P19 or [CAT]P19 lanes
with the anti-myc 9E10 antibody. The faint band located at approximately 47kD in all
lanes of the anti-myc 9E10 immunoblot represents the remaining signal from the tubulin
detection which was performed prior to the myc detection. A Western blot detecting
tubulin showed that equal amounts of protein were loaded for each sample (Fig. 5C).
From these results we concluded that the pCA2 vector expressed the mycMyoD protein,

although these experiments did not address the biological function of this fusion protein.
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Fig.5 A mycMyoD protein is expressed from pCA2
A Western blot of lysates from P19 cells stably transfected with Pgk- expression
constructs encoding MyoD, mycMyoD and CAT was used for three consecutive
immunodetections. In panel A, an anti-MyoD antibody was used for
immunodetection. Panel B shows the same blot used for immunodetection with the
anti-myc 9E10 antibody. Panel C is the immunodetection performed with an anti-
tubulin antibody to indicate relative amounts of protein loaded in each lane. Size
markers are as shown in kilodaltons.
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3.4 mycMyoD functions like MyoD

It was essential for future experiments to verify that the mycMyoD protein was
fully functional. To determine if mycMyoD could perform the same myogenic activities
as MyoD, it was tested in a number of assays. MyoD has been demonstrated to
transactivate the cardiac actin (CA) promoter in non- muscle cells, including P19 cells
(Skerjanc et al., 1997; Skerjanc and McBurney, 1994; Pari et al., 1991). To test
mycMyoD activity in this assay, as well as that of the MyoD lacking UTR, all three
expression constructs, Pgk-MyoD, Pgk-MyoD-UTR and Pgk-mycMyoD were transiently
transfected into P19 cells. Also co-transfected were the CA-CAT reporter as well as the
control plasmid, Pgk-lacZ, to allow for normalization of transfection efficiencies. After
transient transfection, cells were assayed for both CAT activity and -gal activity and the
results from three independent assays were compared (Fig. 6A). A transfection
containing only the control plasmids showed negligible CAT activity whereas all three
MyoD expression plasmids were active (Fig. 6A).

MyoD is able to induce formation of muscle following transient transfections
although the induction is inefficient since less than 3% of transfected cells become
muscle (Skerjanc et al., 1994). To test mycMyoD in this assay, the three MyoD
expression constructs used in the previous assay as well as a control plasmid, pGEM,
were transiently transfected into P19 cells with the expression plasmid Pgk-lacZ to
measure transfection efficiency. The relative efficiencies of muscle formation were
determined (Fig. 6B). Spontaneous muscle formation in pGEM transfected controls was

less than 0.1% of transfected cells, while MyoD expression constructs induced



-47-
myogenesis in 0.75 - 2.0% of transfected cells. The ability of each of the plasmids to
induce myogenesis was comparable and confirmed that the mycMyoD fusion protein had
retained MyoD activity.

Finally, it was necessary to confirm that mycMyoD would efficiently induce
myogenesis in P19 cells following aggregation as described earlier for MyoD. Thus,
stable cells lines expressing mycMyoD were generated following co-transfection with
Pgk-puromycin. As with the other MyoD stable cell lines, the cells which survived
selection and were presumably expressing mycMyoD, showed enhanced myogenesis
after aggregation (Fig. 6C). Because the mycMyoD functioned equivalently to MyoD
with respect to its myogenic abilities in P19 cells, and because the myc 9E10 antibody

was readily available, mycMyoD expression constructs were used in all subsequent

experiments.
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Fig. 6A MycMyoD transactivates the human cardiac actin promoter
Transient assays to examine transactivation of the cardiac actin (CA) promoter
by the MyoD and mycMyoD proteins expressed from different constructs were
performed. Each of the constructs were co-transfected with CA-CAT and Pgk-
lacZ. CAT activity was assayed for each transfection and normalized for
transfection efficiency by measuring B-galactosidase activity. Each transfection
was repeated three times. The control transfection contained only CA-CAT and

Pgk-lacZ.
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Fig. 6B MycMyoD induces muscle formation in a transient assay
MyoD expression plasmids were co-transfected with Pgk-lacZ into P19 cells.
48hrs after transfection 100, 000 cells were plated on coverslips and allowed to
adhere. Cells were then stained for either B-galactosidase activity and for myosin
heavy chain, and the number staining for each was determined. The myosin
heavy chain positive cells is expressed as a fraction of the cells transfected
(number of cells B-galactosidase positive). Approximately 3-5% percent of cells
were B-galactosidase positive. Each bar represents three independent assays. The
control sample included pGEM.
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Fig. 6C MycMyoD induces myogenesis in aggregated P19 cells
Cell lines stably expressing mycMyoD following co-transfection with Pgk-puro
and B17 were generated and cultured as monolayers (non-aggregated) or
aggregated for five days. Control cultures were transfected but without the
mycMyoD expression vector. Immunofluorescence of both control and
[mycMyoD]P19 cells to detect myosin heavy chain was performed for non-
aggregated and aggregated cells. Differential interference contrast shows the
same field of view as seen under immunofluorescence.
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3.5 Instability of mycMyoD expression and subsequent creation of pCA4

In the course of verifying the levels of expression of the mycMyoD protein
before and after aggregation it was observed that mycMyoD protein expression was
sometimes equal but often lost or reduced in the non-aggregated cultures (Fig. 7). After
many repeated experiments and further investigation it became apparent that the cause of
the inconsistency was unstable expression of the Pgk driven MyoD or mycMyoD
construct. Unstable expression of Pgk-lacZ transfected genes has been previously
reported (McBurney et al., 1994). All MyoD expression constructs behaved in this
manner. The loss of expression was consistent with inactivation of mycMyoD gene
expression or with complete loss of the gene but without loss of puromycin expression.
A variety of methods were tested to prevent the loss of mycMyoD expression. One
method placed the selectable gene, puromycin, under the control of the CA promoter
which would be transactivated only in cells co-expressing mycMyoD, thus forcing drug
resistant cells to maintain mycMyoD expression (Skerjanc et al., 1994). Numerous
attempts were made to quickly aggregate transfected and selected pooled colonies of
[mycMyoD]P19 cells in an attempt to gather data before mycMyoD expression was lost.
Even during the course of an experiment completed 12 days following transfection,
mycMyoD expression was often reduced or lost. In all cases, inconsistent patterns of
expression were observed.

