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Abstract

Twist is a member of the basic helix-loop-helix (hbHLH) class of transceription factors.
From its expression patterns during fly and mouse embryogenesis, it was chosen to be
studied as a potential upstream- or cross-regulator of myogenic regulatory factors
(MRFs). Additional motivation for studying twist in the context of myogenesis comes
from the shared structural motit among MRFs, E-proteins (“universal” partners for
tissue-specific factors), and twist that would allow direct physical association. Helix-
loop-helix domain allows combinatorial dimerization that results in distinct DNA-
binding complexes. Depending on the partner choice and availability, twist and other

bHLHs can form complexes with different activities.

In E8.5d mouse embryo, twist and myfS overlap in their expression domains in the
developing somites, indicating the physiological relevance of the twist and MRF
interaction. This observation suggests that twist and myt5 (MRF) may interact with
each other, directly or indirectly through E-proteins. Supporting data for this idea are
presented in chapter 2. In addition, twist is demonstrated to form active DNA binding
complexes with different E-proteins. Since twist titrates available E-proteins from
MyoD in vitro and in vivo, twist acts as a dominant negative regulator of myogenesis.
However, the fact that twist:E complex is an active DNA binding factor suggests that

twist may regulate the expression of downstream target genes.

Studies using a tethered dimer between MyoD and E47 (MyoD~E47) support the
likelihood of transcriptional regulaton by twist, presented in chapter 3. Results from
chapters 2 and 3 suggest that although bHLH competition and MEF?2 titration are viable
mechanisms of myogenic inhibition by twist, the most potent inhibitory activity of twist

is likely to involve another mechanism.
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Since twist inhibits myogenesis initiated by all combinations of MRFs and MEF2 tested
in transfected cells, the cell cycle status of these cells were tested since forced
proliferation would account for failure to differentiate. MyoD expressing cells are
found to arrest normally in the presence of twist, suggesting twist inhibition is specific
to differentiation and not an overall inactivation of MyoD function. Furthermore, twist
inhibits the onset of myogenin suggesting this early myogenic event is blocked.
However, this is not the only restriction point targeted by twist since late twist
expression (driven by the myogenin promoter) can still inhibit muscle ditferentiation.
These observations together show that twist is a potent inhibitor of myogenesis and
suggest that twist may be involved in regulating proper muscle differentiation in

developing embryos.
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Chapter 1

Introduction

Skeletal Muscle Determination and
Differentiation

Substantial portions of this chapter appear in a review in
Current Opinions in Cell Biology
by K.Y. and B.W.



Abbreviations
bHLH
CDK
CDI
FGF
HGF/SF
HLH
IGF
MADS
MCK
MEF2
MRF

Rb

basic helix-loop-helix

cyclin dependent kinase

cyclin dependent kinase inhibitor
fibroblast growth factor

hepatocyte growth factor/ scatter factor
helix-loop-helix

insulin like growth factor

MCMLI, agamous, deficiens, serum response factor
muscle creatine kinase

myocyte enhancer factor-2

muscle regulatory factor

retinoblastoma protein



Abstract

Regulation of skeletal muscle determination and differentiation in the vertebrates
centers on a core regulatory network that is composed of two families of transcription
factors, the MyoD group basic helix-loop-helix (bHLH) muscle regulatory factors
(MRFs) and the myocyte enhancer factor 2 (MEF2) group of MADS box regulators.
Members of this network interact with each other genetically and physically, and
together they cooperate to positively regulate transcription of downstream muscle
specific differentiation genes. During development the myogenic network can be
activated or repressed in response to patterning signals, some of which have recently
been identified. Once activated, the powerful myogenic activity of the core network can
be modulated and held in check by a remarkably large group of negative regulators that
operate on network components by diverse mechanisms. Among these negative
regulators, twist is a particularly potent inhibitor of myogenesis that can act through
multiple molecular mechanisms. This chapter introduces the current knowledge and

questions in the field of myogenesis and how twist fits into the overall picture.



Introduction.

Limb, head and trunk skeletal muscles in the vertebrates develop from separate
lineages, but all enlist members of the same molecular network to regulate
determination and dilferentiation (figure 1). Under the influence of multiple
extracellular signals, both inductive and inhibitory, multipotent mesodermal precursor
cells of the paraxial mesoderm become committed to a skeletal muscle fate. The
resulting muscle precursor cells (myoblasts) often proliferate and sometimes migrate,
but they do not yet express terminal differentiation genes that define differentiated
skeletal muscle. These cells express determination class MRF family transcription
factors (MyoD or myl5), then exit the cell cycle into a specialized and permanent
GO/G1 arrest and commence cytodifferentiation to produce a differentiated muscle cell
(myocyte). Initiation of the dilferentiation transition is preceded by expression of
myogenin which is the MRF required for terminal cytodifferentiation and MEF2 family
factors which enhance expression of dilferentiation genes. The differentiation
transition is also marked by downregulation or inactivation of a large and diverse group
of negative regulators of muscle dilferentiation. Difterentiation specific genes such as
MCK, AchR subunits, muscle specific myosins and actins are downstream targets, in
both genetic and physical senses, for active MRF transcription factors acting together
with MEF2 family of transcription factors. Most myocytes subsequently fuse with
each other to form multinucleate myotubes, and these myotubes then mature into
various classes of myofibers, a process that includes further adjustment and

specialization in gene expression.

The discovery of MyoD in 1987 was a landmark event in establishing the molecular
basis of vertebrate cell late specilication and determination [1], and the MyoD family of

bHLH class transcription factors (MRFs) continues to loom large in the current picture
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of skeletal myogenesis. A most striking property of the vertebrate MRFs (MyoD,
myt5, myogenin or MRF4) is that when any one of the four is ectopically expressed in
otherwise nonmyogenic cell types, many (though, tellingly, not all) will "differentiate”
as skeletal muscle, expressing a wide array of muscle terminal differentiation genes and
in some instances tusing. Enforced MRF expression can also cause proliferating cells
to arrest independently of execution of muscle differentiation [2, 3], suggesting an
additional dominant regulatory capacity. Recent work has clarified how this powertul
gain of function works through a multi-factor network, why it is so potent, how it can

be held in check, and how the system works during development.

The power is in the network and the network grows

Part of the explanation for MRF initiated skeletal myogenesis was appreciated early and
appears mechanistically straightforward; MRF factors can bind to specific DNA
consensus sites called E-boxes that are functionally important elements in
transcriptional enhancers of muscle dilferentiation genes (reviewed [4]). However, a
compelling case can now be made that it is not a single MRF factor acting in this way
that specifies muscle fate or commands muscle differentiation; rather, it is the activation
and combined function of a core regulatory network that does the job. In vertebrates
this network is composed of the four MRFs plus MEF2 tamily regulators at least.
Moreover, the developmental tasks performed by the myogenic network are not
restricted to activation of muscle differentiation genes but also include regulation of

myoblast functions that affect progenitor cell number and migration [5, 6].

Two networks in one - interacting proteins and interacting genes
The structure of the core myogenic network, as proposed in figure 2A, is interesting
because at least two different kinds of molecular interactions link its members and

influence the final output. The network itself is defined by a series of genetic
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interactions that connect MRF (reviewed in [7-9]) and MEF2 [10] genes with each
other and with myoblast and myocyte target genes. At the molecular level, these
genetic relationships may (and likely often do) reflect direct binding of MEF2 and/or
MREF factors with cis-acting DNA sequence elements in the target genes. However, the
genetic relationships can also be indirect and may involve as yet unidentified
intermediate regulators and colactors. This means that the network may not exhibit all
the relationships shown in figure 2A in every cell context. For example, MyoD
autoregulation is observed in 10T1/2 fibroblasts but not in NIH3T3 fibroblasts.
Exciting recent work has shown that a second class of interactions connects members
of the core network in a different way. These are direct protein:protein associations
between MRF and MEF2 factors that jointly elevate transcription of muscle

differentiation genes [10**].

The cross-regulatory and autoregulatory genetic interactions diagrammed in figure 2A
were mainly deduced from cell culture transtection studies which left uncertainty about
their relevance to myogenesis in vivo. Subsequent gene disruption studies of the four
mouse MRFs make it clear that some of the cross-regulatory relationships probably
exist in vivo and are important, since dilferent MRF genes serve at least two distinct
developmental functions (summarized in Table 1 and reviewed in detail in [8, 9]).
MytS and MyoD jointly act as determination genes while myogenin functions as a
differentiation gene. Thus myf5 and MyoD double knockouts fail to produce or sustain
a significant population of myoblasts. Myogenin null mice are highly (though not
entirely) deficient in muscle dilferentiation, although they have a large pool of myoblast
precursor cells where muscle fibers would normally be. Finally, the gain-of-function
phenotype for MEF2 in cultured cells is a substantial enhancement of MRF-initiated
myogenesis [10, 11], although the relevance of MEF2 function for skeletal muscle

development in vivo is uncertain and awaits analysis of MEF2-knockout mice.



Activating the core network by different pathways in vivo.

During myogenesis in vivo the network is assembled by the sequential activation of at
least one member from each of the three functional subgroups; determination MRF,
differentiation MRF, and MEF2 factor. In the embryo, this is an ongoing process that
has been best characterized for the axial and limb muscles, all of which arise from the
somites. The myotome is a post-mitotic compartment that grows by continuous
addition of new MRF expressing myoblasts drawn from a mitotic precursor pool that is
thought to be located in the dermomyotome. There is now evidence that activation of
the determination class MRFs in the somite occurs by at least two separate inductive
signaling pathways that turn on dilferent determination MRFs in distinct domains
[12*]. The result is a myotome composed of apparently separate muscle sublineages,
while limb muscle originates in an adjacent dermamyotomal domain under the intfluence
of yet another set of signals (revicwed in detail in [13%*, 14, 15*]) . A hypothetical
model for building the axial and appendicular musculature is shown in figure 1. Myft5
expression is initiated in a dorsomedial domain in response to signals from the neural
tube; Wnts 1,3 and 4 from the dorsal neural tube and sonic hedgehog from the
notochord and ventral ncural tube are candidate signal molecules [16%*, 17**, 18],
though it is not certain if they act dircetly or indirectly. These myf5 initiated cells are
induced the earliest, define the dorsomedial-most domain of the myotome, and later
contribute to the epaxial lincage that produces muscle of the deep back. A second
group of cells is induced in response to signals from the dorsal ectoderm. It begins to
appear later, is marked by the initial activation of MyoD [12*, 13*], and we suggest

that these may be responsible for later producing hypaxial muscles of the body wall.

In all known skeletal lincages myl5/MyoD expression is followed, more or less

promptly, by upregulation of myogenin and MEF2 at the beginning of terminal
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cytodifferentiation. What governs the precise timing of their expression in vive is an
important but largely unanswered question. However, as with the MRFs, different
members of the MEF2 family are upregulated dilferentially, with MEF2C RNA
prominent at the medial lip of the early myotome, possibly overlapping with myf5
expression, and MEF2A, B and D appearing later [19, 20]. The last MRF to be
activated in most muscle types is MRF4, though its functions in the medial domain of
the myotome, where it is transiently expressed, or later in myofiber remains uncertain

(reviewed[21*])

Head and limb skeletal muscle lincages also begin with precursor cells from the paraxial
mesoderm and sequentially activate determination MRFs, MEF2 factors and myogenin.
The limb lineage originates from a pool of cells in the ventrolateral region of the
dermomyotome, and although their myogenic late appears to be specitied, they do not
express MRFs until they have migrated out into the limb buds. A signal originating in
the lateral plate mesoderm is needed for specification of these cells and bone
morphogenetic protein (BMP) 4 is one candidate for this function [22**] . BMP4 can
also suppress expression of MyoD and myl$5, and this may help to explain the MRF-
negative phenotype of limbh-muscle precursors while they are in the somite. The signal
from the lateral mesoderm is antagonized by signals {from the neural tube[22], and
recent studies showing that noggin and chordin molecules inhibit BMP4 in by direct
binding in other systems [23, 24] would seem to suggest that molecules of this type

may mediate the antagonizing medial function.

Another recent and very interesting discovery is that the c-met tyrosine kinase receptor
is essential for migration of the limb muscle precursor cells away from the somite and
into the limb buds. c-met is expressed in cells of the ventrolateral region of the

dermomyotome while its ligand HGF/SF is expressed in the limb mesenchyme into
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which the precursors migrate [25]. In animals null for the c-met receptor or its upstream
regulator, Pax3, these cells fail to emigrate to the limb and also fail to differentiate as
muscle, though neither hypaxial nor epaxial trunk muscles are affected [26%*, 27]. The
failure of limb progenitors to differentiate in the absence of Pax 3 and c-met is context
dependent, since null precursors can differentiate if they are explanted to a limb site
[28]. And while the absence of BMP4 signals may be one requirement for turning on
myf5 in the limbs, it is not known what additional signals, it any, are needed to drive

its expression in the limb domain.

MEF2 factors amplify MRF action by multiple mechanisms

In mammals four MEF2 genes, MEF2A-D, encode sequence specific DNA binding
transcription factors of the MADS box family. The expression of any one of these
substantially increases the efficiency of MRF initiated myogenesis in cotransfection
assays [10, 11]. In contrast to the MRFs, however, the emerging consensus is that
ectopic MEF2 expression cannot initiate myogenesis in nonmuscle cells [10, 15] and
our unpublished data) despite one carlier report to the contrary [11]. How does MEF2
work in skeletal myogenesis? There is now evidence that the functional synergy of
MEFE2 with the MRFs can come [rom at least three different modes of action. First, a
number of muscle specilic transcriptional enhancers contain DNA binding sites for
MEF?2 factors, and cis-element mutagenesis has shown that these sites can make a
substantial contribution to overall enhancer activity (reviewed[29]). Second,
functionally significant MEF2 binding sites have been identified in regulatory
sequences of myogenin and this could easily provide positive reinforcement of
myogenin expression (and presumably its differentiation functions) [30, 31], even

though MEF?2 alone is not sufficicnt to turn on myogenin.
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The third mechanism of MEF2 augmentation of MRFs is especially intriguing. Olson
and colleagues recently reported that MEF2 protein can interact physically with MRFE:E
heterodimers[10**]. The surprise was that heterotypic MEF2/MRF:E complexes can
bind DNA in a manner that requires the DNA binding capacity of only one member,
either MEF2 or MRF:E. The physical interaction between MEF2 and MRF:E dimers
requires the MRF bHLH domain. In particular, the conserved Ala and Thr amino acid
residues that specify myogenicity among bHLH proteins are explicitly required. These
residues are sufficient to convert a nonmyogenic bHLH to a myogenic one, and
combined with other evidence, this had led Weintraub and collaborators to propose
early on that an important cofactor may interact with MRFs in a manner that depends on
these residues. And while the X-ray structure of the DNA/MyoD co-crystal now argues
that the interaction is not with these residues per se [32], MEF2 has emerged as a
credible candidate for this interaction. Similarly, the part of MEF2 required for binding
to MRF:E factors maps to the MADS/MEF2 DNA binding and dimerization domains
[10, 33]. This physical MEF2/MREF collaboration is especially attractive because it may
help to explain how skeletal muscle specilic transeriptional enhancers lacking MRF E-
box binding sites, or enhancers [rom which E-boxes have been removed, can still be

highly muscle specilic [29, 34%*] (Fig. 2b)

A threshold shifting effect for MEF2

An interesting feature of MEF2/MRF cotranstection results is that a larger proportion of
transfected cells dilterentiate as myocytes when MEF2 is cotransfected with an MRF
compared with MRF alone [10]. This is in contrast to a scenario in which the same
number of recipient cells dilferentiate, but muscle reporter genes are expressed at a
higher level in each cell.  Also, the magnitude of MEF2 augmentation in our hands
seems especially powerful at low levels ol initiating MRF (our unpublished data).

MEF2 seems to potentiate diflerentiation of cells that express MRF levels too low to
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activate the pathway on their own, ellectively downshifting the threshold MRF level
needed. Open questions are whether there is a similar role for MEF2 during normal
development and, if there is, whether myogenin activation is the immediate target.
Consistent with this notion, mutation of a putative MEF2 binding site in myogenin
regulatory sequences reduces the domain of axial myogenin expression [31]. Finally,
the general conclusion that MEF2 factors act as amplifiers while the MRFs provide
specificity fits agreeably with the character of MEF2 expression patterns, because
unlike the MRFs, MEF2 ftactors are quite widely expressed in nonmuscle as well as

muscle tissues [29].

