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Abstract

The work presented here addresses the question of how skeletal muscle
formation is initiated in the mouse by dissecting the regulatory mechanisms that control
the myogenic "regulatory factor Myf-5. Myf-5 is expressed in the dorsal somite from
E8, before the other MRFs, myogenin, MRF4 and MyoD, become activated. In the
mouse Myf-5 is located 8.5kb downstream of MRF4. Previous results have shown that
dispersed over the intergenic region and intragenic regions are the regulatory elements
involved in directing Myf-5 expression to the different anatomical subdomains that make
up its complete expression pattern. The regulatory element(s) controlling the dorsal
somite expression of Myf-5 is contained in the intergenic region while ventral somite
expression depends on elements in the Myf-5 gene itself. Because of the large size of
this region I have isolated the MRF4 and Myf-5 genes of the teleost Fugu rubripes,
which has a genome eight times smaller than that of the mouse. Although synteny is
conserved in Fugu and the intergenic distance is only 3kb, noncoding sequence
including the introns is poorly conserved. Focusing on the Myf-5 gene itself, sequence
comparison between the mouse and human Myf-5 genes was employed sucessfully to
eliminate more than 60% of the intron sequence by identifying conserved regions in the
3'half of each of the Myf-5 introns which, together with the 3'UTR can activate reporter
gene expression in the ventral posterior part of the somites. EMSA analysis with
embryonic protein extracts revealed several protein binding regions within the conserved
intron fragments and subsequent transgenic analysis showed not only that separate
genomic regions control individual anatomical domains of Myf-5 expression, but that
within these regions multiple binding sites are found, adding a further level of
complexity to the regulation of Myf-5. Analysis of the Fugu Myf-5 gene in transgenic
mice showed remarkable similarities with the expression pattern of Myf-5 in another
teleost, the zebrafish Danio rerio. Both are expressed in the presomitic mesoderm, as
well as the somites, suggesting that the expression of the Fugu transgene is a reflection

of its native expression pattern.
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Abbreviations
AP anterior-posterior
ATP adenosine 5'-triphosphate
bp base pair
BSA bovine serum albumin
bHLH basic -helix-loop-helix protein structure motif
cDNA complementary DNA
cpm counts per minute
C-terminus carboxy terminus
dH,0 distilled water
DNA deoxyribonucleic acid
DNase deoxyribonuclease
dATP deoxyadenosine 5'-triphosphate
dCTP deoxycytidine 5'-triphosphate
dGTP deoxyguanosine 5'-triphosphate
dNTP deoxyribonucleoside 5'-triphosphate
dTTP deoxythymidine 5'-triphosphate
ddNTP dideoxyribonucleoside 5'-triphosphate
dpc days post coitum
DTT dithiothreitol
DV dorsal-ventral
EDTA ethylenediaminetetraacetic acid
EMSA electrophoretic-mobility shift assay
HEPES N-2-hydroxyethylpiperazine-N'-ethanesulphonic acid
hpf hours post fertilisation
kb kilo base (base pairs)
KD kilo dalton
MBq mega bequerel
M molar
Mb mega base (base pairs)
uM micro molar
mM milli molar
ug micro gram
ul micro litre
mg milli gram
MOPS 3-N-morpholinopropanesulphonic acid
MRF Myogenic Regulatory Factor

11



Abbreviations

To(wiv)
Yo(vIv)
X-gal

MYogenic Factor

nano gram

milli litre

Nonidet P-40

amino terminus

acetate

optical density

polyacrylamide gel electrophoresis
phosphate buffered saline
polymerase chain reaction
phenylmethylsulphonyl fluoride
ribonuclease

revolutions per minute

reverse transcriptase

sodium chloride/ sodium citrate
sodium dodecyl sulphate

specific pathogen free
2-amino-2-(hydroxymethyl)-1,3-propanediol
Tris-borate-EDTA buffer
Tris-EDTA buffer

units

ultra violet

watts

grams per 100ml

ml per 100ml
5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside
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Chapter 1

Introduction

An important task in the field of vertebrate embryology is to elucidate the
mechanisms by which mesodermal cells acquire their developmental fates. The
determination of specific cell fates underlies the most fundamental processes of
development. In vertebrates, some of the early steps in determining cell fate take place
during gastrulation when cells become committed to each of the three primary germ
layers endoderm, ectoderm and mesoderm. Mesoderm specification begins with the
ingression of epiblast cells through the primitive streak followed by commitment and
allocation to the different mesodermal lineages: midline cells generate axial structures,
notochord and prechordal plate, paraxial mesoderm becomes progressively segmented
into the somites and also gives rise to the head mesoderm, while lateral mesoderm forms
the splanchnopleure and somatopleure. The somites of the paraxial mesoderm give rise
to the axial skeleton, trunk muscle, some head and neck muscle, some bones and
muscles of the skull and epidermis of the skin. The work presented here is concerned
with the regulation of the myogenic transcription factor Myf-5 and its role in the paraxial
mesoderm and in the commitment of cells to the myogenic lineages that give rise to
skeletal muscle. Before discussing the process of myogenesis in which mesodermal cells
acquire muscle fate, the establishment of the three germ layers is outlined briefly with
reference to the different model organisms studied as part of project, including the
mouse and teleost fish.