In order to circumvent this problem, the vector pCA4 was constructed. This
construct was similar to pCA2 in that the Pgk promoter was used to drive expression of
mycMyoD, however, downstream of mycMyoD, pCA4 included an internal ribosome

entry site (IRES) followed by the B-geo fusion gene (Fig. 2C)(Mountford et al., 1994).
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Fig. 7. Instability of mycMyoD expression
P19 cell lines were co-transfected with Pgk-mycMyoD (pCA2) and Pgk-
puromycin followed by selection in puromycin. Western blot analysis was
performed with the anti-myc antibody. Non-aggregated and aggregated samples

are as indicated. Tubulin was used as a loading control. Size markers are shown in
kilodaltons.
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The consequence of using an IRES sequence is that a bi-cistronic message is transcribed
from which both the mycMyoD and the resistance gene, are translated. Such a construct
should prevent the loss of mycMyoD since this would result in a concomitant loss of the
resistance gene.
3.6 pCA4 expresses mycMyoD which induces muscle formation after aggregation

When used to generate stable [mycMyoD] P19 cells, pCA4 expressed mycMyoD
which was detected by Western blot in both non-aggregated and aggregated cells (Fig
8A). The mycMyoD protein expressed by both pCA4 and the parental plasmid (pCA2)
show the identical set of bands on Western blot in both the non-aggregated or aggregated
samples (Fig 8A). The 9E10 antibody does not recognize any proteins from the control
[CAT]P19 cells but does recognize an additional myc epitope tagged protein, myc-
puromycin, which was co-transfected as a control for myc epitope detection (Fig. 8A).
The resolution of the gel shown in Fig. 8A was sufficient to reveal that mycMyoD runs as
a doublet as does MyoD. The doublet likely represents the hypophosphorylated (faster
migrating) and hyperphosphorylated (slower migrating) forms of MyoD (Lassar et al.,
1991; Tapscott et al., 1988). This doublet is only apparent in Western blot assays with
sufficient resolution.

As in other MyoD expressing lines, the aggregated [mycMyoD]P19 cells generated
from pCA4 differentiated into skeletal muscle and expressed myosin heavy chain
whereas the non-aggregated cells showed little of this muscle specific marker (Fig 8B).
The pCA4 plasmid was designed to co-express mycMyoD protein with the B-geo fusion

protein. Lysates of pCA4 stable lines examined by Western blot with an anti-f-
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galactosidase antibody showed co-expression of mycMyoD and B-geo (Fig. 9.). Both the
parental plasmid, Pgk-IRES-Bgeo, and pCA4 expressed B-geo while only pCA4
expressed mycMyoD (Fig. 9.).

Despite the use of pCA4, we found that some cells failed to express mycMyoD
protein. It is unknown how this occurs but may arise from a deletion or mutation of the
mycMyoD gene. The colonies that did express mycMyoD made muscle at varying
efficiencies, some clones made very little, while others induced myogenesis at a much
greater efficiency (50-70%) than the 30% originally documented (Skerjanc et al., 1994).
The colonies which expressed mycMyoD protein after stable transfection with pCA4
expressed mycMyoD protein for longer periods of time than cultures transfected with
pCA2, although they eventually lost mycMyoDexpression after extended culturing
periods despite continued selection in G418. Duration of expression and expression
stability was further enhanced by co-transfection of pCA2 and Pgk-puromycin into
[mycMyoD]P19 cells. These cells were used for experiments described in section 3.9 and
subsequent sections.

Immunofluorescence of stable [mycMyoD]P19 cells showed that B-galactosidase
(B-gal) positive cells formed myocytes, as detected by myosin heavy chain (MHC)
staining (Fig. 10 - empty arrows). Both p-geo and MHC proteins were detected in the
cytoplasm. While the majority of cells expressed B-geo a few did not (Fig 10 - filled
arrows). These may be cells which have enough B-geo to be resistant to G418, but not
protein enough for B-gal detection. In addition, not all of the B-gal positive cells in
aggregates stained positively for myosin heavy chain (MHC) (Fig. 10 - hatched arrows),

although all of the cells that did stain positive for MHC were also B-gal positive.
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Fig. 8 pCA4 expresses mycMyoD protein which induces muscle formation following
aggregation
Western blot analysis was used to examine the mycMyoD expression from both
pCA2 and pCA4 stable cultures. The control cultures were generated by co-
transfecting Pgk-CAT and Pgk-neo and selecting for resistant cells. pCA2 stable
lines were also co-transfected with Pgk-neo and likewise selected. pCA4 stable
lines were made to express pCA4 alone or pCA4 and Pgk-mycpuro as a internal
control for myc epitope detection. Non-aggregated (N) or aggregated (A) cultured
cells were harvested from all four cell lines and examined using the anti-myc
antibody (Panel A) or an anti-myosin heavy chain antibody (Panel B). The anti-
myosin heavy chain appears lower than the actual molecular weight, probably due
to protein degradation. Tubulin was used as a loading control. Size markers are as
shown in kilodaltons.
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Fig. 9 pCA4 co-expresses mycMyoD and f-geo proteins
Western blot analysis was used to examine the expression of mycMyoD and p-
geo from pCA4 and the parental plasmid, Pgk-IRES-Bgeo. Lysates of non-
aggregated and aggregated cells stably expressing either pCA4 or Pgk-IRES-Bgeo
were loaded in each lane as labelled. Blots were first analysed with an anti-[3-
galactosidase antibody, then with the anti-myc 9E10 and finally with an anti-
tubulin. Markers are as shown in kilodaltons.
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Fig. 10 Co-expression of myosin heavy chain and f-geo
[mycMyoD]P19 cells were stained for myosin heavy chain and B-galactosidase.
Panels are as labelled. Both non-aggregated and aggregated cells can be seen to
express B-geo. Myosin heavy chain (MHC) positive cells are seen in aggregated
cells. Double labelling shows those cells which are positive for both myosin
heavy chain and B-geo. Solid arrows indicate cells which do not stain for B-geo
or MHC. Empty arrows indicate those cells which stain positive for both B-geo
and MHC and hatched arrows indicate those cells which stain positive only for
B-geo. Differential interference contrast shows the same cells as viewed by
immunofluorescence. Bar = 40pm.
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3.7 MycMyoD protein levels do not increase after aggregation