Chipping away at necessary and sufficient

Several new observations temper the view that myfS /MyoD and myogenin genes are
both necessary and sulTicient for determination and diflerentiation, respectively. We do
not think they invalidate the overall picture for the determination and differentiation
tunctions of specific MRFs, but they do emphasize the significant role played by cell
context in defining MRF function. First, although most myoblasts remain
undifferentiated in myogenin null animals, there is the intriguing observation that when
these cells are explanted [rom myogenin null fetuses they differentiate robustly in
primary cell culture [35, 36]. Moreover, a small but significant pop‘ulation of
"escaped" differentiated myofibers was observed in vivo in myogenin null mice which
lends weight to the question raised by the myogenin null cell culture phenomenon [35,
37]. More recent experiments show that animals that are doubly null for myogenin and
MRF4 also produce some differentiated fibers in vivo and display similar differentiation
behavior in cell culture; therefore it is not compensation hy MRF4 | the other putative
differentiation MRF, that accounts for this phenomenon (E. Olson, personal
communication). These observations seem to be telling us two related things. Firstly,

they suggest that there is no absolute requirement for a differentiation class MRF to
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execute muscle differentiation. Secondly, the need for myogenin is conditional, and the
conditions of cell culture or local microenvironment in vivo can liberate myoblasts from

their usual myogenin requirement.

The basis for such conditionality is presently unknown, but studies of negative
regulators of muscle differentiation suggest some attractive possibilities. The first of
these is the Notch/delta signaling pathway and the second is growth factor stimulation.
The Notch/delta pathway has been most extensively characterized in Drosophila and in
C. elegans where it is responsible for mediating mutually exclusive choices of cell fate
within a group of initially equivalent precursor cells (reviewed [38]). In mammals there
are multiple genes related to Notch and Delta that are expressed in potentially relevant
domains, and a dominant form ol murine Notch can strongly suppress muscle
differentiation [39]. More impressively, cells expressing the Noteh ligand called jagged
inhibit differentiation of Notch expressing C2C12 myogenic cells [40*]. The Notch
pathway therefore seems a viable candidate for mediating local inhibition of the
myogenic bHLH muscle differentiation [unction in vivo. A second group of
environmental signals that likely diller when cells are removed to culture are the growth
factors that include FGF, IGF, and TGFbceta family members. One or more of these
may be produced at high levels to hold myoblasts in the undifterentiated state by
autocrine or paracrine signaling. A postulated role for myogenin would be to
downregulate either receptor or factor. This function would be served by cell dilution

and media composition in culture.

The in vivo requirement for a determination class MRF gene can also be evaded under
some conditions. A recent set ol experiments asked what myogenic potential, if any,
is possessed by embryonic stem cells that are null for both myf5 and MyoD (R.

Jaenisch, personal communication). Based on the phenotype of the corresponding
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doubly null mice, one might predict that such cells would never produce skeletal
myocytes, but the result proved quite different. Under appropriate culture conditions,
these double null cells activate myogenin expression and then differentiate into
myocytes . Like the differentiation of myogenin null myoblasts in culture, this
highlights a substantial role for the cell in defining "permissivity” for myocyte

differentiation.

Cell cycle and myogenesis

Under normal conditions, terminal differentiation and proliferation are mutually
exclusive events. Skeletal muscle cells do not re-enter cell cycle after they differentiate
and accordingly, MyoD has been shown to be involved in coordinating cell cycle
withdrawal and muscle differentiation.  Specilically, in addition to activating
transcription of muscle specific genes, MyoD has been shown to directly bind Rb [41,
42] and also to induce transcription of the p21 cyclin dependent kinase inhibitor [43,
44]. Recent studies suggest that although cell cycle arrest and muscle difterentiation are
often thought of as a single linked event, they can be separated into parallel pathways

that intersect at points.

The close link between myogenic dilferentiation and cell cycle control is most directly
demonstrated by genetic and physical interactions between MyoD and components of
the cell cycle machinery. For example, direct Rb and MyoD binding suggests a simple
mechanistic explanation for MyoD's ability to coordinate cell cycle arrest and terminal
differentiation. Rb regulates GO/GI to S-phase progression during cell cycle by
regulating the expression of GO/GI to S progression genes (reviewed [45, 46]). Upon
terminal differentiation ol many cell types, including neuronal, hematopoetic, and
skeletal muscle cells, high levels of unphosphorylated or hypophosphorylated pRb are

expressed. In this form, pRb binds to E2F to prevent G1-S transition. In cycling
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cells, pRb is phosphorylated in late G1 to allow progression into S-phase. In vivo
evidence of pRb function in terminal dilferentiation comes from the observation that in
Rb -/- mice, cell death and large number ol ectopic mitoses are observed in the nervous
system [47-49]. Furthermore, although muscle differentiation does take place in Rb -/-
mice, myotubes from these animals continue to synthesize DNA when challenged with
growth factors in culture [42]. This is an interesting observation since Rb has been
shown to directly interact with MyoD in vitro, and this association is thought to be
important for myogenic dilferentiation. It is possible that p10)7, another Rb family
members whose expression level is clevated in Rb -/- [42], complexes with MyoD and
functionally substitute for Rb:MyoD interaction. Or, the Rb:MyoD interaction observed
in vitro may not happen in vivo, as a recent study suggested. In either case, it is clear
that muscle differentiation can take place in vivo in the absence of Rb although

preventing those cells from further DNA synthesis requires Rb function.

MyoD has been shown to be intimately involved in both cell cycle regulation and
terminal differentiation ol myogenic cells. Studies using mutant forms of MyoD have
demonstrated that cell cycle arrest and myogenic dilferentiation are separable events
(2,3). Using CV1 cells, which fail to differentiate but do arrest upon MyoD
expression, Sorrentino and his colleagues demonstrated that muscle differentiation and
cell cycle withdrawal are regulated in parallel pathways [2]. They showed that a MyoD
mutant, containing the basic region of E12, cannot induce myogenic differentiation but
can inhibit cell proliferation. Crescenzi et al. observed similar effects of MyoD and
their work showed that DNA binding activity is not necessary for induction of growth
arrest by MyoD although it is required for differentiation [3]. Work described in
chapter 4 further supports these observations by showing that twist expression atfects

MyoD's difterentiation function independently of cell cycle arrest.
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More directly linking MRF activity with cell cycle arrest is the observation that ectopic
MyoD or myogenin induces p21 expression. p21 is a cyclin dependent kinase inhibitor
(CDI) and its high level expression results in cell cycle arrest. Co-expression of MyoD
with CDI's (p16, p21, and p27) enhances the myogenic reporter MCK-CAT activity by
five to ten fold ([44], fPalmer, submitted #190}, Chapter 4). Consistently, co-
transfection of MyoD with cyclin D1, which forces cells through cycle, results in
suppression of muscle reporter expression [50), 51]. This inhibition of MyoD by cyclin
D1 has been postulated to be targeted at MyoD:E heterodimers since MyoD expression
levels remain unaltered in co-transfected cells. Cyclin D1 also inhibits the action of the
MyoD~E47 tethered dimer (Palmer et al., unpublished data). Perhaps in support of this
post translational modulation of MyoD activity, Peverali et al. have shown that elevated
level of Id expression is required for Gl progression[52]. Since many proliferating
myoblasts express at least one MRF, often MyoD, one or more regulatory mechanisms
apparently prevent MyoD [rom withdrawing cells from the cycle until proper time. 1d
is one likely candidate for suppressing the growth inhibitory MyoD function. These
observations together demonstrate that muscle differentiation and cell cycle arrest are

parallel pathways that intersect through several key regulatory molecules.

Multiple brakes on the myogenic accelerator

The strong positively reinforcing character of the core myogenic regulatory network
has an attractive implication for development which was first suggested for MyoD
autoregulation; once the "decision" to be a myogenic cell has been initiated by
expression of an MRF, the decision is amplified and locked in place by positive
autoregulation of the MRFs [53]. It is simple to extend this interpretation to embrace
the cross-regulatory interactions ol the expanded network. But this interpretation also
raises a problem; how is myogenesis held in check during normal development, lest

the initial expression of small amounts ol MRF generate ectopic muscle or trigger
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differentiation prematurely? Recent studies show that the possibility of ectopic or
inappropriate myogenesis is not merely hypothetical, even though MRF expression is
largely restricted to muscle and its immediate progenitors. For example, in the chick
embryo epiblast [54], chick lateral plate mesoderm [55], and mouse brain [56], some
MRF RNAs are expressed, even though these tissues do not give rise to skeletal muscle

in vivo.

The striking overall observation from many studies is that a large number of diverse
regulators can block muscle differentiation, and their downregulation or inactivation
typically coincides with the onset of terminal differentiation. It is almost certain that
additional negative regulators are yet to be identified, but those we know about fall into
four classes; 1) regulators that promote GO/G1/S cell cycle progression and their
associated upstream signal transduction apparatus; 2) regulators that dominantly specify
other nonmuscle fates such as fat; 3) members of the Notch/Delta cell-cell signaling
family; 4) inhibitory HLH and bHLH regulators such as Id and twist. This large and
still incompletely described cast of negative regulators plays a major role in defining the
"cellular context" for the action of the core myogenic network. When these negative
regulators are inactive, a cell is "permissive” for muscle differentiation but when even a

minor subset is active differentiation fails.

Twist and Id - inhibition within the extended bHLH/HLH/MEF2 network
Twist was first identified in Drosophila where it is essential for normal gastrulation [57,
58]. Although it is widely expressed in all mesodermal cells, its persistent expression
becomes restricted to the muscle precursor cells before they start overt differentiation.
Once embryonic muscle differentiation starts, twist is turned off in most cells except in
some precursor cells that will proliferate and expand to give rise to adult muscles [59,

60]. Twist is a bHLH transcription factor [61, 62] that directly regulates muscle
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differentiation since it activates DMEF, which is essential for muscle formation, in
flies. In addition to DMEF activation, twist is shown to regulate transcription of rho
and sna with other factors that bind to nearby enhancer sites [63]. However, it is
interesting to note that twist alone does not show transactivational activity when a

reporter containing multimerized twist binding site is used [64].

Vertebrate twist is cloned from mouse ([62], and our unpublished result), Xenopus
[65], and chick [66]. Similar to Drosophila twist, mouse and Xenopus twist
expression is restricted to the mesodermal lincage. In mouse, twist is not essential for
gastrulation but is required lor proper embryogenesis [67]. Murine twist is widely
expressed in early mesoderm, including the somites, branchial arches, and limb buds,
which includes all sites of skeletal muscle precursors. In the somites, which gives rise
to both trunk and limb muscles, twist is initially expressed widely (at the epithelial
somite stage) and as it matures, twist expression becomes localized to the sclerotome
and dermomyotome. In older embryos (d15.5) restricted twist expression is still
present in derivatives ol these two compartments (our unpublished data). Notably,
twist expression is excluded from the myotome and later in differentiated myotubes,
with possible exception of satellite cells. However, our study described in chapter 2
tound that there is overlap of twist and myf5 expression in young somites before the
segregation of sclerotome and dermomyotome. This observation and the fact that twist
and MRF's share a dimerization motif that would allow direct association of twist with
MREFs led to a series of molecular characterization of MRF:twist interactions described

in chapters 2,3, and 4.

Although it has not been rigorously demonstrated, it is likely that twist is expressed in
the immediate precursors of myoblasts of mouse also. In the trunk, those cells in the

dorsomedial lip, that express myl’S but have not yet turned on myogenin, are probably
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still expressing twist.  Our study shows that twist expression extends from
dermomyotome to this region although it lacks single cell resolution to be completely
convincing (unpublished data). Molecular interactions we describe in chapters 2 and 3
probably play pivotal roles in determining the fate of these cells: those that continue to
express twist because twist successlully competed for E-proteins (and MEF2) take on
the dermatomal or dermamyotomal fate, while those that express high levels of myt5
become myotomal by successlully turning on myogenin and MEF2. Another intriguing
possibility of twist expression in muscle precursor cells is in the migrating limb muscle
precursor cells (sce Fig. 1). Although twist expression in these cells have not be
proven by double labeling with Pax3 or c-met, twist 1s expressed in the domain of cells
that do express Pax3 and c-met. It is interesting to note that in twist -/-mice, the
forelimb bud fails to develop fully. It will be highly inlformative to test for Pax3, c-
met, and MRF expression in the limb level somites of twist mutant animals to see if

premature myogenesis (thercfore no migration and proliferation) occurs.

In transfection assays murine twist is a powerlul negative regulator of skeletal muscle
differentiation [68-70] and, like MEF2, it appears to alter MyoD family function by
multiple mechanisms. Murine twist is co-expressed within the domain of myf5 positive
cells of the early (day 8.25) somite that does not yet express any myogenin ([69**,
70]chapter 2), which led us to conclude that direct molecular interactions between twist
and components of the core myogenic network might occur and be relevant. Recent
studies have shown that when twist is asked to interact with components of the
myogenic network in vitro, it produces three distinct molecular effects. First, twist can
compete with MRFs for available E-protein partners and hence inactivates DNA binding
by the MRFs in a manner analogous to Id ( [69], chapter 2). 1d 1,2,3, and 4 proteins
are negative regulators of bHLH family lactors, especially the E-proteins. They contain

an HLH dimerization motif but lack a basic region. When they form heterodimers with
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bHLH proteins, the resulting complexes do not bind to DNA [71]. Second, twist:E
heterodimers form an active DNA-binding complex with a E-box consensus unlike the
preferred muscle E-box core, suggesting that it may activate or inactivate as yet
unidentified target genes (chapter 2). Third, twist binds MEF2 in a manner that inhibits

MEF2/MREF synergy [69].

Competition between MRFs and twist for E-proteins differs from competition by Id
family members in an important way. Successful competition for E proteins by twist
(or other non-MRF bHLHS) permits formation of an alternate DNA-binding factor,
while competition by Id forms an inactive heteroduplex. This distinction suggests that
the original model for inhibition of MRF action by Id family members should be
adjusted, so that negative regulation of the MRFs can be distributed among both HLH
and bHLH class regulators. In this case, we imagine that Ids may operate mainly in a
buffering capacity, perhaps becoming especially important for fine-tuning the amount
of available E protein at the time of a major shilt in network composition. This view of
Id family action seems attractive beyond the example of MRFs and twist, because the
number of diflerent E-protein-dependent bHLH regulators that we know about has
continued to rise and their expression patterns and phenotypes argue that they must

function, at least some cases, in the presence of Id expression.

The third mechanism of twist inhibition focuses on physical interactions between twist
and MEF2. Spicer and Lassar recently showed that twist and MEF2 proteins can bind
to each other [69**]. They therefore suggested that twist can preferentially inhibit
myogenesis by a second competition mechanism in which MEF2 is titrated away from
the MRFs. We have found that twist can also very efficiently inhibit muscle specific
transcription by a MyoD~E47 [orced dimer which is resistant to HLH and bHLH

competition [72]. Curiously, MEF2 does not enhance myogenesis initiated by
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MyoD~E47 as it does the E47 and MyoD monomer pair; so it seems unlikely that
titration of either MEF2 or E proteins are the only mechanisms by which twist inhibits
muscle differentiation. It is not yet clear what transcriptional enhancing or repressing
actions can be stimulated by twist:MEF2 or twist:E protein complexes, and identifying
target genes for their action (if any) will be crucial for sorting out the relative

importance of the various twist inhibitory mechanisms.

The multiplicity of negative regulators of myogenesis, together with their patterns of
expression, make an important prediction for genetic studies of their activity. For
example, null mutation of Id regulators, twist or other bBHLHs expressed in muscle
precursors are not, by themselves, likely to lead to wholesale premature or ectopic
myogenesis. Rather, elimination of multiple "negative regulators” including twist and

multiple Ids from expression in muscle precursors will probably be required.
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Model for axial and limb myogenesis in the mouse
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Figure 1. Model for trunk and limb myogenesis in the mouse.

Multiple pathways initiate trunk and limb skeletal myogenesis in the paraxial mesoderm
of the mouse. The model pictured (and discussed in the text) is drawn from expression
data for the MRFs [73], from phenotypes of c-met and Pax3 mutant mice [26, 27],
from experimental data in mouse and in chicken that identify the sources of inducing
and inhibitory signals [12-17, 22], and from phenotypic analysis of various MRF
knockouts [8, 9, 21]. The schematic transverse section shown (left) is a forelimb level
somite at around E10.5. DM, dermomyotome; NC, notochord; NT, neural tube. In
the myogenic pathways shown (right), dilferent MRFs (MyoD or myf5) are expressed
tirst, retlecting the distinct inductive pathways that specily the cells for myogenesis. In
some cases the other determination MRF (shown in parentheses in the second column)
is expressed subsequently. However, the cellular progression is similar in each case
and leads to the onset of expression of myogenin and MEF2 and then to terminal
muscle differentiation and later, to MRF4 expression (see text for details).
Considerable evidence supports at least three probably lineages as shown. First, the
most dorsomedial myotomal compartment (progression from yellow-orange-red)
begins to develop earliest in the embryo, expresses myfS in response to signals from
the neural tube that probably include Wnt and sonic hedgehog, and ultimately produces
epaxial muscles of the deep back. A precursor pool for this sublineage is indicated in
yellow in the transverse section and is positioned at the dorsomedial lip of the
dermomyotome where the dermomyotome abuts the myotome. The location of these
precursors is not certain and there is no known marker that identifies them. Second,
the second myotomal compartment (blue-colored progression) begins later, and starts
with MyoD expression in response to one or more signals from the dorsolateral
ectoderm [12]. In this model, it is suggested that this first MyoD+ compartment later
contributes to the hypaxial body wall muscle, which is unaffected in ¢c-met mutants

(see text). The immediate precursors of the MyoD-initiated myoblasts are suggested to
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originate from dermomyotome adjacent to the ventrolateral myotome, as indicated by
the lower group of yellow colored cells. Third, the limb muscle (green-colored
progression) derives from cells specified as skeletal muscle precursors in the somite in
response to opposing diffusible signals originating in lateral plate mesoderm (perhaps
BMP4) and the neural tube [22]. These precursors are dependent on and marked by the
expression of Pax3 and c-met for migration, but they do not express any MRFs until
after they enter the limb bud where they ultimately differentiate into limb myoblasts and

then limb myotubes.