1. Germlayer Formation in the Mouse

Some of the most dramatic stages of differentiation of the embryo take place in the
process of gastrulation by establishing the three germ layers. Various aspects of
gastrulation have been studied in diverse organisms, including insects, birds, amphibia,
fish and mammals. The mouse fate map exhibits topological similarity with those of
chick, amphibia and teleost fish, indicating that even though the physical morphology of
gastrulation differs between organisms, some of the basic principles are conserved.
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Depending on the particular organism studied, however, the actual process of generating
the germlayers varies considerably.

Initially the undifferentiated cells of the mouse embryo divide to form a cluster of cells
called the morula. Up to the 16 cell stage the morula cells retain their equipotency and
can give rise to complete embryos. After further cell divisions the potency of these cells
becomes gradually restricted. Tight junctions form between the outer cells while a fluid
filled cavity (blastocoel) develops within the embryo. The cells in contact with the
outside become trophectoderm while the cells with no contact to the outside become the
inner cell mass (ICM). Cells of the ICM at the interface with the blastocoel give rise to
the primitive endoderm and cells trapped between the primitive endoderm and the
trophectoderm (black) form the epiblast (red) (see Fig. 1, stage E4.5). Around day 5 of
development, the blastula stage mouse embryo becomes implanted into the uterus and
part of the trophectoderm proliferates and pushes the epiblast ahead of itself (Fig. 1,
stage E5.5). The epiblast adopts epithelial character and becomes the primitive
mesectoderm surrounding the proamniotic cavity (green) (Fig. 1, stage E6). At around
E7 of development the primitive streak is formed from a subset of mesectoderm cells
near the interface of the extraembryonic and embryonic halves of the egg cylinder. The
epithelial continuity of mesectoderm is lost in the streak as cells delaminate to form the
three embryonic germlayers: ectoderm, mesoderm and endoderm. Fate mapping studies
of mesectoderm cells using lineage tracers (Gardner 1982, 1983) show that these cells
give rise to mesoderm as they ingress through the streak and some of the cells intercalate
into the visceral endoderm layer to give rise to embryonic endoderm (Fig. 1, see stage
E7) and also to extraembryonic tissues (Gardner and Rossant, 1979). Thus cells from
the mesectoderm (epiblast) are thought to contribute to all three germ layers of the
developing foetus.

At the anterior end of the streak the node is formed by a group of cells that appears to
have organising capacity similar to Hensen's node in the chick embryo and Spemann's
organiser in Xenopus and is likely to be involved in patterning of axial structures. It has
been suggested that the node also contains a proliferative centre from which the
notochord and floor plate cells of the neural tube originate (Selleck and Stern, 1991;
Sulik et al., 1994). Indeed, transplantation of chick node into zebrafish embryos
generates a secondary axis, suggesting that the underlying signals are evolutionarily
conserved (Hatta and Takahashi, 1996). Formation of the notochord divides the
mesodermal layer into the paraxial mesoderm on either side of the AP axis and marks the
onset of neurulation. Further differentiation of the paraxial mesoderm leads to its
successive segmentation and the formation of the somites, from which most skeletal
muscle is derived. In fish embryos, muscle is also formed from paraxial mesoderm but
the process in which paraxial mesoderm is established is not the same.
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Figure 1: Early Development of the Mouse Embryo. At around E4.5 the
initially equipotent cell mass divides into epithelial trophectoderm (black) and inner cell
mass (red) of the blastula with its fluid filled cavity the blastocoel (yellow).

Around ES the embryo implants into the uterus, the trophectoderm of the ectoplacental
cone pushes the ICM (epiblast) and the overlaying primitive endoderm (white) inside the
egg cylinder. Within the epiblast cells the proamniotic cavity forms (green) at E6,
followed by the formation of the primitive streak around E7 at the interface with the
extraembryonic ectoderm (striped). Cells delaminating from the mesectoderm (epiblast)
ingress through the streak between the mesectoderm and the visceral endoderm and form
two new layers the embryonic mesoderm and endoderm and also contribute to the
extraembryonic endoderm. At the most anterior end of the streak where the node is
formed there is no visceral endoderm overlaying the streak.

Figure 2: Epiboly in Teleost Fish.

2A: Schematic representation of the blastuala stage zebrafish embryo. The enveloping
layer (red) is the outermost epidermis of the embryo, enveloping the deep cells (DEL)
shown in gray, which ultimately give rise to all three germ layers. At the margin DEL
cells leave the blastoderm and contribute to the syncitial (multinucleated) yolk cell
(arrows).