Since an increase in protein levels after aggregation could lead to enhanced
muscle formation, the level of mycMyoD protein was investigated. The level of protein
did not increase after aggregation (Fig. 11). Indeed, the amount of mycMyoD protein
remained relatively stable during the five day course in either the non-aggregated or
aggregated cells, indicating that an increase in protein was not responsible for
myogenesis following aggregation.
3.8 MycMyoD is localized in the nucleus

Although mycMyoD protein levels remained constant, the activity of MyoD can
be regulated by localization of the protein in the cells. For example, in Xenopus embryos,
XMyoD is speciﬁcall)" retained in the cytoplasm (Rupp et al., 1994). To determine
whether such regulation inhibits myogenesis in the non-aggregated [MycMyoD]P19
cells, immunofluorescence studies of mycMyoD localization before and after aggregation
were performed. In untransfected control P19 cells, only background signal was detected
using the anti-myc 9E10 antibody to detect mycMyoD or an anti-B-gal antibody for -
geo detection (Fig. 12A). Cells which stably expressed mycMyoD, however, showed myc
staining in the nuclei of both non-aggregated and aggregated cells (Fig. 12B). In these
cells, B-geo staining was also apparent and appeared in the cytoplasm. These results
indicated that in P19 cells, mycMyoD is not regulated by differential localization. It is of
interest to note that in both the non-aggregated and aggregated culture conditions cells

were found which were B-geo positive but did not exhibit detectable levels of mycMyoD

protein (Fig. 12C).
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Fig. 11 The level of mycMyoD protein does not increase following aggregation
Western blot analysis of non-aggregated and aggregated [mycMyoD]P19 cells.
Cells were harvested at the days shown and mycMyoD was detected using the
anti-myc 9E10 antibody. An anti-tubulin antibody was used to detect tubulin to
gauge relative amounts of protein loaded. Protein size markers are as shown and
are in kilodaltons.
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Fig. 12 MycMyoD is located in the nucleus before and after aggregation
Immunofluorescent detection of mycMyoD and B-geo in control P19 cells and in
[mycMyoD]P19 cells. Panel A shows untransfected P19 cells stained for the myc
epitope and B-geo. Panel B and C show the same staining of pCA4 transfected
cells. Differential interference contrast microscopy in each panel shows the same
cells as viewed by immunofluorescence. Bar = 20pum.
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3.9 3§ Met in vivo labelling and immunoprecipitation shows no obvious changes in
binding partners

Next investigated was the possibility that MyoD activity was being regulated by a
change in binding partners following aggregation. A number of proteins have been
demonstrated to regulate the activity of MyoD following binding, including E-proteins
(Lassar et al., 1991), Mos (Lenormand et al., 1997), members of the MEF2 family
(reviewed in Olson, 1992.), pRb (Gu et al., 1993) and p300 (Sartorelli et al., 1997). In
order to examine binding partners of MyoD, control cells stably transfected with Pgk-
IRES-geo and cells transfected with pCA4 were in vivo labelled with [*°S] methionine.
Lysates from both non-aggregated and aggregated control and mycMyoD expressing
cells were immunoprecipitated with the anti-myc antibody and separated by SDS PAGE
(Fig. 13). The mycMyoD protein was detected as a doublet in the pCA4 transfected cells.
In the non-aggregated [mycMyoD]P19 cells, no clear co-precipitated proteins could be
identified. Upon aggregation, two novel bands of approximately 43kD and 200kD
appeared. The approximate sizes of these two bands correspond to the sizes of the muscle
structural proteins, actin and myosin (respectively). It is believed that these proteins,
which are in abundance in muscle cells, are insoluble contaminants that become trapped
in the immunoprecipitate. The sizes of some of the proteins which are known MyoD
partners include: E-proteins =73kD; p300 = 300kD, pRb = 109kD, MEF2 family
members = 40 - 60kD. No obvious bands appeared near these sizes. Thus, no evidence
for changing binding partners was seen, although the inability to definitively identify

proteins produced inconclusive results.
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Fig. 13. In vivo labelling indicates no obvious changes in binding partners
Control cells or [mycMyoD]P19 cells were cultured either in monolayers or as
aggregates for five days and were labelled in vivo with **S-methionine. Following
labelling, total cell extracts were immunoprecipitated with the anti-myc 9E10
antibody. Immunoprecipitates were separated by SDS-PAGE the gel dried and
exposed to a phosphorimager for visualization. N = non-aggregated A=
aggregated. Protein size markers are as indicated and are in kilodaltons.
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3.10 The amount of E2A proteins does not increase upon aggregation

In an attempt to address the question of binding partners in a more specific
fashion, the level of E2A proteins before and after aggregation was examined. Both E12
and E47, the protein products of the E24 gene, run at approximately 73kD on an SDS-
PAGE gel (Vierra et al., 1994; Aronheim et al., 1993), making their separation difficult.
The levels of E2A protein expression remained unchanged in P19 control or
[mycMyoD]P19 cells, regardless of whether cells were non-aggregated or aggregated
(Fig. 14).
3.11 MycMyoD is bound to E2A proteins before and after aggregation