32

Core skeletal myogenic network

Determination Differentiation
v N\
MyoD ] 2N
——— myogenin ——-MRF4
myf5 — _
|
I
MEF2
'y '
Unidentified Terminal differentiation
myoblast genes (AchR, MCK, etc.)

genes



33

Figure 2A. Core skeletal myogenic network

(A) The core skeletal muscle regulatory network and its targets as defined by genetic
relationships. Interactions shown are based on gain-of-function and loss-of-function
analysis. Loss-of-function studies in knockout mice have shown that MyoD and myf5
are jointly epistatic to myogenin, and that myogenin is epistatic to MRF4. The dotted
arrow from MEF2 to myogenin indicates that MEF2 can help to positively regulate
myogenin in some gain-of-function assays but that MEF2 expression is not sufficient to
turn on myogenin by itself. Some autoregulatory and cross-regulatory relationships
(represented by solid arrows or bars for activatory or inhibitory relationships,
respectively) have been detected only by gain-of-function experiments in cell culture

and may not be active in vivo.
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Figure 2B. A model for physical interactions between MEF2 factors and
MRE:E factors and some ways in which these complexes might act on target genes, as
proposed by Molkentin et al.. MRF:E dimers can physically associate with MEF2 and
it is proposed that both factors are brought in this manner to occupy either E-box sites
(through the MRF:E DNA binding domain) or MEF2 sites (through the MEF2 DNA
binding domain) or both sites. Note that in skeletal muscle, where both MEF2 and
MREF are expressed, this model suggests a way in which MEF2 factors (which are not
themselves highly muscle-speciftic) may engage a strongly muscle-specific regulator

(MRF:E) at an MEF2 site. Single line arrows represent active gene promoters.
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Table 1. Major phenotypes of MRE-knockout mice.S
See references [8, 9, 21] and references therein. * All three MRF4-knockout allelels
are affected to variable extents by disrupted expression from the closely linked myt5
gene. This makes it uncertain what fraction of the early myotomal deficit is due to

myt5 and what fraction, it any, is due to myotomal MRF4 itself.
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Chapter 2

Twist suppresses myogenesis through
multiple mechanisms

Contents of this chapter and
chapter 3 are submitted together as a single publication

to Mechanisms of Development
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SUMMARY

Twist is a powerful negative regulator of MRF dependent myogenesis in cultured
mammalian cells. In this work we focus on the developmental relevance of myogenic
inhibition by twist and on its mechanistic basis. An expression study found that there
is a significant domain of coexpression for twist and myf-5 RNAs in somites of E8.5
mouse embryos. This spatiotemporal overlap is important because it suggests that
molecular interactions between twist and MRFs, whether direct or indirect, could
occur within individual myogenic precursor cells of the paraxial mesoderm. In vitro
DNA binding studies then showed that cither intact twist or the twist bHLH domain
alone can efficiently dimerize with E-proteins and can also inhibit MyoD:E DNA
binding to a muscle class E-box target site, indicating that twist can compete for
limiting E proteins in a manner analogous to Id.  Unlike the HLH inhibitor Id,
however, twist also formed sequence specific DNA binding complexes with E-protein
partners, and these bound prelerentially to a non-muscle class E-box sequence,
CATATG. We therelore suggest that twist inhibits myogenesis by a dual mechanism
in which the ability ol twist-E dimers to recognize a novel class of E-boxes is used to
regulate twist target genes that help specily cell phenotypes (a precursor state or a

sclerotomal/dermatomal late) that are non permissive for muscle differentiation.
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INTRODUCTION

Twist encodes a basic-helix-loop-helix (B HLH) class regulatory protein that was first
identified in Drosophila where it is essential for early mesoderm specification and
gastrulation [1-4]. Later in Drosophila development, twist is selectively expressed in
progenitors of skeletal muscle, but upon muscle differentiation it is terminally
downregulated [5, 6]. In the mouse, twist expression is also initiated broadly in early
embryonic mesoderm and is subsequently modulated in the paraxial mesoderm as the
pluripotential somite is subdivided into sclerotome, dermamyotome and myotome.
As in Drosophila, twist somitic expression is terminally downregulated in
differentiating myocytes of the myotomes [7-9]. This expression pattern in the mouse
and its apparent parallel in Drosophila, as well as recent observations that twist can
dominantly inhibit muscle differentiation in a C2C12 cultured cell model [9], suggest
that mouse twist may play-a role in the pathway that leads to myogenesis in the

developing somite.

Although the molecular properties ol twist have not previously been described, its
primary structure and similarity to other hbHLH proteins suggest that functions for
twist are likely to depend on the identity, concentration and relative affinities of other
HLH and bHLH proteins co-expressed with twist in specitic cell types. Twist would
be expected to dimerize with itsell” or with other bHLH proteins to form sequence-
specitic DNA-binding factors; these might then act as positive or negative regulators
of transcription, depending on the DNA target site and its sequence context.
Accordingly, it has been shown in Drosophila that twist can act as a positive and
negative regulator of downstream genes [10, 11]. Twist might also indirectly
influence the action of other bHLH proteins if it competes effectively for enabling

partners such as E proteins or for the occupancy of similar DNA binding sites.
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Finally, twist might interact with non-bHLH accessory factors that enhance MRF

(muscle regulatory factor) action such as MEF2 [12].

To better constrain the possible influences of twist in pre-myogenic and myogenic
cells in the mouse, we studied its expression during somitogenesis with particular
attention to early somites in which myogenic precursors are first specified and
segregated. The observation of a substantial domain of co-expression for twist and
myf-5 RNAS raises the possibility that molecular interactions may occur between
these regulators within individual cells of the early somite. This led us to begin
developing a molecular [ramework for interpreting twist cellular phenotypes that is
based on twist dimerization and DNA-binding properties together with its effects on
MREF factors. Results of in vitro DNA binding studies together with transfection
analyses indicate that twist can inhibit MRF-dependent muscle differentiation by two
mechanisms that can be dissected experimentally; one requires only the bHLH
domain and resembles Id inhibition (in this chapter) while the other requires
additional twist domains ( see chapter 2). Analysis of twist interactions with a novel
class of nonmuscle E-box DNA binding site suggests a basis for the second
mechanism in which genes containing such twist binding sites would act in specifying
non-muscle phenotypes. This 1s discussed in the context of HLH/bHLH networks and

their roles in helping to specity distinet cell fates.
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MATERIALS AND METHODS

In situ hybridization

S35 in situ hybridization was performed on E8.5 embryos with antisense twist probe
made from the pBtwi3' plasmid, which contains the Xbal/EcoRI fragment from twist
3' UTR cloned into pBSII/KS+ plasmid, lincarized with Xbal and transcribed with T3
RNA polymerase (probe made from the whole coding sequence gives identical
pattern) according to the method of Lyons et al. [13]. S35 in situ on parallel sections
with myf-5 probe (made [rom the full length ¢cDNA clone (pBSMyf5s) linearized
with Sall, transcribed with T7 RNA polymerase, and hydrolyzed to ~ 300bp
fragments) was done to compare with twist-labeled sections.  Paraffin embedded
parallel sections were 6ptm thick. They were photographed on Axiophot under dark-

field and phase optics using 20X objective.

In vitro transcription and translation

In vitro transcription reactions were perlormed on lincarized DNA templates using T3
or T7 RNA polymerases (using the enzyme supplier's buffer and recommended
conditions for in vitro synthesis of capped RNA transcripts, Promega or BMB). The
full length and truncated twist plasmids were lincarized with BssHII and transcribed
with T3 RNA polymerase; MyoD plasmid was lincarized with BamHI and transcribed
with T7 RNA polymerase; E32.5 was digested with EcoRI and transcribed with T3
RNA polymerase; EI12 was digested with BamHI and transcribed with T3 RNA
polymerase; Id was linearized with EcoRI and transcribed with T3 RNA polymerase.
The transcription products were phenol/Sevag extracted, ethanol precipitated and

resuspended in 10 mM Tris (pH7.5), | mM EDTA. 1 pg of above RNA was used in
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rabbit reticulocyte lysate system for in vitro translation, following the manutacturer's

instructions (Promega).

Electrophoretic mobility shift assay
The MCKI12 target DNA binding site (GATCCCCCCAACACCTGCTGCCTGA) is

taken from the MEF-1 binding site of the MCK enhancer. The mutant competitor,

MCK34, has a mutated "E-box" (GATCCCCCCAACACGGTAACCCTGA) [14].
The twist binding site, TWIE /2, was designed in the context of MCK12 oligo where
the core "E-box" sequence was changed from CACCTG to CATATG (Weintraub &
Blackwell, personal communication). Twist, Id, MyoD and E-proteins synthesized in
reticulocyte lysates were individually quantified using a Phosphorimager from a 10%
SDS/polyacrylamide gel. The number of methionine residues in each molecule,
determined from the primary scquence information, was used to normalize the
samples. Lysates programmed for cach regulator were mixed, brought to constant
lysate volume with mock-translated lysate from the same lot, and allowed to interact
with each other at 37" for 15 minutes before 32P end-labeled probe was added to the
reaction mixture. The molecules were then allowed to bind the labeled DNA for 20)
minutes at room temperature in our standard reaction condition: 20 mM HEPES
(pH7.6), 50mM KCI, ImM EDTA, ImM DTT, 5% glycerol, and 1 mg of poly-
(dIdC). We tested the pH of the binding buffer (pH7.0), MOPS and pH7.6, HEPES)
and gel-running buffter (pH7.0, MOPS and pH&.3, .5X TBE) and the temperatures at
which the gel was run (4" and R.T), and found no significant difference. Thus, all
experiments shown were performed under our standard condition and the complexes

were resolved on 5% polyacrylamide/.5X TBE gels.

Transfections
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All HLH and bHLH regulators were cloned into the eukaryotic expression vector
pECE [15]. This plasmid provided the SV40 enhancer/promoter and 3' RNA
processing sites. Supercoiled DNA was purified by Maxi prep (Promega) followed by
a single cesium chloride banding procedure. The promoter dosage was normalized by
adding pECE vector. In each experiment, 5 ug of reporter E1-117MCK-CAT plasmid
[16] was co-precipitated with 5 ug ol pSVLacZ and the regulators (5 ug of MyoD
plasmid DNA and equimolar amounts of other regulators were used for each 10 ¢cm
plate). C3HI10T1/2 cells were sceded on 10 e¢m plates containing Dulbecco's
modified Eagle's medium and 10% fetal bovine serum (growth medium).
Transfections were done as previously described [17] with 8-10 hours of incubation
in 30 uM chloroquine plus precipitate.  Cultures to be assayed in differentiation-
promoting conditions were cultured in growth medium for 24 hours after removing
chloroquine and precipitate.  They were then transferred to 2% horse serum
containing media (differentiation medium) for 72 hours and assayed tor CAT activity

as described by Gorman et al. [18].

Plasmids

The twist coding sequence previously cloned in the lab (Glackin et al., unpublished
results) was modified by the introduction ol a consensus Kozak sequence to facilitate
in vitro translation and cloned into EcoRT and Sacl sites of Bluescript II/KS+

(Stratagene). The E32.5 clone is a truncated form of E2-2/ITF2 [19].
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RESULTS

Twist expression in somites

Previous studies of twist expression in the mouse somite have focused mainly on its
quantitatively dominant expression in the sclerotome and on the notable absence of
twist from the established myotome and on the widespread expression of twist in
early mesoderm [7, 9]. This mutually exclusive expression of twist and muscle
specific RNAs within patterned somites would seem to support the idea that twist can
promote alternate nonmuscle fates (sclerotomal or dermatomal) or perhaps inhibit
myogenesis by cell-cell interactions; however, it does not provide a clear basis for
considering cell autonomous regulatory and molecular interactions between twist and
myogenic regulators, although the data are clearly consistent with twist playing some
active role in delining nonmyotomal somitic cell types (sclerotome and dermatome).
We therefore performed a twist/myf-5 co-expression study that focused on younger
somites where prior studies have shown that there is a substantial domain of myf-5
positive cells that have not yct differentiated into myocytes [20].  In situ
hybridizations of adjacent sections in Figure | show that in somites of day E8.5
embryos, twist and myf-5 arc coexpressed over the major domain of myft-5
expression. Although in situ hybridizations lack single-cell resolution, it seems very
likely that the domain of overlap rellects co-expression within individual cells. This
suggested to us that molecular and regulatory interactions between twist and MRFs

are likely to be biologically relevant in the axial myogenic lineage.

Twist:E-protein heteromers form and bind to a twist-preferred E-box sequence
Genetic and molecular studics ol Drosophila twist have identified twist binding sites
in the regulatory regions of downstream target genes [11], but no direct target genes

for twist have been identified in vertebrates. An initial test of DNA binding to the
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Drosophila twist consensus sequence failed in EMSA assay using rabbit reticulocyte
lysate products programmed with murine twist or murine twist together with members
of the E-protein family (data not shown). We therelore began to characterize murine
twist DNA binding by creating a modilied oligonucleotide with a change in the E-box
sequence core to "CATATG", identificd as the optimal target sequence for
bacterially-expressed Xenopus twist in a SAAB site selection experiment (H.
Weintraub and K. Blackwell, personal communication).  Although programmed
reticulocyte lysates containing murine twist alone did not bind to this altered target
sequence, substantial binding was observed when an E-protein family member was
either co-incubated (Fig. 2A) or cotranslated with twist. For example, either full-
length twist or a truncated twist protein (containing only the bBHLH region and a small
carboxy-terminal region) was sufTicient to dimerize with E32.5 and bind DNA. The
DNA-binding form is most likely a heterodimer, based on the observation of a single,
more rapidly migrating complex when the truncated twist was used (compare lanes 3
and 4). The possibility that this band represents a single preferred species of a
symmetric, higher order oligomer ol twist with E-protein is not formally excluded.
E32.5 alone also bound to this sequence, but these homomeric complexes disappeared
in favor of heteromeric complexes when twist was included, suggesting that

heterodimerization with twist is favored over homodimerization.

Multiple E-proteins have been identified in mammals [21]. They are obvious
candidates for enabling partners of twist, but it is uncertain whether all could perform
this function. Preliminary expression surveys at the RNA level found that all four
available mouse E-protein genes are detectably expressed in mouse embryos at E8.5-
E10.5 (our unpublished data). We therelore tested E12, E47 [22], HEB[23], and
E32.5/E2-2[19] to determine which could cooperate with twist to bind the target DNA

in an EMSA assay. Each formed a scquence-specilic DNA binding complex with
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twist, as shown for E12 in Fig. 2B. Competition with a 50X molar excess of the
unlabeled target sequence completely eliminated DNA binding while a 50X molar
excess of a mutant oligo did not. No E-protein family member was significantly more
efficient as a twist partner than another, and binding to the target site was usually
more efficient using lysates programmed with twist plus E-protein as compared to E-

protein alone.