As previously mentioned the binding of certain proteins can regulate the activity
of MyoD. Specifically, the ability of E2A proteins to bind MyoD is modulated by such
proteins as the Mos kinase ( Lenormand et al., 1997), Id (Benezra et al., 1990), and
Miwist (Spicer et al., 1997). Since the binding of the E2A proteins to MyoD is required
for transcription of muscle specific genes, the heterodimerization state of these proteins
was investigated. To determine whether mycMyoD was bound to either E12/E47, the E-
proteins were immunoprecipitated with an anti-E protein antibody. These
immunoprecipitates were then analysed by Western blot to detect whether mycMyoD
was complexed with E12/E47. In fact, mycMyoD was detected in immunoprecipitates
from both non-aggregated and aggregated cells (Fig. 15). No corresponding band was
visible in the corresponding P19 control lane nor was any mycMyoD band apparent in
the mock immunoprecipitate. Likewise an immunoprecipitation with an anti-Bcl2

antibody showed no mycMyoD band indicating that the immunoprecipitation of
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mycMyoD with E proteins represented a true co-precipitation. The same amount of lysate
was loaded into the lanes containing total protein as was used in the immunoprecipitation
thus allowing an approximate determination of the fraction of mycMyoD which was able
to bind E12/E47 proteins. Comparison of these lanes indicates that less than half, perhaps
as little as one tenth of the total mycMyoD was bound to E2A proteins. Since the E2A
protein antibody also recognizes ITF-1, which is approximately the same size as

E12/E47, it is possible that a fraction of the mycMyoD detected may have resided in

complexes with this factor.
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Fig. 14 The level of E2A proteins does not increase during aggregation or
differentiation
Western blot analysis was performed on cell lysates from control P19 cells or
[mycMyoD]P19 cells. An anti-E-protein antibody was used which recognizes
both E12 and E47 as well as ITF-1.Tubulin was detected with an anti-tubulin
antibody following the E-protein detection to allow comparison of protein
loading. N= non-aggregated A= aggregated. Protein size markers are as shown
and are given in kilodaltons.
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Fig. 15 E2A proteins are bound to mycMyoD in both non-aggregated and
aggregated P19 cells
Immunoprecipitation of E-proteins followed by Western blot analysis. Nuclear
lysates from P19 cells or [mycMyoD]P19 cells were used in an
immunoprecipitation of E-proteins with an anti-E protein antibody. Control
immunoprecipitations were carried out which used either no lysate or used an
anti-Bcl2 antibody . Immunoprecipitates and nuclear lysate (the same amount
used in the immunoprecipitation) were analysed by Western blot.
Immunodetection of mycMyoD was done with the anti-myc 9E10 antibody. The
light and heavy chains of the anti-E protein antibody are also apparent. N= non-
aggregated A=aggregated A = no lysate. Protein markers are as shown and are
given in kilodaltons.
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3.12 MycMyoD from both non-aggregated and aggregated cells is able to bind

DNA

Following heterodimerization with an E2A protein, MyoD heterodimers must bind
DNA to mediate transcription of muscle specific genes. This step is highly regulated.
PKA/PKC both inhibit DNA binding by MRF4, although this inhibition occurs indirectly
(Hardy et al., 1993). FGF inhibits myogenin’s ability to bind DNA through a conserved
PKC site in its DNA binding domain (Li et al., 1992b). The growth factors TGF-f and
bFGF, inhibit MyoD from remodelling chromatin at its binding sites, effectively
preventing MyoD from binding DNA (Gerber et al., 1997). Thus, it was of interest to
determine whether mycMyoD was prevented from binding DNA in the non-aggregated
cells. To address this, electrophoretic mobility shift assays (EMSA) were performed
using an E-box containing sequence. The radio-labelled oligonucleotide used in the
mobility shift assays was the MEF-1 oligonucleotide, a 25 base pair oligonucleotide
containing a high affinity E-box (Buskin and Hauschka, 1989). This sequence is known
to serve as a MyoD binding site (Lassar et al., 1989). Mobility shift binding assays with
this oligonucleotide did not show any binding complexes in P19 lysates, non-aggregated
or aggregated (Fig. 16A). The sample containing wild-type labelled oligo and lysates
from aggregated [mycMyoD]P19 exhibited a single band of retarded mobility indicating
a DNA-protein complex. The protein binding to the oligo appeared to be binding to the
E-box in a specific fashion since excess unlabelled wild-type oligo abolished binding
while the complex did not form on a mutant oligo nor was an excess of mutant oligo able

to abolish binding to labelled wild-type oligo (Fig. 16A). Once it was determined that a
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MEF-1 binding complex was present in aggregated [mycMyoD]P19 cells, further
mobility shift assays were performed to determine whether a similar complex was found
in non-aggregated [mycMyoD]P19 cells and whether the complex contained MyoD. As
seen in Fig. 16B, the same complex appeared in samples prepared from extracts of non-
aggregated [mycMyoD]P19 cells. This complex was supershifted in both the non-
aggregated and aggregated samples with the addition of the anti-myc 9E10 antibody.
Similarly, the MyoD 5.8A antibody also shifted the complex while a f-galactosidase
antibody did not. Thus, the complex in both the non-aggregated and aggregated samples
contains mycMyoD. This suggested that mycMyoD is able to bind to E-box containing
sequences in vitro in both non-aggregated and aggregated cells and that the level of

regulation was not at the level of mycMyoD’s ability to bind DNA.
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Fig. 16A A complex from aggregated [mycMyoD|P19 cells binds specifically to the
E-box of the MEF-1 oligo.
Nuclear lysates from either non-aggregated or aggregated control P19 cells or
nuclear lysate from aggregated [mycMyoD] cells were incubated with a 25 bp
32p end-labelled wild-type ( hot wt) MEF-1 oligo. The MEF-1 oligonucleotide
contains a high affinity E-box. A *?P labelled mutant version (hot mutant) of the
MEEF-1 oligonucleotide was also used and it has the same sequence except with
six mutated base pairs spanning the E-box binding site. Specificity of binding
was analysed by mixing in ten fold excess unlabelled wild-type MEF-1 (10X
cold wt) or ten fold excess unlabelled mutant MEF-1 (10X cold mutant) along
with the labelled wild-type MEF-1 oligonucleotide. Following incubation in the
appropriate binding mix (containing 1pg poly (dI-dC)) with relevant
oligonucleotides, DNA-protein complexes were resolved on a 5% poly-
acrylamide gel and visualised using a phosphorimager. Unbound labelled
oligonucleotide was run off the bottom of the gel.
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Fig. 16B A mycMyoD containing complex in both non-aggregated and
aggregated [mycMyoD]P19 cells binds to the MEF-1 oligonucleotide.
A mobility shift of the MEF-1 oligonucleotide with a complex from non-
aggregated and aggregated [mycMyoD]P19 cells. Nuclear lysates from either
non-aggregated (N) or aggregated (A) control P19 cells or nuclear lysate from
non-aggregated (N) or aggregated (A) [mycMyoD] cells were incubated with a
25 nucleotide *?P- end-labelled wild-type MEF-1 oligo. The complex was
supershifted with the addition of either the anti-myc 9E10 antibody or the 5.8A.
anti-MyoD antibody. The control antibody was an anti-Bgalactosidase
antibody. Unbound labelled oligonucleotide was run off the bottom of the gel.
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Chapter Four

Discussion

4.1 Summary of findings
This thesis was aimed at studying the mechanism whereby aggregation induces

myogenesis in [MyoD]P19 or [mycMyoD]P19 cells. The results obtained in this thesis
can be summarized as follows. 1) The amount of MycMyoD protein does not increase
following aggregation. 2) MycMyoD is found in the nucleus both before and after
aggregation. 3) In both non-aggregated and aggregated cells, mycMyoD is bound to an
E2A protein. 4) MycMyoD is able to bind to an E-box containing oligonucleotide in
both cell states. These results indicate that in P19 cells, mycMyoD is likely regulated at
the point of DNA binding or at the point of initiating transcription once bound to DNA.
4.2 Use of MycMyoD and pCA4

Initial observations of MyoD induced myogenesis in P19 cells demonstrated
that non-aggregated [MyoD]P19 cells possessed characteristics of undifferentiated stem
cells and myoblasts, while after aggregation these cells exhibited characteristics of
skeletal muscle (Skerjanc et al., 1994). Preliminary results suggested that MyoD protein
levels increased during aggregation; however, it became apparent that MyoD expression
was rapidly lost in cultures of transfected cells. These difficulties made it essential that
MyoD be expressed well in all cells during the course of each experiment and that the
protein be readily detected. To assist in the detection of MyoD, a N-terminal fusion with

six myc tags was made. Construction and use of mycMyoD proved to be advantageous
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since the myc epitope tag allowed the detection of the fusion protein with use of the 9E10
monoclonal antibody which is relatively plentiful, inexpensive and reliable. An important
concern with such epitope tags is that the modified protein may behave differently from
the wild-type. The conformation of the tagged protein may become altered rendering it
inactive. Alternatively, the epitope tag may sterically inhibit normal interactions with
other molecules. However, evidence presented suggests that no such problems arose
since the mycMyoD had little apparent difference in activity from the untagged protein.
This was fortunate considering that the myc tag represents a length of amino acids

roughly 1/3 of the original protein.

Expression of mycMyoD in P19 cells was unstable and only through the use of
a bicistronic mRNA carrying the IRES sequence and Pgeo fusion protein did expression
of mycMyoD become consistent. The IRES is a conserved sequence found in a number
of viruses (Jang et al., 1990) and is exploited in expression vectors to link the expression
of two genes through the formation of a bicistronic message. The benefit of the IRES
sequence followed by the Bgeo fusion gene was two fold. A higher proportion of cells
was found to express mycMyoD than with a co-transfection strategy which utilized a
separate drug selection plasmid. Previously, Skerjanc et al (1994) reported myogenic
conversion of 30% of [MyoD]P19 cells, while the remaining 70% were assumed to be
refractory to this differentiation pathway. However, the higher conversion to muscle by
pCA4 suggests that the cells that failed to differentiate also failed to express MyoD. A

second significant advantage of the pCA4 vector was the concomitant expression of the
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B-geo protein with mycMyoD which allowed direct visualization of cells which were
resistant to selection and likely to be expressing mycMyoD.

While improved consistency of expression was obtained with pCA4, the IRES
sequence in pCA4 did not ensure complete expression of mycMyoD in all cells since
some cells which stained positively for B-geo did not stain positive for the mycMyoD
protein. The reason for this is unknown, but may have been the consequence of
recombinational events such that the mycMyoD gene was lost or perhaps splicing of the

transcript such that the mycMyoD coding region was removed.

4.3 Regulation of MyoD in P19 cells
4.3.1 MycMyoD protein levels remain constant

Removal of the untranslated region was found to have little effect upon
MyoD’s ability to transactivate the cardiac actin promoter, to form muscle in a transient
assay, or to induce myogenesis in [MyoD-UTR]P19 cells. In any event, once stable
expression of mycMyoD was achieved using pCA4, it became apparent that the levels of
mycMyoD protein did not change during aggregation. This ruled out translational control
or changes in mycMyoD stability as mechanisms of downregulating mycMyoD activity
in non-aggregated cells.