Twist represses myogenesis initiated by MRF's

Functional assays for the effects of twist expression were performed in C3H10T1/2
cells because, within the limitations of cultured cell lines, these cells most closely
approximate multipotential somitic mesoderm of the developing mouse. They have
been shown to yicld differentiated muscle, cartilage, or fat cells following
experimental stimulation [24, 25]. Transfection of 10T1/2 cells with any one of the
four MRF bHLH flactors (MyoD, myfl-5, myogenin, or MRF4/herculin/Myf6),
coupled with removal of growth lactors, yields dilferentiated myocytes (reviewed in
[26]). 10T1/2 cells were transtected with a MyoD expression vector and a muscle
differentiation reporter gene, MCK-CAT [16]. High level MCK-CAT expression is
typically observed in dilferentiated myocytes but absent or low in 10T1/2 host cells or
in myoblasts, respectively, prior to muscle dillerentiation. The transfections were
performed in the presence ol the twist expression vector or a vector control that
lacked a twist insert. The result of the co-transfection experiment was a strikingly
effective inhibition of muscle differentiation by twist (Fig. 3A, compare MyoD plus
vector with MyoD plus twist).  Similar results were obtained when muscle
differentiation was monitored by immunostaining for the expression of endogenous
myosin heavy chain (MHC) or by mecasuring the activity of a 4R-CAT reporter gene
which contains four copics of the MCK muscle specilic E-box in front of tk-CAT

reporter (data not shown). Twist was also found to inhibit myogenesis initiated by



49
myf-5, MyoD, myogenin, or combinations of these (Figure 3B and data not shown).
The absolute levels of MCK-CAT activation achieved by each of the MRF's varied
significantly, but in every case, twist co-expression reduced MCK-CAT activity to the
assay background level. These observations are consistent with Hebrok et al. (1994)
and with our unpublished data that an already committed myoblast cell line, C2C12,
produces cell lines that are defective in their ability to differentiate when they express

a stably transfected twist vector.

Twist competes for enabling E-protein partners through the bHLH region

One mechanism by which twist could inhibit myogenesis would be through
HLH:HLH dimerization that would directly or indirectly inactivate MyoD:E-protein
complexes. We therefore tested the effect of twist on the formation and DNA-binding
activity of MyoD:E-protein complexes in vitro. Using the products of programmed
rabbit reticulocyte lysates, we compared the relative abilities of Id, a known
competitor, and twist to inhibit the binding of the MyoD:E12 dimer to a muscle-class
E-box target DNA site. In this assay, the target oligonucleotide sequence was derived
from the right E-box of the E1 enhancer [14]. As expected, MyoD:E12 heteromers
formed and bound the target DNA with high elliciency, (Fig. 5 lanes 7 &15), and
neither Id nor twist reacted detectably with this muscle class target DNA alone or in
the presence of EI12 (Fig. 5 lanes 4, 5 and 13,14). The DNA binding by the
MyoD:E12 complex was eliminated in a dominant negative manner by Id (lanes 8 to
11). Twist proved to be nearly as elficient as Id on a equimolar basis in eliminating
the muscle-specitic DNA binding of the MyoD:E12 complex (lanes 16 to 19). The
truncated twist containing the bHLH region was sullicient to inhibit MyoD:E12

binding (data not shown).
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We next tested whether the truncated twist is suflicient to inhibit MyoD initiated
myogenesis in vivo. Truncated twist ("twi-bHLH": residues 116-206), as well as the
minimal bHLH domain of twist (residues 106-184), inhibited myogenic
differentiation in C3HIOT1/2 cells with only slightly reduced efficiency relative to
full-length twist (Fig. 5 and data not shown). This supports the idea that one mode of
twist inhibition involves bHLH domain competition that ultimately renders MRF's

inactive.

The inhibition of MyoD:E12 complex DNA binding observed in Fig. 4 could be due
to the interaction of twist with E12 and/or MyoD. It inhibition was primarily due to
twist:E12 dimerization at the expense of MyoD:E12 complex formation, then adding
additional E12 would be expected to restore MyoD:E12 heterodimers. To test this,
the indicated amounts of MyoD, twist and E12 were co-incubated with target muscle
E-box-containing DNA for 15 minutes, and then additional E12 programmed lysate
or control lysate was added lollowed by a further 15 minute equilibration. The
MyoD:E12 DNA-binding complex was recovered to its original level when excess
E12 was added (Fig. 6, lane 8). This is consistent with formation of twist:E12
complexes as the primary inhibitory action and is also consistent with the observation
that twist:E12 complexes form readily and bind an alternative target E-box site (Fig.
2A, B). Similar add-back experiments with MyoD revealed only minimal recovery of
the DNA-binding complex, suggesting that twist:MyoD is not the limiting complex,
although there may be an association with MyoD that is quantitatively minor relative

to twist:E.

DISCUSSION
We have examined molccular and functional interactions of murine twist with bHLH

and HLH regulators of the MyoD, E-protein, and Id families. Much prior molecular
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and genetic evidence argues that interactions among members of the latter
bHLH/HLH groups are important in controlling the transition from pre-myogenic
somitic mesoderm to myotomal myocytes [26-29]. The role of twist in myogenesis
has been much less clear, but it is a candidate for multiple functions that include
defining the number and/or phenotype of precursor cells; actively driving cells of the
somite toward non-muscle fates; or repressing myogenesis in precursor cells or
emerging non-muscle derivatives. Results from this work showed that in vitro, twist
has the capacity to act in a dual fashion, negatively regulating MRF bHLH DNA-
binding activity while simultancously promoting an alternative DNA-binding
complex. Supporting observations [rom translection experiments in cultured cells
suggest that these properties help to explain the potent inhibitory effect of twist on
muscle differentiation observed in these assays. Expression studies identified a
substantial domain of overlap for myl-5 and twist in early somites, and this provided
the first evidence that cell autonomous interactions between twist and MRF regulators
may also occur during development. A working model for twist action in the somite
integrates expression pattern, molecular mechanism, and functional effects from
transfection studies. In this modecl, the dual inhibitory action of twist obligatorily
links the suppression ol one cell phenotype (dilferentiating skeletal muscle) with the
expression of an alternative phenotype (somitic precursor or, later, sclerotomal or

dermatomal cell type).

Murine twist was found to interact with all four known mammalian E-protein species
to form heteromeric sequence-specific DNA-binding factors, most probably
heterodimers. The fact that both MyoD family members and twist seem to favor
heteromeric interactions with E-proteins suggests that competition for limiting E-
proteins will occur if all three specics (MyoD or myl-5, twist, and an E-protein) are

co-expressed. Evidence supporting the possibility ol such competition was obtained
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from experiments in which twist inhibited DNA binding by MyoD:E-protein
complexes in a dose-dependent manner, very similar to Id. A truncated twist protein
that retained little other than the bHLH region was also capable of competition in
vitro and myogenic inhibition in translcction assays. Interestingly, twist and Id share
an otherwise uncommon primary sequence {cature (PTLP) within the amino-terminal
portion of the loop in their HLH domains. Prior site directed mutagenesis within the
Id loop has shown that this motif is essential for competitive inhibition of MyoD by
Id [30]. Moreover, SCL/tall is another bBHLH protein with a similar loop feature
(PTHP), and its ectopic expression in cultured myogenic cells can partially suppress
muscle differentiation. It binds to E2-2 with high allinity, suggesting that it would
likely inhibit MRF:E-protein DNA binding as twist does [31]. However, SCL/tall
function and expression are normally associated only with hematopoetic lineages, and
there is presently no evidence to suggest a physiological role in the myogenic lineage.
It will now be interesting to test whether the PTLP loop residues identify a special
subset of HLH and bHLH proteins that interact with E-proteins with especially high

affinity relative to the affinity ol E-proteins for MRFs or other bHLH partners.

DNA binding by twist complexes to a non-muscle class ol synthetic E-box-containing
oligonucleotides strongly suggests that in some biological settings twist homomers
and/or twist:E-protein heteromers will form and act as DNA-binding regulatory
tactors. Although in vitro DNA binding by twist:E-protein complexes was robust
over a range ol pH and salt conditions initially surveyed (Materials and Methods), no
physiological target gene of vertebrate twist has yet been identified. For this reason,
it is not certain whether binding by twist-containing factors will enhance transcription
(as is the case for the genes of Drosophila [10, 11, 32]), repress transcription, or
perhaps do both depending on the identity of the oligomerization partner and/or the

context of the binding site. We have tested for the ability of twist alone or twist plus
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E12 to activate a reporter gene containing four multimerized twist E-boxes in the
same sequence context as the in vitro DNA binding oligonucleotide (see Materials
and Methods) and saw no signilicant eflect (data not shown). This negative result is
identical to that obtained from similar studies of twist activity in Drosophila. There,
twist is clearly a signilicant regulator in the context of native target genes such sna
and rho [11], but multimerizing the Drosophila twist binding site in front of a LacZ
reporter construct failed to demonstrate activity [33]. By analogy, it seems quite
possible that mammalian twist will also require factors that bind at nearby sites in
native enhancers or silencers to aflect transceription. These issues will ultimately be
resolved with the identification and characterization of physiological targets of

murine twist.

A simple view ol the in vitro DNA site prelerences reported here for twist:E dimers is
that they argue for similar preferential interactions with non-canonical muscle-class
E-boxes in vivo. Verification will require the identification of direct mammalian
targets of twist. The synthetic twist-class E-box core sequence we used in this work
was originally identificd as the preferred binding site for recombinant Xenopus twist
(H. Weintraub and K. Blackwell, personal communication), and it is therefore quite
possible that other sequences might be even more strongly preferred by murine
twist:E-protein or twist:twist complexcs. Nevertheless, the site used here is clearly
preferred by twist over muscle E-boxes, and it provides a useful starting point for

scanning regulatory regions of candidate twist target genes.

Our expression studics focused on the carly somite and showed that twist RNA is
present broadly prior to subdivision into dermamyotome and sclerotome.  This is
consistent with a function lor twist in precursors of both muscle and non-muscle

somitic derivatives. In slightly more mature somites, where myf-5 expression is
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established, the twist domain overlaps the my(-5 domain. The latter observation
provided the rationale for considering molecular interactions within a bPHLH/HLH
network that contain both classes of regulators. Subsequently, as the somite matures,
changes are observed in twist expression such that the sclerotome and dermatome
clearly express relatively high levels of twist, while differentiated cells of the
myotome express none [7-9].  The strong exclusion of twist expression from the
myotome relative to sclerotome and dermatome is striking. It clearly suggests that
should a cell in the sclerotome, for example, begin to inappropriately express MRFs,
it would still probably not differentiate as muscle. However the existing expression
data neither rule in nor rule out the possibility that in these growing, patterned
somites, twist and MRFs might be transiently co-expressed in a specific transitory
cellular compartment that feeds the expanding myotome. Such a compartment need
not comprise a large spatiotemporal domain because relevant cells may pass rather
quickly from twist-positive/MRF-negative status through a twist-positive/MRF-
positive intermediate state to a final MRF-positive/twist-negative state. Because co-
expression of twist and MRFs may deline cells on the cusp of committing to the
myogenic [ate, a detailed examination ol possible coexpression in the advanced

somite will be of interest.

The quantitative shifts and domain distinctions in twist expression throughout
development of the axial mesoderm are reminiscent of a similarly complex pattern
seen in Drosophila development, where these shifts reflect context dependent
functions for twist. At the molecular level, this is consistent with a regulator whose
action is strongly dependent on interaction with non-twist class cofactors in target
genes or on the potential to dimerize with multiple partners. We conclude that twist
is a strong candidate bHLH regulator to participate in the regulation of early

transitory steps ol myogenesis; that its down-regulation is a likely pre-condition for
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execution of muscle differentiation, and as discussed below, that it may also be
relevant for controlling the phenotype of myt-5-expressing cells that have been
observed at non-myotomal sites. For example, myf-5-expressing cells have
previously been noted in the presegmental plate mesoderm [2(), 34] and also in the
sclerotomes of day 9 embryos [35], but neither is site appropriate for myogenesis. It
is not yet known whether these myf-5 positive cells express twist, but they are
positioned within domains of cells that do. Co-expression of twist and other negative
regulators such as Id and I-mfa in those cells may explain the failure of those cells to

differentiate into muscle.

Recently, a twist null mouse was generated, and its initial characterization reported
[36]. Embryos homozygous for a mutation in the twist gene died by embryonic day
11.5, and the most profound elfects were in the developing neural tube. However, the
phenotype was pleiotropic, and somites were also significantly alfected. In the
somites, cell numbers were substantially reduced relative to wild-type and significant
cell death was observed, suggesting trophic and/or cell proliferative effects for twist.
Within the myotomal domain, the time of onset of myogenin expression appeared
grossly normal, but the number of myogenin positive cells seemed reduced. This
phenotype may be a milder version of the situation in Drosophila in which expression
of the MyoD homologue called nautilus is absent in twist mutant embryos, a
phenotype that has been attributed to failure to establish or maintain myogenic
precursor cells [37] . Contrary to what one might expect if twist were a signiticant
negative regulator of myogenesis, no eclopic or premature myogenesis is observed in
twist mutant embryos. In addition to the trophic and/or proliferative effect twist
might have on somitic cells as discussed above, another possible explanation of this
observation lies in the view that negative regulation of myogenesis is a function that

is distributed among multiple HLH and bHLH class regulators. Hence in these
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embryos, other HLH and bHLH regulators that contribute to negative regulation of

myogenesis would prevent improper myogenesis.

When twist was allowed to interact with MRF and E-proteins of the myogenic bHLH
network, we found evidence that it could produce two elfects that could be dissected
experimentally; formation of an active DNA-binding complex with a non-muscle
sequence preference and inactivation of DNA binding by MyoD due to competition
for E-protein partners. This dual capacity is inherently context dependent, since it
arises from interactions of twist with several other bHLH regulators in the system.
The presence of multiple negative regulators of myogenesis such as Id and twist
predicts that disruption of either one alone will not lead to wholesale premature or
ectopic myogenesis. Rather, climination in the somitic domain of several negative
regulators including twist and Id would be required. The proposition that multiple
negative HLH/bHLH regulators act in a single HLH/bHLH regulated developmental
pathway has a precedent in the Drosophila eye, where it was recently shown that both
hairy and emc are coexpressed anterior to the morphogenctic furrow. Elimination of
either negative regulator individually has no phenotype in the eye, but elimination of
both causes premature progress ol the furrow and associated differentiation [38]. In
the mouse somite, we do not yet know whether additional competitive or supporting
contributions will come [rom other recently described bHLH molecules such as
paraxis, scleraxis, dermo-1 and hHLH-EC2 [39-41], whose domains of expression

partly overlap with that of twist.
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Figure 1. Expression of twist in early mouse somite. Transverse sections of
8.5d embryos probed with S35-labeled twist (A) and myf-5 (B) probes on parallel
sections. An epithelial stage somite from a 8.5d embryo probed for twist shows an
even twist expression in the somite. Adjacent section probed with myf-5 shows
strong myf-5 expression in the dorsal domain of the somites, a sub-domain of twist

expression. (C) phase-contrast photo image of same section shown in (B).
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Figure 2A. In vitro DNA binding assays, full-length twist and twist-bHLH are
sequence-specific DNA-binding proteins. E32.5 is a truncated cDNA containing the
bHLH region of the E2-2 gene, a member of the E-protein family. Twist is capable of
interacting with various members of the E-protein family, including E12, E47, HEB,
and E2-2/ITF2/E32.5, and binds DNA. The faster migrating species in this
experiment is the heteromer between truncated twist and E32.5, while the slower

migrating species represents the full-length twist and E32.5 heteromer.
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Figure 2B. Twist:E12 forms a sequence-specific DNA-binding complex that
prefers a CATATG E-box binding site in vitro DNA binding competition assays. In
the presence of S0X molar amounts of unlabeled competing sequence (TWI E1/2), the
signal from the protein-bound target sequence (32p-labeled) is diminished. However,
in the presence of excess amounts of a mutant oligonucleotide (MCK34), the signal

remains intact.
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Figure 3A. Twist inhibits MyoD-initiated muscle differentiation in 10T1/2
cells. Equimolar amounts of expression plasmids containing the coding regions of
MyoD or MyoD and twist were transfected into C3H10T1/2 cells. Following transfer
to low serum, ditferentiation-promoting medium, cells were harvested and assayed for
activity from the MCK-CAT reporter. CAT activity was quantified using a
Phosphorimager. When MyoD is co-transtected with the reporter, the CAT activity
level rises, but when twist is co-transtected with MyoD and the reporter, the CAT
activity drops to the background level. CAT activity levels from different

experiments were averaged following normalization to MyoD (n= 6).