The amount of E2A protein may also have been regulated by the ubiquitin-
proteosome pathway as previously reported (Kho et al., 1997). It is unlikely that such a
method is used in regulating myogenesis of [mycMyoD] P19 cells since no increase in

mycMyoD or E2A protein levels was observed after aggregation. Thus, regulation of
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MyoD in this system is then unlikely to be a consequence of translational regulation or
changes in the amount of MyoD or E2A proteins.
4.3.2 MycMyeoD is nuclear

In both the non-aggregated and aggregated [mycMyoD]P19 cells, mycMyoD
was present in the nucleus. Although MyoD has been documented to be regulated by
differential localization by mechanisms including masking of a nuclear localization
signal by I-mf (Chen et al., 1996) or by a PKA dependent nuclear import (Vandromme et
al., 1994), such mechanisms do not appear to be involved in regulating mycMyoD
mediated myogenesis in P19 cells.

4.3.3. MycMyoD binds E2A proteins before and after aggregation

Numerous proteins, such as Id (Benezra et al., 1990), Mtwist (Spicer et al.,
1997), pRb (Gu et al., 1993), p300 (Sartorelli et al., 1997) and MEF2A (Molkentin et al.,
1995) among others, can bind to MyoD and modulate its activity in either a positive or
negative manner. Similarly, phosphorylation of MyoD by Mos, encourages the
formation of MyoD:E2A heterodimers (Lenormand et al., 1997).

Immunoprecipitation of E2A proteins followed by Western blot detection of
mycMyoD indicated that MyoD formed heterodimers in the non-aggregated cells. Thus,
the regulation of heterodimerization with the E2A proteins through factors such as Id or
Mtwist, which sequester the E2A proteins from MyoD (Spicer et al., 1997; Benezra et al.,
1990), is not responsible for enhanced myogenesis following aggregation. It is of interest
to note that only a fraction of the mycMyoD in non-aggregated and aggregated cells was

immunoprecipitated, suggesting either that the amount of mycMyoD protein was greater
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than the amount of E2A or that only a fraction of the mycMyoD was able to
heterodimerize with the E2A proteins.

4.3.4 MycMyoD can bind to an E-box in both non-aggregated and aggregated cells
Having eliminated other possible types of MyoD regulation which may have
occurred, the ability of mycMyoD to bind DNA was examined. MycMyoD from nuclear
lysates of both non-aggregated and aggregated cells were able bind specifically to an E-
box containing oligo. It is likely that the mycMyoD binding to this oligo was
heterodimerized with an E2A protein since these heterodimers were present in the
nuclear lysates and heterodimers have a significantly higher affinity for the E-box than

do homodimers (Murre et al., 1989b).

4.4 Models for aggregation induced myogenesis mediated by MyoD

The findings described above indicate that mycMyoD was stably expressed
and heterodimerized with E2A proteins on both the non-aggregated and aggregated cells.
Downstream of these events, MyoD must bind to E-boxes in muscle specific promoters,
which may require chromatin remodelling, and it must also activate transcription. It is
possible that one of these two steps may be regulated by aggregation.

MyoD has been demonstrated to remodel chromatin in muscle specific
enhancers at previously silent loci (Gerber et al., 1997). Such chromatin rearrangement
may involve recruitment of remodelling complexes such as the muscle specific version of
the SWI/SNF complex (Wang et al., 1996), although there is no evidence that this

complex binds MyoD. The growth factors TGF-p, and basic FGF as well as sodium



-76-
butyrate were found to block this MyoD-mediated chromatin rearrangement. Aithough
mycMyoD was able to bind to an oligonucleotide, its ability to access endogenous E-box
sites in P19 cells is unknown. It is possible that in non-aggregated cells, a mechanism
which acts through the same pathway as TGF-P and basic FGF prevents MyoD from
remodelling the chromatin (Gerber et al., 1997). Following aggregation, the repression
would be relieved allowing MyoD to remodel chromatin, bind to its E-box and initiate

transcription of muscle specific genes leading to myogenesis (Fig. 17A).

The second possible type of regulation may be one which acts at the point of
transcriptional activation. Binding of additional co-factors or modification of the MyoD
heterodimer may be necessary for transcriptional activation. This model would predict
that an active co-factor required for transcriptional activation by MyoD is absent in non-
aggregated cells. The process of aggregation would result in the induction of the active
co-factor, either by increased expression or modification, leading to transactivation of
muscle gene expression by MyoD. MyoD mediated transcription would only proceed in
the aggregated cells (Fig 17B).

Examples of co-factors which may serve to regulate transcriptional activation,
could include p300 (Sartorelli et al., 1997), members of the MEF2 family or some of the
cell cycle regulated proteins such as members of the pRb family whose interaction with
MyoD has been shown to be required both for transcription of muscle specific genes and
withdrawal from the cell cycle (Schneider et al., 1994; Gu et al., 1993).

Phosphorylation of a co-factor may be necessary for transcriptional activation.



-77-
PKA is known to inhibit myogenic differentiation by MyoD at a point following DNA
binding which does not involve phosphorylation of MyoD (Winter et al., 1993; Li et al.,
1992). It may be that the target of PKA is this potential co-factor. PKA subunit
expression, however, does not change during differentiation of P19 cells into muscle

(Gael Vidricaire, M.Sc. thesis).
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Fig. 17. Two models of MyoD regulation during aggregation

A. Model 1:

In non-aggregated cells, nuclear MyoD/E2A heterodimers are unable to access
E-boxes in muscle specific promoters. The ‘X’ indicates the block upon MyoD’s
ability to remodel chromatin. The inhibitory signal which acts to block
remodelling of chromatin by MyoD in non-aggregated cells may be one that has
TGFP/bFGF like signalling activities. These two growth factors are known to
inhibit MyoD in this fashion. Following aggregation these growth factors would
no longer inhibit MyoD from remodelling chromatin. Alternatively, a Wnt or
cadherin signal may be required for remodelling to occur. Such signalling would
be absent in the non-aggregated cells and would be active following aggregation.
Remodelling may involve the recruitment of a muscle specific SWI/SNF
complex.