Figure 3B. Combinations of MRF's were transfected into 10T1/2 cells, similar
to panel A. Even in the presence of myogenin, in addition to MyoD or myf-5, twist
represses the myogenic reporter. CAT activity levels in the two experiments were

normalized to Myt-5+myogenin and MyoD+myogenin, respectively.
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Figure 4. Side-by-side comparison between Id and twist in competition for
available E12 in a DNA binding assay. In vitro translation products of programmed
rabbit reticulocyte lysates were normalized to each other by the number of 35§-
labeled methionines expected in each translation product. In an in vitro DNA binding
assay using the MCK E-box sequence, twist and Id inhibits the DNA-binding activity

of the MyoD:E12 complex in a dose-sensitive manner.
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Figure 5. The twist bHLH region is sufficient to repress MyoD activity.
Equimolar amounts of expression plasmid containing MyoD and twist, full-length or
truncated, were co-transfected with the MCK-CAT reporter construct. The
experimental paradigm is identical to that for Fig. 4. The truncated twist molecule is
similar to full-length twist in its ability to inhibit MyoD from activating its

downstream reporter. CAT activity levels are normalized to that of MyoD (n=3).
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Figure 6. Twist inhibits MyoD:E12 DNA-binding activity in vitro. Using the
molar ratio amounts of regulators indicated above the lanes, we tested whether twist
can interact with MyoD:E12 at the protein level. MyoD and E12 bind efficiently to
the labeled target sequence, the MCK oligo. With increasing molar amounts of twist
added, there is a dose-sensitive diminution of the MyoD:E12 DNA-binding complex.
This complex is restored when additional amount of E12 is added after initial

competition with twist has taken place (compare lane 8 with lane 6).
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Chapter 3

Twist inhibits myogenesis in the absence of
bHLH competition through a mechanism that
requires the N-terminus

Contents of this chapter and those of chapter 2

are submitted together for publication
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SUMMARY

Data presented in chapter 2 show that twist and MRF may directly or indirectly
interact with each other in physiologically relevant settings during mouse
embryogenesis. In accordance with the expectation from its expression pattern, twist is
an inhibitor of myogenic differentiation. In addition to bHLH competition for available
E-proteins, twist forms active DNA binding complexes with E-proteins that prefer non-
muscle class E-box site. From these observations, we suspect that twist regulates
myogenesis as a direct transcription factor. In this chapter, we further dissect the
mechanisms of twist inhibition by using both wildtype MyoD and a tethered dimer
between MyoD and E47 (MyoD~E47), which forms intramolecular dimer that is
insensitive to bHLH competition. First, we show that twist prevents onset of
myogenin expression in MyoD transfected cells. This marks an early key step in the
myogenic program targeted by twist suppression.  Second, we show that although
DNA binding ability of MyoD~E47 stays intact in the presence of twist, co-expression
of twist prevents MyoD~E47 from activating muscle differentiation reporter.
Interestingly, a truncated form of twist missing the N-terminus cannot inhibit the
tethered dimer, although it contains the domains necessary for MEF2 interaction (Spicer
et al., 1996) MEF2 has been shown to interact with both MRF:E and twist:E
complexes (Molkentin et al., 1995; Spicer et al., 1996). Twist inhibition of MyoD and
MyoD~E47 cannot be abrogated by addition of exogenous MEF2. From these
observations we suggest the existence of another mechanism of twist inhibition and
postulate that this mechanism involves regulation of downstream target gene expression
by twist and/or twist interaction with other co-factors, in addition to MEF2, in MRF

transfected cells.
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INTRODUCTION

Twist is a member of the basic helix-loop-helix family of transcription factors
(Thisse, 1988; Wolt, 1991). This large family of molecules is largely divided into
three subgroups depending on the expression pattern and molecular characteristics of
each molecule. The first subgroup (group I) of factors includes the widely expressed
E-proteins that form efficient homo- and heterodimers. The group I factors can form
partners with the “tissue-specific” factors (group II) that include the myogenic
regulatory factors (MRF) and twist, among many others. These regulators do not form
efficient homodimers and seem to rely mostly on the E-proteins for active heterodimer
tormation. The third group consists of dominant negative regulators that lack the basic
region and hence act as dominant negative “sponges” that compete for available E-
proteins, represented by Id 1,2,3, and 4 and emc among others. (For details and

references, see chapter 1)

Inherent in the design of these molecules are several means of modulating their
activities post-translationally. First, because these molecules can physically interact
with each other at the protein:protein level, the activity of a given molecule depends on
the relative concentration and availability of other bBHLH regulators that are present.
The dominant negative regulators of the third group demonstrate this point most clearly.
Id inhibits MyoD initiated myogenesis by efficiently sequestering the available E-
proteins into inactive complex (Benezra et al., 1990). Neuhold and Wold showed that
this inhibition of a bHLH factor can be bypassed by tethering its E-protein partner
through a flexible linker (Neuhold and Wold, 1993). Second, because the DNA
binding specificity is determined by both basic regions, a given molecule can bind to
different target sites depending on the partner choice (Murre, 1989; Davis et al., 1990);
Blackwell et al., 1990). A good example of this is shown by the E-proteins. E12/E47

can form homodimers and bind to immunoglobulin enhancer elements in the
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hematopoetic cells, and they can also form heteromers with MRFs to bind to the muscle
class E-box sites in the MCK enhancer (Henthorn et al., 1990; Murre et al., 1989;
Lassar et al., 1991). Third, at least some of the bHLH regulators are subject to
phosphorylational control. Olson and colleagues have suggested that PKC (protein
kinase C) can inactive myogenin by phorphorylating a key residue (Thr 115) essential
for DNA binding (Li et al., 1992). However, not all MRF's are under the same kind of
regulation since MRF4 is active in the presence of PKC (Hardy et al, 92). And lastly,
these molecules can share common cofactors (for example, MEF2), and therefore

competition for available cofactors is another means of modulating their activities.

The results in Chapter 2 showed that twist inhibits myogenesis initiated by MyoD
through at least two of the mechanisms discussed above. In addition, Spicer and his
colleagues recently published their work that shows that twist can also compete for
available MEF2 (myogenic co-factor) (Spicer et al., 1996). MEF2 is a MADS box
transcription factor that enhances MRF activity by directly associating with MRF:E
complex. (See chapter 1 for more detail) Apparently, twist:E complex can also bind
MEF2 and this complex formation is much more eflicient when twist forms heteromers
with E-protein (Spicer et al., 1996). In this chapter, we explore the relative importance
of twist:E:MEF2 interaction in overall twist activity by challenging twist with a tethered

dimer between MyoD and E47 (MyoD~E47).

MyoD~E47 forms intramolecular dimer through a flexible linker region and hence is
insensitive to local concentrations of other bHLH molecules (Neuhold and Wold,
1993). It has been shown to be resistant to Id inhibition and much more active,
especially in myoblasts, than wildtype MyoD (Neuhold and Wold, 1993). Using this

molecule and truncated twist as molecular tools, we explore the details of twist
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inhibitory mechanism and in the process, uncover a new mechanism that probably

involves transcriptional regulation by twist.
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MATERIALS AND METHODS

RNAse protection

The RNA samples from C3H10T1/2 cells transfected with bHLH regulators (as
described in chapter 2) were collected in growth and differentiation conditions and
assayed for expression of myogenin. 6 pg of total RNA was used per lane with 32P-
labeled myogenin and GAP-DH probes simultancously. RNAse protection was done

as previously described (Miner and Wold, 1991).

RT-PCR

RNA samples from transtected cells were harvested in growth and differentiation
conditions, as described in chapter 2. 100 ng of total RNA was used per reaction for
exogenous twist and 1 ng of total RNA was used for GAP-DH. See Patapoutian et al.
1995 for details of the reaction conditions, including the primer sequences used to
amplify twist and GAP-DH (Patapoutian et al., 1995). Oligonucleotide primers used
for amplifying MEF2C transcripts are described in (Martin et al., 1993).

Plasmids

MyoD~E47 plasmid was designed and characterized in our laboratory and described in
detail in Neuhold and Wold (1993). See chapter 2 Materials and Methods section for
other plasmids. MEF2C expression plasmid is from Dr. Eric Olson's laboratory and it

contains CMV promoter fused to MEF2C coding region (see Molkentin et al. 1995).

Transfection and CAT assays

See chapter 2 for details.



RESULTS

Twist blocks activation of myogenin.

Thus far, the analysis of twist inhibition has focused on the endpoint of muscle
differentiation, scored by the expression of terminal differentiation markers such as
MCK (muscle creatine kinase) or MHC (myosin heavy chain). An earlier and
apparently key step for the expression of terminal differentiation genes is the high level
expression of myogenin, which has been shown to play an essential role in myocyte
differentiation in vivo (Hasty et al., 1993; Nabeshima et al., 1993). In cell culture, all
established myogenic lines examined to date express at least one MRF family member
in the proliferating, non-differentiated myoblast state (usually MyoD or myf-5). Upon
differentiation, these lines express at least twvo MRFs, with myogenin most often being
induced prior to full myocyte differentiation. Similarly, MyoD-transfected 10T1/2 cells
induce expression of endogenous myogenin alter exogenous MyoD is expressed.
From 10T1/2 cells transiently transtected with MyoD, the status of endogenous
myogenin in the presence and absence of co-transfected twist was determined by an
RNAse protection assay. In the presence of translected twist, exogenous MyoD failed
to activate endogenous myogenin (Fig. 1). This defines an early position in the

myogenic differentiation hierarchy at which twist can inhibit muscle ditferentiation.

Twist prevents the activation of myogenin by MyoD, indicating an early point in
myogenic differentiation that twist affects. When we asked whether the negative effects
of twist on muscle differentiation could be bypassed by providing exogenous myogenin
(see chapter 2 figure 3B) either alone or in combination with myf-5 or MyoD, twist still
inhibited MCK-CAT activity. In those experiments, the combination of either MyoD or
myf-5 with myogenin gave synergistic increases in MCK-CAT reporter activity, but

even these high levels of myogenic report were completely suppressed by added twist.
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From these results, we conclude that the presence of twist very efficiently suppresses
the combined myogenic activity of all MRF's, and that repression of myogenin

expression is not the only restriction point in MyoD plus twist transfected cells.

MyoD~E47 binds DNA in the presence of twist

Previous studies have shown that this tethered heterodimer, which consists of MyoD
and E47 monomers joined via a tlexible glycine rich linker peptide, apparently folds
efficiently into functional DNA binding dimer that is highly resistant to inhibition by Id
monomers in bandshift assays (Neuhold and Wold, 1993). A similar result to that
found previously for Id was obtained when the tethered dimer was co-incubated with
twist (Fig. 2A). Thus twist cannot override the tether in vitro DNA binding assays.
Moreover, twist does not inhibit MCK E-box oligonucleotide binding by the tethered
dimer due to any other interaction, such as formation of a higher order, non-DNA
binding complex. These results, taken together with the earlier E-protein add-back
results, argue that the predominant basis for inhibition of MyoD:E protein binding to
their muscle class E-box target in vitro is the interaction of twist with E-proteins. If

there are interactions between MyoD and twist, they appear to be comparatively minor.

The MyoD~E47 forced dimer is inhibited by full length twist.

Although the bBHLH domain of twist is sufticient to inhibit myogenesis, the interaction
of twist:E protein heteromers with an alternative class of non-muscle E-box suggests a
second possible mechanism of action beyond E protein titration. We therefore asked
whether twist could inhibit myogenesis driven by the tethered MyoD~E47 heterodimer.
If HLH competition were the sole mechanism of twist inhibition, then we would expect
that twist would be unable to inhibit the action of the tethered dimer in cells, just as it
was unable to inhibit DNA binding by the tethered dimer in vitro. Conversely, if twist

also acts by activating or repressing its own set of target genes, which then inhibit
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muscle differentiation, we would expect twist to inhibit the tethered dimer in vivo. As
shown in figure 2, twist proved to be a robust inhibitor of MyoD~E47. This result
contrasts with a similar experiment performed with Id. In that case, the tethered dimer
is relatively insensitive to elevated Id levels (Neuhold and Wold, 1993). The truncated
twist molecule missing the amino-terminal half is incapable of this inhibition in the
same assay (Fig. 3). These observations strengthen the idea that in addition to
inhibition through bHLH domain interactions, full length twist can also suppress

myogenesis through another mechanism that requires the N-terminus.

Twist abolishes MEF2 enhancement

MEF2 is a MADS-box family transcription factor that synergizes with MRF's to
enhance the myogenesis (Kaushal et al., 1994; Olson et al., 1995; Molkentin et al.,
1995)[7, 8]. Although MEF2 alone cannot initiate myogenesis, its DNA binding site is
present in many muscle specific promoters. Olson and his colleagues have shown that
MEF2 can directly associate with MRF:E factors to form a higher order complex, and
the transactivational activity of this complex is 5-10 folds higher than that of MyoD:E
complex (Kaushal ef al., 1994; Molkentin et al., 1995). Recently, Spicer et al. have
suggested that MEF2:MRF interaction is the major target of twist inhibition. They
show physical association between MEF2 and twist:E complex. This complex
formation is E-protein concentration sensitive and likely to form only on twist:E
heterodimer. They propose that titration of available MEF2 is the main mechanism

behind twist inhibition of myogenesis (Spicer ¢t al., 1996).

When twist was co-transtected with MEF2C and MyoD, the muscle reporter activity
again fell to basal level (Fig. 4A). This suggested that MEF2 was not the limiting
factors that could be supplemented to overcome twist inhibition.  We then tested

whether ectopic expression of both myogenin and MEF2 was sulficient to overcome
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twist inhibition by co-transfecting twist. Under this condition, where the myogenic
regulatory molecules should be present in abundance, twist still suppressed the
expression of the muscle reporter, MCK-CAT that contains both MEF2 binding site
and muscle class E-box (Fig. 4B). Recently, Spicer and his colleagues have shown
that twist can directly interact with MEF2 factors and therefore can act as a competitor
for MRF:E:MEF2 complex formation. Even so, in the experiment where both
myogenin and MyoD are co-transfected with MEF2 and twist, we would expect some
MRF:E:MEF2 complexes to form and be active since both myogenin and MyoD can
interact with MEF2 (Molkentin ¢t al., 1995). However, we observe a complete shut-
down of the MCK-CAT reporter expression in the presence of twist. Without
measuring the actual protein levels from the translected cells and the relative aftinities of
twist and MRF for MEF2, it cannot be proven that not all MEF2 are locked up in
complex with twist; however, it is reasonable to assume that twist and MRF affinities
for MEF2 are within the same order of magnitude since the interaction domains lie
within the conserved region. These observations suggest that although competition for
available MEF?2 is a viable mechanism for twist function, it is not likely to be the major

one, as tested further below.

Just as we have shown that twist competes for available E-proteins by demonstrating
that addition of excess E-proteins relieved twist inhibition in DNA binding assays, we
asked whether addition of increasing amounts of MEF2 can rescue myogenesis.
Preliminary results indicate that increasing amounts of MEF2 expression vector cannot
rescue the activity of the myogenic reporter from twist inhibition (data not shown). If
the main mode of twist function is titration of MEF2 away from MRF, we would
expect that large excess of MEF2 would enable both twi:E:MEF2 and MRF:E:MEF
complex formation. However, this is not the case, and this observation is consistent

with the fact that the truncated twist containing the necessary domains of interaction
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with MEF2 (HLH and small carboxy terminal end) is not able to inhibit MyoD~E47

tethered dimer.

Our preliminary data (described below) indicate that the relative importance of
MEF2:MyoD interaction in overall myogenesis is highly context dependent. When
MyoD~E47 tethered dimer is transtected with MEF2, there is little enhancement of the
myogenic reporter MCK-CAT (data not shown). This may be due to the saturated
reporter activity in the experimental paradigm used, since MyoD~E47 is about an order
of magnitude more eflicient at activating MCK-CAT reporter than MyoD ((Neuhold and
Wold, 1993), this work). However, when 4RCAT reporter, containing tour copies of
the MCK EI enhancer E-box in tandem, is used with either MyoD or MyoD~E47,
again there is no significant enhancement of the reporter activity provided by added
MEF?2 (data not shown). This result suggests that the reported MyoD:MEF?2 interaction
on 4RCAT reporter (Molkentin et al., 1995) may be significant in the context of the
minimal bHLH region of MyoD that was used in the original study by Molkentin et al.
(1995), but not when full length MyoD of MyoD~E47 is used. When twist is co-
transfected in these scettings where MEF2 does not seem to play a role, twist still
inhibits the MRF activity (data not shown). This observation indicates that although
MEF2 competition by twist is a viable mechanism, there has to be another mechanism
since twist inhibits MEF2-independent activation of a myogenic reporter. This may
very well be twist:E:MEF2 binding to an unknown target site and regulating the
expression of downstream genes. Results in this chapter suggest that twist can inhibit
myogenic factors in the absence of E-protein and MEF2 competitions and that twist
inhibition cannot be abrogated even when early differentiation regulators myogenin and

MEF2 are ectopically expressed.
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DISCUSSION

Twist binds DNA in a sequence specilic manner, and it seems likely that regulation of
one or more downstream target genes will be a mechanism of twist action. Support for
this idea comes from several observations. Full length twist can inhibit the tethered
dimer MyoD~E47 while the truncated molecule including the bHLH domain cannot
(Fig 2 &3). Furthermore, Spicer et al. showed that a mutant form of twist lacking the
basic region (Twi-AB, Spicer et al., 1996) fails to inhibit either the MCK reporter or the
MEF2 reporter, suggesting that DNA-binding domain is essential for twist function.
They further showed that the basic region is not necessary for interaction with MEF2,
further supporting the idea that MEF2 titration is not the main mechanism. Since the
truncated twist containing the bHLH region and the small carboxy-terminal region, the
domains necessary tor MEF2 interaction, is not capable of inhibiting the tethered dimer
when the full length twist can, we suggest that MEF2 competition and bHLH
competition only explain a part of full twist inhibition. Although none of these
experiments directly prove that twist regulates downstream gene expression, together
they strongly suggest that twist may be involved in transcriptional regulation of

unknown target genes.

We show that one of the key events in early myogenesis, onset of myogenin
expression, is blocked in twist expressing cells (Fig. 1). However, this does not seem
to be the only restriction point since co-transfection of MyoD, myogenin and twist
cannot rescue the cells from twist inhibition (Chapter 2, figure 3B). A recent report by
Olson's group shows that MEF2 family of transcription factors may play an important
role in muscle dillerentiation. They showed that MEF2 interacts with MRF's at the
protein level and cooperatively activates downstream gene transcription (Molkentin et

al., 1995). In supporting the physiological relevance of these observations, there are
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many muscle specitic terminal differentiation genes whose regulatory regions contain
E-boxes adjacent to MEF2 binding sites, including the MCK promoter, and some
without the muscle class E-boxes. Lassar and colleagues recently proposed that the
major mode of twist inhibition of MyoD is the formation of twist:E:MEF2 complex,
and that twist competition for MEF2 is efficient only when twist forms heterodimeric
complexes with E-proteins. When twist is co-transfected with MyoD or MyoD~E47
and MEF2C, with or without the added E-protein, MCK-CAT reporter level drops to
background ((Spicer et al., 1996), Fig. 4 and 5). Providing MyoD, myogenin and
MEF2, therefore forcing all known early myogenic regulators, is still insufficient to
bypass twist block (Fig. 4B). We have shown that MyoD~E47 forms intramolecular
dimers that bind DNA in the presence of twist (chapter 2), and it is therefore reasonable
to assume that MyoD~E47:MEF2 complex formation would occur normally in vivo in
the presence of twist. However, contrary to a simple expectation from the
protein:protein competition model proposed by Lassar's group, twist can still inhibit the
tethered dimer and MEF2C. This observation and the fact that N-terminus of twist is
required for full inhibitory ellect of twist (Fig. 3), suggest that protein:protein
competition tells only a part of the story and that downstream target regulation may play

a more important role.

Although the molecular homology extends for MEF2 and MyoD family members from
Drosophila to mouse, it is obvious that the regulatory circuitry is different. In
Drosophila, twist directly regulates the expression of MEF2, the first of the myogenic
regulatory molecules expressed in that system (Lilly et al., 1995; Taylor et al., 1995).
In Drosophila, high level twist expression is required to determine the myogenic lineage
and to activate DMEF2 and is suggested to play a myogenic determination function
(Taylor et al., 1995). Interestingly, Drosophila twist, which has very divergent amino-

and carboxy-terminal regions from murine twist, can substitute in MEF2 competition
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experiments. We have proposed that amino-terminus of twist contains a functional
domain that is important for tull inhibitory effect of twist and Spicer et al. have shown
that carboxy-terminus of twist is necessary for interaction with MEF2. It is therefore
intriguing that Drosophila twist could substitute for murine twist in MEF2 interaction
study. It will be interesting to test whether Drosophila twist can inhibit MyoD~E47
tethered dimer in the presence or absence of MEF2. Both Drosophila and murine twist
failed to show transactivational activity from artificial reporter constructs containing
multimerized twist binding sites fused to tk-CAT reporter (Szymanski and Levine,
1995). Itis possible that murine twist mainly functions as a repressor in most settings
especially since another murine bHLH regulator, dermo-1 which shares homology with
twist in the G-rich regions N-terminus to the bHLH domain as well as the highly
conserved C-terminus domain immediately following the bBHLH domain, also represses

myogenesis and also does not show transactivational activity (Li et al., 1995).

DNA binding by twist complexes to a non-muscle class of synthetic E-box-containing
oligonucleotides strongly suggests that in some biological settings twist homomers
and/or twist:E-protein heteromers will form and act as DNA-binding regulatory factors.
This idea is further supported by the MyoD~E47 tethered dimer experiments using the
truncated twist. The truncated twist, containing both the bHLH domain and the small
carboxy-terminal region (regions involved in MEF2 interaction, Spicer et al.), fails to
inhibit MyoD~E47 even though it should be able to interact with MEF2. Furthermore,
the difference between the truncated twist and the full length twist in their abilities to
suppress MyoD~E47 points to the N-terminus of twist containing an important
functional domain. It is unclear whether this domain contains a transcriptional
regulatory domain; however, it is obvious that it alone cannot tunction since twist-
Abasic cannot inhibit MyoD plus E-protein (Spicer et al., 1996). Whether this domain

contains the activator or repressor domain or whether it is necessary for proper folding
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of twist for its optimal activity is not known. Hence, we suggest that in addition to
protein:protein competitions observed in chapter 2 (bHLH competition) and by Spicer
et al. (MEF2 compeltition), twist is likely to regulate downstream gene expressions that

are incompatible with myogenic differentiation.

One obvious candidate set of target genes are the four Id family members; their
upregulation by twist would be consistent with overlap in their expression domains in
the embryo (Wang et al., 1992; Evans and O'Brien, 1993) and their expression would
help to suppress muscle differentiation. In 10T1/2 cell lines stably transtected with
twist, we found there was no induction of any of the four known Id family regulators at
the RNA level as monitored by a sensitive RT-PCR assay (data not shown). Id genes
are not, therefore, likely to be major targets of twist and their upregulation cannot

explain the twist mediated blockade to muscle diflerentiation.

A simple view of the in vitro DNA site preferences reported here for twist:E dimers is
that they argue lor similar preferential interactions with non-canonical muscle-class E-
boxes in vivo. Verilication will require the identilication of direct mammalian targets of
twist. The synthetic twist-class E-box core sequence we used in this work was
originally identificd as the preferred binding site for recombinant Xenopus twist (H.
Weintraub and K. Blackwell, personal communication), and it is therefore quite
possible that other sequences might be even more strongly preferred by murine twist:E-
protein or twist:twist complexes. Nevertheless, the site used here is strongly preferred
by twist over muscle E-boxes, and it provides a useful starting point for scanning

regulatory regions of candidate twist target genes.
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Figure 1. MyoD fails to activate endogenous myogenin in twist-expressing cells.
RNA from C3H10T1/2 cells transfected with MyoD were collected in high and low
serum conditions and assayed for expression of myogenin in the presence and absence
of co-transfected twist. As seen in lanes 2 and 6, MyoD activates endogenous
myogenin shortly after it is expressed and myogenin message accumulates in low
serum conditions. However, when twist 1s co-transfected, no endogenous myogenin is

expressed. GAP-DH is used as an internal control in this assay.



97




98

Figure 2A. Tethered dimer between MyoD and E47 (MyoD~E47) is resistant to twist
competition in vitro bandshift experiments. MyoD~E47 binds to its target sequence
(MCK12) avidly, in the presence (10X molar excess) or absence of twist. This
suggests that in vitro tethered molecule forms intramolecular dimers that are not
inhibited by twist, either by HLH competition or by higher order non-DNA binding

complex formation.
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Figure 2B. Myogenic program initiated by the tethered dimer is inhibited by twist in
transtected cells. Although tethered dimer seems to retain its DNA binding capacity in
the presence of twist (Fig. 1), twist blocks myogenesis initiated by MyoD~E47 in
transfected 10T1/2 cells, suggesting an additional mechanism besides HLH competition

for twist. This is contrasted with Id, whose action only involves HLH competition.
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Figure 3. Although twist full length molecule can inhibit MyoD~E47, truncated twist
cannot. When truncated twist containing the bHLH region and its small COOH-
terminus (domains necessary for MEF2 interaction) is co-transfected with the tethered
dimer, MCK-CAT reporter level remains high. This result is consistent with the in
vitro DNA binding assay using the tethered dimer which shows that the tethered dimer
is insensitive to bHLH competition by twist. Furthermore, it shows that bHLH
competition is not the major mechanism of tull length twist inhibition. In addition, it
identifies a functional domain in the amino-terminus of twist, which shows no

homology to any known functional domains.
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Figure 4A. MEF2 enhancement of myogenesis is abolished by twist co-expression.
MEF2 is shown to cooperate with the bHLH myogenic regulatory factors (Kaushal et
al., 1994; Molkentin et al., 1995) to enhance muscle specific gene expression and this
interaction is thought to play a significant role in myogenesis. Since twist can inhibit all
forms of bHLH MRF’s we tested whether twist inhibition is targeted at MEF2 titration.

Ectopic expression of MyoD and MEF2 cannot bypass twist inhibition of myogenesis.
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Figure 4B. Excess of MRF cannot abrogate twist inhibition.
Providing excess MRFs by co-transfecting MyoD and myogenin with MEF2 and twist
(MyoD and myogenin both have been shown to interact with MEF2) is not sufficient to
override twist inhibition. This observation suggests that competition for MEF2 by

twist: to be a minor component of overall twist inhibition.
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Chapter 4

In the presence of twist, growth arrest can be
induced by MyoD but myogenic differentiation is
blocked

Manuscript prepared for submission to

Mechanisms of Development
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SUMMARY

Twist inhibits myogenesis by multiple mechanisms. Positive regulators of G1-S cell
cycle progression are negative regulators of muscle differentiation, and conversely,
negative regulators of G1-S progression (CDI's) can act as positive regulators of
muscle differentiation. In this study, we examine whether this potent effect of twist
expression is targeted at cell cycle progression. Cells expressing MyoD plus p21 or
p27 withdraw from the cell cycle in the presence or absence of twist . This observation
argues that twist affects only differentiation tunction directly and does not act in
myogenesis by promoting proliferation. Twist also apparently leaves intact the growth
arrest activity of MyoD. In support of this conclusion, twist expressed from the
myogenin promoter can inhibit "determined” myoblasts, 10T1/2 cells expressing
MyoD, tfrom activating differentiation markers. These observations, together with
those presented in chapter 3, suggest that twist inhibition is targeted at late as well as

early events of myogenic program.
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INTRODUCTION

Twist is a member of the basic helix-loop-helix family of transcription factors
expressed early in mouse development (Thisse, 1988; Wolf, 1991; Fuchtbauer, 1995;
Stoetzel et al., 1995), our unpublished data). It is widely expressed in early
mesoderm, soon after gastrulation, and is subsequently expressed at high levels in the
developing somites, branchial arches and limb buds, among other mesenchymal sites.
In the developing somites, twist expression is at first widespread, but as the somite
matures, twist becomes localized to sclerotome and dermomyotome and is excluded
from the myotome (Wolf, 1991; Hebrok, 1994; Stoetzel et al., 1995), our unpublished
data). Consistent with this expression pattern, in vitro molecular and tissue culture
studies have shown that twist inhibits myogenic differentiation by interfering with
MyoD function ((Hebrok, 1994; Spicer et al., 1996), chapters 2 & 3). Hence,
although there is a transient co-expression of twist and myf5 in the developing somite
before the epithelial somite segregates into dermomyotome and sclerotome (chapter 2),
twist expression 1s strongly downregulated once the muscle differentiation begins.
Previously, we suggested a working model in which cells co-expressing twist and
myf5 may be in transition from the undetermined somitic state to a myogenic fate and
that direct or indirect physical interaction between twist and myt5 plays a significant
role in determining which cells progress to differentiate as muscle and when they do so
(Chapter 2). In this model, those cells that continue to express myfS and downregulate
twist become postmitotic myocytes of the myotome in this model while those that
maintain twist expression either remain in the progenitor state for a more extended
period or become sclerotomal or dermamyotomal cells. This model is consistent with

high level twist expression in the neighboring nonmyotomal compartments.
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Myogenic differentiation has been studied extensively in the vertebrate system through
both in vivo embryonic analysis and in tissue culture studies. MRF's (bHLH family
transcription factors) and MEF2 family (MADS domain factors) members are thought
to play central roles in specitying muscle by cross-activating each other and by directing
the expression of muscle specific genes. Mutational analysis and embryonic expression
pattern studies of MRF's (MyoD, myogenin, myt5, and MRF4) have confirmed their
importance in determination and differentiation in vivo. In C3H10T1/2 fibroblast cells,
among many other permissive cells, ectopic expression of MRF's leads to activation of
other MRF's and terminal differentiation markers upon serum withdrawal. Recent
studies demonstrate that in addition to MRF's, MEF2 family members play an
important role in muscle differentiation. Molkentin et al. (1996) have shown that
MRF's and MEF2 can physically associate with each other to form highly active
complexes that stimulate transcription from endogenous and artificial muscle specific

enhancer/promoter cis regulatory clements. (see Chapter 1 for details and references)

In vitro molecular characterization and tissue culture studies of bHLH interactions
between the MRF's and twist showed that twist can apparently inhibit MRF action by
multiple mechanisms. The first is similar to the dominant negative regulator Id, and
twist competes elficiently for the available E-proteins thereby preventing active MRF:E-
protein complex formation. A second mechanism of inhibition involves disruption of
the positive interaction between MEF2 with MRFs (Spicer et al., 1996). A third
mechanism of myogenic repression is suggested by the capacity of twist:E protein
heterodimers to bind DNA target sites and by the ability of twist to inhibit muscle gene
transcription that depends on the transfected MyoD~E47 tethered dimer. These
observations are consistent with twist acting as a DNA binding regulator of as yet
unidentified target genes whose expression is incompatible with execution of muscle

differentiation.
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We have shown that in MyoD and twist co-transfected cells, a key differentiation
factor, myogenin, is not activated (Chapter 3). In vivo knockout studies have shown
that myogenin is required for most muscle differentiation in vivo (Hasty et al., 1993;
Nabeshima et al.,, 1993). Consistent with this conclusion, endogenous myogenin
expression is activated by ectopic expression of other MRFs in transfected cells.
Theretfore, suppression of myogenin cross-activation by MyoD provides a simple and
direct explanation for twist inhibition. The fact that myogenin expression is blocked
points out that an early differentiation step in myogenic ditferentiation is suppressed in
the presence of twist. Although the exact timing of myogenin expression seems to
vary slightly depending on the cells tested, myogenin expression approximately
coincides with cell cycle arrest . Therefore, an obvious candidate tunction that might
be altered, either directly or indirectly, by twist early in the myogenic program is the

cell cycle progression machinery.

It has been shown that terminal skeletal muscle differentiation and proliferation are
opposing phenotypes. When myoblasts differentiate, they exit from the cell cycle and
express various muscle-specific genes. They do not re-enter the cell cycle.
Accordingly, MyoD expression induces growth arrest and many cell cycle regulatory
molecules have been shown to either directly interact with MyoD or indirectly affect the
myogenic differentiation (see reviews (Lassar et al., 1994; Harper and Elledge, 1996).
For example, p21 and p27 CDI's (cyclin dependent kinase inhibitors) are expressed in
the myotome and they are induced upon MyoD expression in transfected 10T1/2 cells
(Nguyen et al., ), Palmer et al, submitted). p21 or p27 co-transfection with MyoD
enhances myogenic differentiation by withdrawing cells out of cycle ((Halevy et al.,
1995) this work). Conversely, co-transtection of MyoD and cyclin D1, which pushes

cells through G1, inhibits myogenic differentiation ((Skapek et al., 1995). Also,
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MyoD is shown to interact with Rb family members (Gu et al., 1993) and Rb-/- mice
studies show that Rb function is required in differentiated myotubes to prevent further

DNA synthesis (Fuchtbauer, 1995).
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MATERIALS AND METHODS

Plasmids

MyoD, twist, p21, and p27 coding regions were cloned into pECE vector which
provides the SV40 promoter and polyA site. Construction and characterization of
MyoD~E47 are described in Neuhold & Wold, 1992. MEF2C expression plasmid was
a gift from E. Olson's laboratory. myog-twi plasmid was constructed by fusing the
coding region of twist to 1.5kb myogenin regulatory region described in Cheng et al.

1993,

Tissue Culture and CAT assay

C3HI10T1/2 cells were seeded at low density in 15%FBS/DMEM in 6em plastic dishes.
In each transfection, 1 pg of MyoD expression plasmid and equivalent molar amount of
twist expression plasmid in same vector background were used, along with 1-2 pg of
p27 or p21 expression plasmids. The mixture of DNA with carrier (total of 15 pg per
plate) was precipitated using calcium phosphate method as described. Transtected cells
were treated with 30uM chloroquine overnight and changed to fresh medium. Cells
were allowed to recover for one day and switched to difterentiation medium (2% horse

serum in DMEM) for 3 days before they were harvested for CAT assay.