B. Model 2:
In non-aggregated cells, nuclear MyoD/E2A heterodimers are bound to their

DNA binding sites, however, a co-factor necessary for transcription is
unavailable or unmodified. A signal received as a result of aggregation, perhaps
a Wat or cadherin signal both of which act through B-catenin, may allow a co-
factor to bind and MyoD and activate transcription.
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4.5 Role of aggregation: possible signals involved in inducing myogenesis

A required component for efficient differentiation in P19 cells is aggregation,
although aggregation alone is insufﬂci.ent to induce differentiation. Efficient induction of
P19 cells into skeletal muscle by MyoD, into neurons using retinoic acid and into cardiac
muscle using DMSO, all require aggregation (McBurney et al., 1982; Jones-Villeneuve et
al., 1983; Skerjanc et al., 1994). The signals conveyed by aggregation may or may not be
the same for each type of differentiation. Two possible types of pathways which may be
involved in transmitting a signal to the interior of the cell following aggregation, are
discussed below.

In vivo, myogenesis occurs as a result of numerous inductive signals from
surrounding cells and tissues (reviewed in Yun and Wold, 1996; Rawls and Olson 1997).
Many of these signals are position-dependent to ensure myogenesis of a restricted
population of precursor cells. Some of the mediators of these signals include members of
the Wnt family, and sonic hedgehog (Shh), which act to induce members of the Pax
family, which in turn induce MyoD and myogenin. Wnt signalling is transduced to the
nucleus by a number of proteins, ending with B-catenin (reviewed in Kuhl, 1997). BMP-
4, another of these position dependent signals, works in a negative fashion by inhibiting
myogenesis. It is unknown how these signals control the onset of myogenesis and indeed
what other signals may be involved. However, it is clear that myoblasts arise from such
position dependent signals. These signals may be responsible for the induction of
differentiation in aggregated P19 cells. Various members of the Wnt family have been

detected in P19 cells; some members are detected in undifferentiated P19 cells (Smolich
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and Papkoff, 1994) while the majority have been demonstrated to be up-regulated upon
aggregation and RA induced differentiation (Smolich and Papkoff, 1994; St-Arnaud and
Moir, 1993; Papkoff, 1994; Smolich et al., 1993). The only signalling molecule
mentioned above which has been reported to act in a manner consistent with the results
found in this thesis, is a member of the BMP family. BMP-2 inhibits the activity of
MyoD through an unknown mechanism, but this inhibition does not affect MyoD’s
ability to bind to an E-box containing oligonucleotide (Katagiri et al., 1997). BMP-2
could either inhibit MyoD from remodelling chromatin or from initiating transcription.
The expression patterns of this factor during aggregation of P19 cells is not known.

Other growth factors such as the TGF-p and bFGF may also be involved in the
aggregation phenomenon. These growth factors are present in developing limb buds and
somites (Hannon et al., 1992; Li et al., 1992). To correspond with their known ability to
inhibit remodelling of chromatin by MyoD (Gerber et al., 1997), and to fit the results
reported in this thesis, these two growth factors would have to be present and active in
non-aggregated [mycMyoD] P19 cells and inactive or down-regulated in the aggregated
cells. The expression patterns of TGF-p and bFGF are unknown, although TGF-$2 is not

expressed in undifferentiated P19 cells and is expressed following RA induced

differentiation (Mummery et al., 1990) .

Another type of signalling that may be involved in modulating the effects of
aggregation in P19 cells is that conveyed by cell adhesion molecules. Cadherin-catenin

complexes have been implicated in the formation of mesoderm. In Xenopus, cadherin
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mediated cell interactions are necessary for the activation of MyoD (Holt et al., 1994). A
balance of these factors is likely required, since overexpression of cadherins or
underexpression of P-catenin in Xenopus inhibits the formation of mesoderm and the
induction of MyoD (Heasman et al., 1994). It has not been reported that B-catenin affects
MyoD’s ability to remodel chromatin or initiate transcription; it has only been
demonstrated to influence the level of MyoD expression (Heasman et al., 1994). Until all
the pathways described above are further elucidated and their status determined in the
P19 cell model, it would present a formidable challenge to identify which factors act to

repress/activate MyoD function.

4.6 Future directions

The [mycMyoD]P19 model system should be useful for further investigations
into the role of aggregation in myogenesis. One definitive experiment which may include
or exclude some of the models presented would be in vivo footprinting on the mouse
muscle creatine kinase promoter. Such an experiment would determine whether MyoD
complexes can bind to or occupy E-boxes present in endogenous genes. This may help
differentiate between chromatin remodelling or transactivation as the point of regulation
in aggregating cells.

A further experiment which may address the signalling pathway used by
aggregation would be the overexpression of B-catenin. Should B-catenin be involved in
mediating the signal induced by aggregation, overexpression in non-aggregated cells may

result in enhanced myogenesis.
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Ultimately, by understanding the signals induced upon cell aggregation which
render [MyoD]P19 cells permissive for myogenesis, it is hoped to have identified a
component of myogenic control that may be exerted in deciding the fate of early

mesodermal cells.



-83-

Appendix A

p300 transcriptionally activates mycMyoD in P19 cells but is not upregulated
during myogenesis
A.1 Introduction

Transcriptional adapters are proteins which are thought to bind to transcription
factors and enhance transcription by facilitating recruitment of the polymerase II
holoenzyme to the transcription start site (Lassar and Munsterberg, 1994; Thayer and
Weintraub, 1993). Two proteins which exhibit characteristics of transcriptional adapters
include p300 and CBP (Kwok et al., 1994; Arany et al., 1994; Eckner et al., 1994) These
two proteins have been demonstrated to co-activate both MyoD and members of the
MEF2 family in vitro and in vivo (Yuan et al., 1997; Sartorelli et al., 1997). This
coactivation occurs as a result of direct interaction of p300 with MyoD and/or a MEF2
member. The interaction of p300 with MyoD and/or MEF2C is mediated by the amino
terminal domain of MyoD, the MADS domain of MEF2C, and both N and C terminal
domains of p300 (Sartorelli et al., 1997). A dominant negative p300 mutant inhibits
transactivation by MyoD, implying that p300 is required for myogenesis.