Tissue culture and Imnmnbstaining

10T1/2 cells were transfected as described above except that cells were harvested in
growth serum 24-36 hours after recovery period. BrdU was added to 10 uM in growth
serum 10) to 12 hours prior to harvest time. At the time of harvest, cells were rinsed in
PBS and fixed in ice cold 100% ethanol. They were re-hydrated in PBS and stained
for CDS cell surface marker, either conjugated to FITC primary antibody (from DAKO)

or with unconjugated anti-CD8 from Sigma and subsequently labeled with FITC
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through biotinylated secondary and avidin D conjugated with FITC. Cells were tixed
again in ethanol and rehydrated. For BrdU antibody labeling, the cells were treated
with 2M HCI/PBS for 5-10 minutes at R.T. and rinse thoroughly in PBS. Rat anti-
BrdU antibody () was used at 1:20) dilution and secondary antibody conjugated to
TRITC was used to visualize BrdU positive cells. Photograph was taken under the
Olympus microscope using appropriate filters. Cells were counted by random choice
of fields and equivalent number of total transfected cells were counted within each

experiment.

LIVE/DEAD staining

To differentially label dead cells from live cells, we used LIVE/DEAD eukolight
viability/cytotoxicity kit from Molecular Probes according to the manufacturer's
instructions. Briefly, the transfected cells were rinsed in PBS and 10 pl of calcein
stock solution and 5 pl of ethidium homodimer were diluted in 10 ml of PBS. Cells
were covered with 5 ml of staining solution for 15 minutes in 37 C. For double
labeling of transfected cells with dead cells, cells were labeled with anti-CDS first (see
above) and then labeled with ethidium homodimer. Staining solution was rinsed off
and the cells were covered with PBS and checked under fluorescence microscopy. The

cells were then re-cultured by adding growth medium.

RT-PCR

RT-PCR analysis was done essentially as described by Patapoutian et al . Exogenous
twist expression was monitored by 5' twist internal primer with 3' primer from the
SV40 polyA tail region. 100ng of total RNA was used in each reaction. GAP-DH
samples were taken out after 16 cycles and myogenin and exogenous twist samples
were taken out after 27 cycles of amplification. PCR products were separated on a

6% denaturing acrylamide gel.
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RESULTS

Growth arrested cells expressing MyoD and p21 or p27 cannot
differentiate in the presence of twist.

During normal skeletal muscle differentiation in vivo or in cell culture, myoblasts
withdraw permanently from the cell cycle before they differentiate. MyoD has been
shown to inhibit growth arrest and to induce terminal differentiation in transfected cell.
Accordingly, MyoD induces the expression of p21(Nguyen et al., ) and co-transfection
of MyoD with p21 or p27 substantially enhances muscle specific gene expression (Li et
al., 1992), Palmer et al., submitted, figure 1) Hence, one of the ways in which twist
could inhibit myogenesis initiated by MyoD may be through forcing MyoD expressing
cells through continuous cell cycle. Therefore, we first asked whether twist inhibition
of myogenesis can be bypassed by ectopic expression of p21 or p27 with MyoD. As
shown in figure 1, although co-transtection of p21 or p27 with MyoD enhances the
CAT activity from the MCK reporter by 5-10 fold, co-expression of twist brings the
reporter activity to background level. This result suggests that twist is either capable of
pushing cells through cycle in the presence of MyoD and p21 or p27, or that twist is

capable of blocking muscle differentiation even in growth arrested cells.

Twist expressing cells can withdraw from cell cycle.

To discriminate between these possibilities, cells with the pertinent regulators, alone
and in combination, were evaluated for their cell cycling status by labelling with BrdU.
If twist forces cell cycle progression, then we would expect that the fraction of cells in
S-phase would be elevated in all cases where twist is successtully repressing MyoD
initiated differentiation. A functionally neutral cell surface marker (CD8) was used to
identify transfected cells by co-transfection with the regulators, and duplicate plates of

each precipitate were made to make parallel comparisons between MCK-CAT activity
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and BrdU incorporation. The cell cycle status of MyoD transfected cells was first
tested in the presence of p27 and/or twist at low cell density in the presence of high
serum (15%FBS), conditions that highly promote cell cycle progression. A second
condition was high cell density in which contact inhibition promotes cell cycle arrest
and, in the presence of MyoD, differentiation. As expected and shown in Fig 2 and
Table 1, MyoD alone did not induce significant cell cycle withdrawal in transfected cells
at low cell density in the presence of high serum, and this correlates with very low
MCK-CAT reporter activity in the companion sample. However, the inclusion of p27
resulted in reduction of BrdU+ cells, indicating that some of these transfected cells are
no longer in S phase. This correlated with correspondingly elevated activity from the
muscle reporter gene. Interestingly, when twist was included, there was no significant
increase in the percentage of cells in S-phase (BrdU positive). In fact, the S-phase
labelling index dropped when twist was included. We veritied that the reason for
reduced S-phase labelling in twist transfected samples wué not an increase in cell death
due to apoptosis by using a reagent that selectively labels dead cells in parallel with vital
labeling of transfected cells by anti-CD8 antibody (see Materials and Methods for
details, data not shown). Counts of CD8 positive cells from these transfections
revealed that live transfected cells were present in comparable levels in the presence or
absence of twist. We therefore conclude that the myogenic suppressing action of twist
does not involve forced cell cycle progression through S-phase in this test system. A
further implication is that twist can suppress expression of muscle differentiation genes

in cells that are mitotically quiescent.

Concurrent expression of twist under myogenin control blocks myogenic
reporter activity.
Since the above data suggested that twist inhibition can act after cell cycle withdrawal,

we expressed twist later in the myogenic program, using the myogenin promoter. This
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promoter region has been characterized by (Cheng et al., 1993; Yee and Rigby, 1993)
and is shown to be active in tissue culture cells as well as in transgenic embryos. Twist
expression from this promoter is dependent on MyoD and it mimics endogenous
myogenin expression (Fig. 3). Myogenin is a differentiation class MRF expressed
after the determination step; therefore, the expectation in this experiment is that
exogenous MyoD is expressed initially following transtection, an that it has had
sufficient time to activate other known and unknown myogenic events that precede
myogenin (and therefore myog-twi) expression. Allowing the early myogenic program
to proceed in the absence of twist interference, until the onset of endogenous
myogenin, was not sufficient to lock the transfected cells into muscle difterentiation
pathway since myogenin promolter driven twist expression results in the block of MCK

reporter expression (Fig 3).



DISCUSSION

We and others have shown that twist expression is inhibitory to muscle differentiation.
Twist can do this using at least three distinct mechanisms of inhibition. One
mechanism involves the bHLH competition and protein:protein interaction with E-
proteins (Chapter 1 and (Spicer et al., 1996)). The second mechanism, shown by
Spicer and colleagues, is mediated by twist's ability to sequester MEF2 family
members by direct protein:protein interaction. The third mechanism requires the N-
terminus of twist and does not rely on bHLH competition (Chapter 2). In this study,
we examined the effects of twist expression on several major, early steps in

myogenesis to identify the target points of twist inhibition.

Twist is widely expressed in proliferating mesodermal cells in the developing embryo,
including the myogenic precursor cells, and its expression is excluded from the
myotome as myocytes differentiate (Woll, 1991; Fuchtbauer, 1995; Stoetzel et al.,
1995), our unpublished data). In Drosophila, twist-expressing myogenic precursors in
late stage embryos are capable of dividing and expanding betore they differentiate to
form the adult muscles (Currie, 1991). Therefore, it seemed possible that twist may be
inhibiting muscle differentiation by interacting directly or indirectly with the cell cycle
machinery in the transfected cells to force cycling. We have tested this hypothesis by
antibody staining of transfected cells labeled with BrdU (Materials and Methods for
details). The results of our study show that MyoD plus p21 or p27 transfected cells are
capable of withdraw from the cell cycle in the presence of twist. Consistent with
enhanced myogenic report by MCK-CAT reporter (Fig. 1), co-expression of p27
results in significant shift in the number of cells that are arrested in the cell cycle.
Addition of twist to these cells has no positive effect on their ability to withdraw from

cell cycle (Fig 2 and Table 1). In fact, co-expression of MyoD, p27, and twist seems
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to withdraw more cells out of cell cycle than MyoD and p27 in both low and high
density culture conditions. Mutational analysis revealed that MyoD's ability to induce
growth arrest and differentiation are separable functions (Sorrentino et al., 1990;
Crescenzi et al., 1990). Therefore, it is plausible that in the presence of twist, which
can interact with MEF2 and might also bind other myogenic co-factors, more MyoD
becomes available for its cell cycle withdrawal function. In this scenario, twist titrates
other cofactors that would normally interact with MyoD to initiate differentiation. This
explanation assumes that MyoD interacts with different molecules for the differentiation
and cell cycle arrest functions and that twist has significant aftinity for myogenic co-

factors. At this time, these seem reasonable possibilities.

The experiments reported here make it clear that twist inhibition of myogenesis initiated
by MyoD does not operate by blocking cell cycle withdrawal in 10T1/2 cells. Instead,
it acts through mechanisms suppress terminal differentiation gene expression. This
highlights previously reported parallel pathways activated by MyoD expression: one
that leads to growth arrest and the other leading to muscle differentiation (Sorrentino et
al., 1990; Crescenzi et al., 1990). Twist inhibition of MyoD function therefore seems
to affect only one of the two pathways. This observation also points out that at least
one important step (Cell cycle withdrawal) toward terminal differentiation can take place

in the presence of twist.

Interestingly, expressing twist relatively late in the myogenic program still inhibits
muscle differentiation. Although myogenin knock-in into myf5 locus experiment
suggests that MRFs can substitute for each other functionally in the developing
embryo, single mutant analysis of individual MRFs show different phenotypes (Hasty
et al., 1993; Nabeshima et al., 1993). In particular, myogenin knockout animals

clearly distinguish myogenin as a differentiation factor normally required in myoblasts.
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clearly distinguish myogenin as a differentiation factor normally required in myoblasts.
The results from myog-twi experiment support this observation (Fig. 3). Ectopic
expression of MyoD in 10T1/2 cells could "determine” these cells, as it does in vivo,
but did not immediately activate terminal differentiation markers. Concurrent
expression of twist and myogenin in these cells blocks muscle ditferentiation, similar to
those undifferentiated myoblasts in myogenin -/- mice. It has been observed that these
mutant myoblasts can differentiate once they are removed from the animal and cultured
(Nabeshima et al., 1993). Theretore, it will be interesting to test if different culture

conditions could alleviate twist inhibition in myog-twi expressing 10T1/2 cells.

Twist inhibition is a powerful block that can occur late in the myogenic program and it
occurs in growth arrested cells. Since these cells do not go through apoptosis, as do
Rb -/- cells (Schneider et al., 1994). However, it is unclear exactly what the status of
these cells is. We have monitored markers of sclerotomal or dermatomal fates in twist
expressing cells, but observed no induction of such markers (Pax1,3,7,9, 1d1,2,3,4,
shh, sim-1). This is not to say that the fates of these cells have assumed the precursor-
like phenotype or some other cell phenotype. The markers used may simply fail to

detect the twist dependent phenotype.

Although much has been learned about the early myogenic determination steps in the
last several years, it seems likely that there may be unidentified steps in the process.
Despite the general knowledge that ectopic expression of MRF's can convert many cells
into muscle, there are "non-permissive” cells that do not convert. For example,
expression of MyoD in CV1 cells result in growth arrest but these cells do not
differentiate (Crescenzi et al., 1990). Many rhabdomyosarcoma tumor cell lines
express high levels of MyoD but fail to differentiate. These observations suggest that

either these cells express high levels of negative regulators such as twist or Id or that
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they may have problems in other differentiation steps. The differentiation defective
phenotype of these rhabdomyosarcoma cells can be complemented when 10T1/2
fibroblast are fused to these cells. Naive 10T/12 cells do express low levels of
endogenous twist (our unpublished data) and it will be interesting to see whether high
level twist expressing fibroblast cells can still rescue the muscle differentiation
phenotype when fused to these cells. It is interesting to note that the C2C12 myogenic
cell line is one of very few cell lines that do not express twist (our unpublished data),
consistent with twist having an inhibitory effect on myogenesis, and when twist is
stably transfected into these cells, they fail to differentiate ((Hebrok, 1994), our

unpublished results).
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Fig. 1 Twist inhibits myogenesis even in the presence of cell cycle inhibitors p21 and
p27 with MyoD. p2l and p27 CDI's enhance myogenic differentiation when co-
transfected with MyoD by arresting cell cycle. When twist is co-transfected with these

regulators, the MCK-CAT reporter levels falls back to basal level.
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Fig. 2 Immunohistostaining of transtected 10T1/2 cells labeled with BrdU for
approximately 10 hours under low density condition show that twist does not alter the
cell cycle status of MyoD transfected cells. C3HL0T1/2 cells were transfected with
either CD8 transtection marker alone(A-C) or with MyoD (D-F), MyoD+p27 (G-I), or
MyoD+p27+twist (J-L). Majority of the cells that are transfected with CD8§ alone or
CD8+MyoD label for BrdU, suggesting that they are still cycling. However, most of
the cells transtected with MyoD+p27 or MyoD+p27+twist do not label for BrdU,

suggesting that they are arrested.
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Low density plate Confluent plate

CD8+ |CD8+BrdU+ Iocmwwmaf CD8+ | CD8+BrdU+ loomm_w“c,,
Control 224 196 88% 225 102 45%
Twist 203 166 82% 218 102 47%
MyoD 228 170 75% 204 69 34%
MyoD+Twist 210 175 83% 196 46 23%
MyoD+p27 210 96 46 % 220 38 17%
MyoD+p27+Twist| 218 57 26% 213 17 8%




Table 1. Transfected 10T1/2 cells were stained for CDS (to identify transfected cells)
and BrdU (to mark cells in S-phase) in either low density or contact inhibited high
density conditions (both high serum condition). The cell numbers indicate total

numbers of positive staining cells counted from randomly chosen fields in each plate.
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Fig. 3 (top) When twist is expressed later in the myogenic program, from the
myogenin promoter, muscle differentiation is still inhibited. This suggests that twist is
capable of blocking determined myoblast from becoming fully differentiated. (bottom)
RT-PCR analysis of transfected 10T1/2 cells show that myog-twi construct expression

depends on MyoD expression and that it copies endogenous myogenin expression.
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Fig.4 Simplified schematics of twist target points in myogenic differentiation. Twist
can act early when co-transfected with MyoD by preventing onset of myogenin
expression. In addition, twist can function after the cell cycle arrest and early myogenic
determination steps have taken place when expressed from the myogenin promoter to

prevent terminal differentiation.
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Appendix A

Yeast Two Hybrid Screen for Twist Interacting
Proteins



SUMMARY

Twist is a basic helix-loop-helix transcription factor that has been shown to interact
with other bHLH molecules as well as with a MADS-box factor MEF2. Since the
identity of the partner in different cellular settings may define the activity of twist, a
yeast two hybrid screen was performed from mouse E9.5 and E10.5 cDNA fusion
libraries. Of the 30 positive clones identified, five had open reading frames. These
clones encode twist itself, an E-protein, and three unknown proteins. The results of
this screen suggest that twist can form homodimers and that it can interact with non-
bHLH factors. The E-protein isolated from this screen might be a new alternatively
spliced variant of E2-5 gene or it may be a novel E-protein. The characterization of the
unknowns might reveal some important co-factors that modulate twist and other bHLH

factor functions.



INTRODUCTION

Twist is a member of the basic helix-loop-helix (PHLH) family of transcription factors.
This family of transcription factors can be largely subdivided into three groups: 1)
widely expressed E-proteins including E12, E47, E2-2, HEB that form homo- and
hetero-dimers 2) tissue specific factors such as the MyoD family, members of the
achaete scute complex, and early mesodermal regulator such as twist, among others,
and that preferentially form heterodimers with the E-protein family members, 3)
dominant negative factors that do not contain the basic region for contacting DNA, such
as Id family members and emc that form inactive complexes with either E-proteins or

tissue specific factors.

What is inherent in the molecular design of the bHLH family and in the leucine-zipper
family of transcription factors is the inevitable combinatorial effects depending on
partner availability and choice among the factors. The Id family members and twist
have been shown to compete for available E-proteins with MyoD when they are co-
transfected into fibroblast cells. Hence, they prevent MyoD function post-
translationally via protein:protein competition when there is limiting amounts of E-
proteins. When exogenous E-proteins are highly expressed, Id is not an efficient
negative regulator of MyoD since the titrating elfect of Id is not significant in that

setting.

The helix-loop-helix region is mainly required for dimerization and the basic region for
DNA binding. Hence, depending on the partner, a given bHLH factors may bind to
different target sequences and regulate different downstream gene expressions. Tissue

specific factors such as MyoD interacts with E-proteins mostly to form MyoD:E-protein
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complexes. However, in some settings, they may directly interact with each other and
form tissue specific dimer complexes. This dimer would be expected to behave
completely differently from either twist:E or dermo-1:E complexes such that in a
minimal theoretical setting where there are only three factors present, one would expect
six different species of complexes whose target site preference (and possibly the

activity on the promoter, depending on the neighboring factors) may be different.