P300 is expressed in the C2C12 myoblast cell line, at approximately equal levels
before and after differentiation from myoblasts to myotubes (Sartorelli et al., 1997).
Transfected p300 increased the activity of a myogenic specific reporter in C2C12 cells
maintained in growth medium [undifferentiated](Sartorelli et al., 1997). When these

transfected cells were cultured in differentiation media, the activity of the reporter was
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further enhanced.
A. 2 Results

To determine whether p300 is able to coactivate mycMyoD in P19 cells,
transient transfections were performed. The reporter construct, CA-CAT was transfected
with a combination of p300 and mycMyoD expression vectors as well as an internal
control which allows normalization of transfection efficiencies. The p300 containing
transfections were performed only once, while the others were repeated three times. As
seen in Figure 18A, mycMyoD was able to transactivate the CA promoter as previously
shown. P300 alone also appeared to mediate increased transcription from the CA
promoter. The co-transfection of both p300 and mycMyoD increased the rate of
transcription approximately ten-fold over that achieved by MyoD alone.

We next investigated whether p300 is expressed in P19 cells and examined its
expression patterns during differentiation to determine whether changes in the amount of
p300 might be responsible for the aggregation dependent activation of MyoD. Northern
blot analysis of P19 cells alone and P19 cells differentiated in two different
concentrations of DMSO or in RA are shown in Fig. 18B. As reported for C2C12 cells
(Sartorelli et al., 1997), only a low level of p300 was detected and the level of p300 did
not appear to change during differentiation into muscle (Fig. 18B). However, an increase

in p300 mRNA was detected in day 8 and day 10 of RA differentiated P19 cells.
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A.3 Discussion

As reported for 3T3 cells transfected with MyoD (Sartorelli et al., 1997), p300
was able to co-activate mycMyoD in P19 cells. It is likely that p300 exerts this
coactivation by binding mycMyoD as was reported for MyoD (Sartorelli et al., 1997),
although definitive proof for the same interactions in P19 cells would require an
immunoprecipitation experiment. Since p300 coactivates mycMyoD, it may be the target
of the effect mediated by aggregation whick induces myogenesis in [mycMyoD]P19
~ cells. It is not surprising that p300 mRNA did not increase upon myogenesis in P19 cells
considering that C2C12 cells likewise did not show an increase upon myotube formation
from myoblasts (Sartorelli et al., 1997). It of interest to note that an increase was
observed for the RA induced differentiation, indicating that p300 upregulation may play
a role in neurogenesis.

Determining whether the activity of p300, and likewise the activity of
mycMyoD, is regulated by aggregation would require further examination of the binding
partners of p300 and phosphorylation state of p300 both before and after aggregation of

[mycMyoD]P19 cells.
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Fig. 18A p300 coactivates with mycMyoD in P19 cells in a transient assay
P19 cells were transiently transfected with reporter plasmid (CA-CAT), an
internal control (Pgk-lacZ) to measure transfection efficiency, and a
combination of mycMyoD and p300 expression constructs as shown. CAT
activity was determined and normalized to B-galactosidase activity. The control
transfection, shown as pDM2, contains only Pgk-lacZ and CA-CAT.
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Fig. 18B. p300 expression during differentiation of P19 cells
Total RNA from untreated P19 cells or P19 cells aggregated and treated with
DMSO or RA for the days indicated, was harvested [courtesy of Karen Jardine]
and analysed by Northern blot. The blot was hybridized with a p300 probe. To
gauge loading efficiency the ethidium bromide stained gel is shown, with the
28S and 18S rRNAs as indicated. The 28s rRNA is 4712bp.
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Appendix B

E1A inhibits mycMyoD mediated myogenesis in P19 cells
B1 Introduction

The adenovirus E1A gene products are known to inhibit transcription of muscle
specific genes and consequently inhibit myogenesis (Webster et al., 1988). The effect of
E1A upon MyoD during myogenesis is twofold; E1A inhibits both the expression of
MyoD and its ability to transcribe muscle specific genes (Caruso et al., 1993). E1A binds
a number of cellular proteins including p300, pRb, and p107 (Whyte et al., 1989). It
believed to be through inactivation or alteration of these proteins that E1A inhibits the
transcriptional ability of MyoD.

A P19 cell line stably expressing E1A, termed M3, has been generated in our
laboratory. The E1A expressed in these cells carries a deletion in the CR1 region, which
abolishes p300 binding. These M3 cells are unable to differentiate upon induction with

either RA or DMSO (Slack et al., 1995).

B.2 Results

To examine whether the presence of E1A inhibits myogenesis of mycMyoD
differentiated P19 cells, mycMyoD was stably expressed by transfection of M3 cells with
pCAA4 followed by the selection of drug resistant clones. The [mycMyoD]M3 cells, as
well as [mvcMyoD]P19 cells and control lines were either grown in monolayers or
aggregated for five days. Cells were then harvested and their proteins analysed by

Western blot (Fig. 19). The lanes representing [mycMyoD]P19 cells show the presence



-89-
of myosin heavy chain indicating muscle, whereas [mycMyoD]M3 cells do not, despite

the maintained expression of mycMyoD both before and after aggregation.

B3 Discussion

The inability of M3 cells to differentiate into skeletal muscle following
mycMyoD expression and aggregation indicated that E1A interferes with a protein,

perhaps pRb, which is essential to myogenesis.
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Fig. 19. [mycMyoD]M3 cells do not form skeletal muscle
Western blot analysis of non-aggregated (N) and aggregated (A) [mycmyoD]M3
cells. Cells were harvested at the days of aggregation shown. MycMyoD was
detected with the anti-myc 9E 10 monoclonal antibody, and myosin heavy chain
with a anti-myosin heavy chain monoclonal antibody. An anti-tubulin antibody
was used to detect tubulin to gauge relative amounts of protein loaded. Protein
size markers are as indicated and are in kilodaltons.
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