In addition to the interactions among bHLH regulators themselves, recent studies have
revealed that many non-hHLH transcription factors as well as cellular factors can
interact with bHLH factors. Most relevant in the myogenic lineage is the demonstrated
interaction between MyoD, myogenin, and twist with MEF2 family members.
Although these molecules do not share the same dimerization motif, they do interact
with each other physically and bind DNA cooperatively. On the other hand, E1A and
Rb also interact with the bHLH domain of MyoD. Consistent with these observations,
recent screens using hHLH regulators in yeast two hybrid screen turned up a large
number of unknown molecules that do not contain 2 bBHLH domain but do interact with
various bHLH factors in a sequence specilic manner. These cofactors add yet another
level of complexity in understanding the consequence of a bHLH factor expression in a
given setting: there may be a competition for available co-factors in addition to the
bHLH rivalry. Depending on the co-factor, the target site preference or transcriptional

activity of a given complex is likely to vary.

In the developing mouse embryo, many bHLH factors have been identified to date that
over-lap in their expression patterns. One can only imagine the complex tratfic control
problems these nuclei must face to prevent complete chaos. The goal of the
experiments described in this chapter was to identify potential partners of twist in the

developing embryo using the yeast two hybrid screen. The importance of identifying
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the twist partners is obvious since the downstream target gene identification depends

directly on identifying the proper partner(s) of twist.
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MATERIALS AND METHODS

Library screen

Yeast two hybrid library screen kit modified by Stanley Hollenberg had been used
successfully with E12 bHLH domain as a bait by E. Olson's group (Cserjesi et al.,
1995; Burgess et al., 1995). LexA tusion vector BTM116 was constructed by Paul
Bartel, and it contains the TRP1 gene and a polylinker downstream of the lexA coding
sequence. It does not contain a nuclear localization signal in order to reduce the
background; hence, only the interacting cDNA partners will transport the lexA fusion
protein into the nucleus. Truncated twist containing the bHLH domain and the
following COOH-terminus end was fused to lexA sequence at the Smal site and this

fusion junction was verified to be in-frame by sequencing.

The cDNA library used in the screen was also tfrom Hollenberg's laboratory. A
mixture of E9.5 and E1().5 mouse embryonic ¢cDNA libraries fused to VP16 activation
domain was used in the screen. The library plasmid contains the LEU2 gene and NLS-
VP16-linker unit driven by the ADH promoter. The insert size ranges from 350 - 700
nucleotides and the inserts were PCR amplified to increase the amount of cDNA. By
the time of this screen, they had been amplitied three times. Inserts from this library
were sequenced directly using either M 13 universal primer (bottom strand) or by YTH1

primer (5' GAG TTT GAG CAG ATG TTT A 3', top strand).

L40 yeast strain (MATa his3D200) trp1-901 leu2-3,112 ade2 LYS2::(lexAop)4-HIS3
URA3::(lexAop)g-lacZ gald?? gal80?7?) was used as the host strain for the screen. The
expression of both HIS3 and lacZ are driven by minimal GAL1 promoter fused to
multimerized lexA binding sites. Hence, only when the lexA binding site is occupied

(IexA binding domain from the bait fusion protein) and activational domain present
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(cDNA library fusion protein), these transformants can grow on His- plates and

express lacZ.

Competent L40 cells were made and transtormed with the bait twist fusion protein and
grown on a minimal plate (YD + Ade(20mg/ml), His(20mg/ml), Leu(30mg/ml),
Lys(30mg/ml), Ura(20mg/ml): note that this is ditferent from the recipe recommended
by the Hollenberg protocol. Standard LiAc transtormation was used, as described in
the Hollenberg's kit, to introduce the bait expression plasmid into L4(). Single colony
was purified and its DNA extracted and sequenced to confirm that a proper bait plasmid
was carried in L4(0/lexA-twi. For the large scale library transtormation, L40/lexA-twi
was grown in minimal media over night and then in rich media(YPD) for 3-4 hours
until OD of ~.6. Again, the cells were prepared for LiAc transformation following the
protocol and the mixture of E9.5 (250ug) and E10.5 (250ug) fusion cDNA library
DNA was transformed. Transformants were plated onto 25 X 25c¢m plates containing
YD+Ade plates and small aliquot dilutions were plated onto YD+Ade+His 10cm plates

to check the transformation efficiency.

From approximately 15X106 colonies plated (from two large scale transformations),
roughlyl()Xl(')3 colonies were His+. These colonies were tested for lacZ expression
by the top-agarose assay. This method is much superior to the recommended filter
assay in giving clean, strong positive signal and eliminating the background all
together. Only 30 colonies scored as lacZ positive by this assay and they were picked
for further characterization. Of these, 16 survived the picking and culturing during the

next steps.

Since the number of positive clones was relatively small, the insert DNA from these

clones were extracted directly. Crude yeast DNA prep was made and its plasmid DNA
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was electroporated into DHS-alpha bacterial strain (note: it's important to use
electroporation of yeast DNA rather than standard CaCl transformation. Contaminants
from the yeast DNA prep inhibits CaCl transformation). Plasmids extracted from the
bacteria were sorted by size (since both bait and fish plasmids are isolated together from
the yeast prep, sorting of the plasmids had to be done at this step) and directly
sequenced using the M13F primer and YTHI primer. Due to the possibility of multiple
transformation (the dose of DNA used errors on this side), some clones had to be re-
purified several times before the right plasmid was extracted. False positive
interactions were tested by re-transtforming the isolated plasmids into L40/lexA-lamin.

None of the identitied clones showed false-positivity by this assay.

In situ hybridization

TIP 8, TIP12, and TIP18 inserts were moved into pBSII plasmid for further
characterization. TIP8 and TIP12 were linearized either at BamHI (anti-sense) or
EcoRI (sense) and transcribed with T3 or T7 RNA polymerases to make DIG-labeled
riboprobes. Wholemount in situ using E9.5d and E10).5d embryos were performed as

described in (Conlon and Rossant, 1992).

cDNA library screen

E10 mouse embryonic ¢cDNA library was purchased from Novagen. Initial plating of
phages were done at 3X10E4 plaques per plate. For tip12, total of 5.4X10ES5 plaques
were screened and one positive plaque was identitied. For tip8, only 1.5X10ES
plaques were screened and no positive plaque was identitied. After the initial round,

the single tip12 positive plaque was purified two more round.
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RESULTS

Data from chapters 1 and 2 suggest that there may be at least two functionally important
domains in twist molecule. The bHLH domain retained in the truncated twist (twi.B) is
capable of competiting for available E-proteins and hence inhibits MyoD in DNA
binding assays as well as in transfected tissue culture cells. However, when the E-
protein competition is eliminated by the use of tethered dimer MyoD~E47, twist bHLH
region was not sufficient to inhibit MyoD~E47 when the full length twist was. The fact
that the N-terminus of twist is required for full inhibition, as well as the fact that twist
forms active DNA binding complexes with E-proteins, suggested that N-terminus of
twist may ftacilitate interactions with other transcription factors or co-factors. Since we
have not been able to show any transcriptional activation by twist, we separated the
bHLH domain from the N-terminus in case that the N-terminus contains repressor

activity.

Yeast two hybrid screen has been used successfully by many laboratories now to
identify molecules that interact with cach other as transcription factors, cell cycle
machinery components, and transduction pathway complexes. The power of this
screening approach lies in the fact that the only requirement for its successtul use is that
the two molecules interact with each other well enough that the complex formation can
occur in yeast. The feasibility for such interaction using a mammalian bHLH family
has been established by Olson's group (Cserjesi et al., 1995; Li et al., 1995) They have

isolated several tissue specific bHLH factors using the E12 bHLH domain as the bait.

16 clones that interact with twist bHLH domain were isolated and named TIPs (Twist
Interacting Proteins). Of these, live clones (TIP4,8,12,18,21) have been characterized

and the rest either had no open reading frame (TIP3, 5, 6,11) or the original insert that
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gave specific interaction was never recovered (TIP 2,14,15,17,19,20). One clone had
no insert (TIP13), which is expected to give higher background lacZ expression level
than a plasmid with random insert. As mentioned in the Materials and Methods section,
all five of the characterized clones were sequence specific interactors of twist bBHLH
domain and the three clones with no ORF also showed sequence specific interaction.
The complications due to multiple transformed plasmids per clone might have reduced
the efficiency of plasmid recovery from some clones. Sequential plating of some
clones from which I tailed to isolate ORF containing plasmids gave rise to mixed
population of lacZ-positive and lacZ-negative colonies as the plasmids segregated out

later.

TIP§ contains 255 nucleotide insert that shares identical bHLH domain with a
known bHLH factor, E47. However, the insert also contains unique sequences both 5'
and 3' of the shared region with E47. These unique sequences bracket potential splice
donor and acceptor sites and hence it is possible that either TIP8 is a new splice variant
of E2-5 gene, which gives rise to E12 and E47 by alternative splicing, or TIP8 is
encoded by a novel E-protein gene. The possibility of TIP8 being a by-product of a
cloning artifect cannot be ruled out at this time cither. In order to distinguish these
possibilities, cDNA library from E1() mouse embryo (Novagen) was screened using the
21 bp oligonucleotide specific to the unique sequence in the 5' end of TIP8 clone.
1.5X10ES plaques were screened at high stringency but no positive clone was

identified.

To test the abundance and authenticity of the TIPS transcript, I used RT-PCR on E9.5
and E10.5 mouse total RNA using primers {rom unique 5' and 3' sequences. Both

RNA samples gave strong signals of expected molecular weight, suggesting that the



145
transcript containing these sequences is expressed at a respectable level in the
developing embryo. However, the small scale cDNA library screen tailed to pull out
corresponding cDNA from the E10 mouse embryo library. These results suggest that a
larger screen is needed to conclude whether TIPS is expressed at low levels but real or

whether TIPS is a cloning artifect.

A recent discovery of MITF-2B transcript makes the splice variant possiblity more
probable (Skerjanc et al., 1996). MITF is the mouse locus tor ITF2 gene and it
produces at least two transcripts, MITE-2A and MITF-2B. These transcripts give rise
to two E-proteins with identical bHLH domains but opposing effects on MyoD activity.
Both molecules dimerize with MyoD but MITF-2A acts as a positive co-factor whereas
MITF-2B inhibits MyoD activity. MITF-2B differs from MITF-2A in its amino-
terminus, and the negative regulatory activityol MITF-2B is localized to 83 amino acids
in the N-terminus. This observation 1s particularly intriguing since twist acts as a
negative regulator of MyoD function as well. Another group used the full length twist
as bait in similar screens as this and found many E-proteins among the positive
interacting clones. Therclore, TIP8 may be a genuine endogenous partner of twist. It
will be interesting to test whether 1) twist:TIP8 complex contains different
transcactivational activity than twist:E47 or other known positive acting E-proteins 2)
TIP§ can interact with MyoD and other tissue specific factors (which is probable) and
3) TIP§ can act as a dominant negative co-factor. The challenge lies in isolating the full
length cDNA corresponding to TIPS since the unique sequence stretches are too short

for efficient screening.

To test whether TIP8 shows tissue specilic expression in the developing embryo, anti-
sense TIP& riboprobe and sense control probe were used in wholemount in situ

hybridization experiments. Embryos {rom E9.5d and E10.5d were harvested and
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processed as described. Similar to other ubiquitous E-proteins, TIP8 did not give
strong tissue-specific expression pattern. This observation may be skewed by the fact
that a large domain of the probe used is identical to E-47 and hence not specfic.
Although riboprobes containing large domains of shared regions with other family
members have been used successtully to show distinet expression patterns, TIP§ does
not contain enough unique sequences. Hence, the expression pattern characterization

also must wait for a longer cDNA clone.

TIP12

TIP12 transcript shows no homology to any known sequence in the databank. Its
theoretical structural analysis revealed that TIP12 forms helix-loop-helix structure;
however, it does not conform to the classical bBHLH homology very well. Hence,
either it is a member of a novel family of factors that can interact with the known bHLH
proteins or it just sticks to bHLH domains because of the structural similarity. It may
be a cytoplasmic protein which may not be a relevant interactor of bHLH nuclear
factors, except perhaps in the process of nuclear transport. One of the major
drawbacks in yeast two hybrid screen is the large number of background positive

clones, although TIP12 does not seem to fall into this category.

c¢DNA library from E10) mouse embryo was screened for TIP12 ¢cDNA using the whole
insert as a probe (310 bp). Only one positive clone was isolated during the first round
of screening which duplicated in later purification steps. The insert of this clone
unfortunately was not bigger than TIP12 itself and no new sequence information was
gathered. The fact that TIP12 sequence was isolated from a completely ditferent library
suggests that this transcript is rcal; however, the relative low abundance of this
transcript, confirmed by RT-PCR, suggests that a larger number of cDNA clones

should be screened for isolating the full length clone.
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In situ hybridization using the anti-sense riboprobe of TIP12 revealed very low
expression. It is hard to conclude whether the wholemount in situ is not sensitive
enough to detect low level expression of TIP12, or whether there is wide spread low
level expression of TIP12 since no tissue specificity could be assigned to these
embryos. Again, a longer probe or a probe from a dtferent region might help bring out

the signal to determine tissue specificity or general expression pattern.

TIP18

TIP18 clone contains a ~360 bp insert with an open reading frame. However, the
insert does not match any known sequence in the data bank. It is rich in leucine
residues and it interacts with twist bBHLH region in a sequence specific manner in yeast.
Primers from this sequence used in RT-PCR amplity an expected size band from E9.5
and E10.5 mouse embryonic RNA. However, nothing else is known about this

molecule at the moment.

TIP21

TIP21 sequence is identical to murine twist. This insert is ~500 bps long and all of it
matches the known murine twist sequence. Identification of twist in this screen
demonstrates that at least in yeast, twist is capable of forming homodimers. This
observation implies, but does not prove directly, that twist in mammalian tissues may
also form homodimers. If this were true, twist is also likely to form heterodimers with
dermo-1, which shares identical HLH domain and highly homologous basic and C-
terminal regions adjacent to the HLH domain with twist. An implication is that twist
may partner with many different bHLH proteins, including all known E-proteins (see
chapters 1 and 2), twist itself, dermo-1 and related bHLH proteins, and hence bind to

and regulate different kinds of promoters depending on its partner choice. The fact that
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and regulate different kinds of promoters depending on its partner choice. The fact that
dermo-1 and twist share overlapping domains of expression in dermomyotome and
later in dermatome suggests possible interactions between these two factors in that

lineage.
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Discussion

To identify potential, endogenous partners ol twist, twist bHLH region was used as a
bait in a yeast two hybrid screen using the fusion ¢cDNA library from E9.5 and E10.5
mouse embryos. The screen yielded twist itself, an E-protein, and several unknown
sequences. This result suggests that in addition to the expected bHLH proteins, twist
bHLH domain may interact with many different class of molecules. Recently, it has
been shown that twist can interact with MEF2 family members when heterodimerized
with E-proteins (Spicer et al., 1996) No MEF2 sequence was identified from this
screen but since only the bHLH domain was used in the screen, which is necessary tor
MEF2 interaction but may not be suflicient, it is hard to conclude the significance of
this finding. MyoD, on the other hand, has been shown to interact with many non-
bHLH factors such as Rb, EIA and c-jun. MyoD has also been shown to interact with
MEF2 but since MyoD was not used as a bait in a similar screen, it is hard to tell how
many of these physical interactions observed via biochemical means could be
recapitulated in the yeast. What is clear though is that there are many non-bHLH
factors that interact with hHLH proteins, often through the bHLH domain, and the

yeast system is permissive enough to allow such interactions.

In a recent screen that resulted in the isolation of dermo-1, Li and colleagues identified
11 clones that fell into the "J9 class” (Li et al., 1995). Members of this group share a
91-a.a. sequence homology that does not appear to encode a bHLH motif. Whether
any of the TIPs that are "unknown" helong to this class of molecules is unclear. No
sequence information for J9 class is available yet. Tt is probable that J9 class and some
of the TIPs may encode for co-factors that interact with bHLH molecules to modulate
their activity. A carelul analysis of these molecules might yield interesting insights into

the bHLH molecule regulation at the level ol higher order complex formation.



It is possible that these unknown sequences are junk sequences that result from
background interactions in the yeast. However, it is also possible that they may
represent the missing co-factors that are necessary for some bHLH molecules to
function. We and others have not been able to show transactivational activity of
mammalian twist although the Drosophila twist has been shown to be an activator. For
example, it would be interesting to see if twist can turn on the downstream reporter, an
artificial promoter containing multimerized twist binding sites, in the presence of some
TIP's. It has also been postulated that some of the cells lines that do not convert to
muscle upon MyoD expression contain either dominant negative factors or that they are
missing some key co-factors. Again, testing whether co-expression of J9 class or TIPs
in these settings to see if they can convert these cells into myogenic pathway would be

very interesting.
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