2B: At 80% epiboly the synctial layer (blue) moves toward the vegetal (yolk rich) pole.
The EVL follows the syncitial layer toward the vegetal pole but remains on the outside.
At the margin of the blastoderm (germ ring), the deep cells involute (arrows) and give
rise to the hypoblast (shaded gradient) from which the presumptive mesoderm and
endoderm form. The outermost, noninvoluting DEL cells become epiblast from which
the presumptive ectoderm is formed. Additional cell movement towards the dorsal
midline (black arrow) of the embryo leads to a thickening of the germ ring, the
embryonic shield (ES).
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2. Germlayer Formation in Teleost Fish

The process of gastrulation in amphibia (e.g. Xenopus) and teleost fish (e.g. pufferfish,
zebrafish) shares many features with higher vertebrates. The most extensively studied
teleost is the zebrafish, Danio rerio. The main stages of gastrulation in these small
translucent embryos can be directly observed.

The fertilised egg at first divides synchronously and these intital cleavages are
incomplete (meroblastic) such that the furrows do not pass through the yolk rich region
of the egg thus giving rise to a giant uncleaved yolk cell. In zebrafish cleavages generate
two populations of blastoderm cells: the enveloping layer (EVL) forming the outer
epidermis (periderm) of the embryo (Bouvet, 1976) and the deep cell layer (DEL)
beneath the EVL that gives rise to the major ectodermal, mesodermal and endodermal
portions of the embryo (Martindale et al., 1987). At the midblastula stage DEL cells
located near the margin leave the blastoderm and contribute their nuclei to the syncitial
multinucleated yolk cell (Fig. 2A). During gastrulation, blastodermal cells gradually
move over the yolk cell towards the vegetal (yolk rich) pole, enveloping the yolk cell
which is destined for digestion in the prospective gut of the embryo. This process, for
which there is no counterpart in higher vertebrate development, requires spreading of the
blastoderm layer and is driven by radial intercalation of blastomeres (epiboly)
accompanied by concomitant thinning of the blastoderm. In zebrafish, during this stage
extensive cell mixing within the DVL takes place and descendants from single
blastomeres move to diverse locations and will eventually give rise to diverse cell types
(Kimmel and Warga, 1987). Thus fate maps of pregastrulation zebrafish embryos are
difficult to obtain. Involution can be regarded as a similar event as invagination during
development of higher vertebrates (Trinkaus, 1988). Involution marks the onset of
mesoderm formation and takes place at 50% epiboly, when half of the yolk cell is
covered by the enveloping blastoderm. In teleosts involution does not initiate at the
dorsal side of the embryo (as it does in amphibia) but begins more or less
simultaneously around the circumference of the blastoderm. The involuted internal layer
of blastoderm cells forms the hypoblast and the outer blastoderm DEL layer becomes the
epiblast (see Fig. 2B). Convergent movement of cells from lateral positions to the dorsal
midline of the gastrula leads to formation of the embryonic shield (Fig. 2B), a thickening
of the germ ring with some similarity to the primitive streak or the blastopore of amniote
embryos and amphibia, respectively. Fate mapping studies in zebrafish have shown that
cells from the most lateral (outermost) layer of the epiblast do not involute and these cells
give rise to ectodermal derivatives. In contrast, the fate of the involuting cells as
described for the streak in amniotes, dependent on when they enter the hypoblast. Cells
from the region near the blastoderm margin enter early and give rise to endoderm while

cells at more lateral positions give rise to lateral and paraxial mesoderm (Kimmel et al.,
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1990). The specification of mesodermal fate at the molecular level is a complicated and
as yet not fully understood process, in which temporal and spatial distribution of
inductive signalling molecules play a major role.

3. Mesodermal Patterning

It is not clear if a homogeneous population of mesoderm cells ever exists, or if cells
ingressing through the primitive streak are already predetermined to become one of the
various mesoderm derivatives. Indeed, it appears that the first cells ingressing through
the primitive streak adopt the fate of lateral mesoderm, while the cells that follow go on
to develop into the paraxial mesoderm. Thus, mesodermal fate could be determined by
the timing of ingression through the streak alone, but it is likely that additional signalling
molecules are involved in patterning of the mesodermal cells. Candidate patterning
molecules, some with graded or partially restricted, some with uniform expression along
the AP axis of the primitive streak have been found, including peptide growth factors,
signalling molecules and transcription factors of the Zinc-finger and homeodomain-
families. Their complex expression patterns suggest combinatorial effects and indicate a
degree of overlap and redundancy in these molecules (Tam and Trainor, 1994). Since
dye labelled cells of the rostral presomitic mesoderm of mouse and chick embryos can
give rise to lateral plate mesoderm and endothelium, they can not be totally committed to
a particular cell fate until after somite segmentation (Bagnall, 1988; Beddington and
Martin, 1989; Selleck and Stern, 1991, 1992; Veini and Bellairs, 1991). Cells may be
prepatterned as they ingress through the streak and receive further reinforcing signals
depending on the distances from the primitive streak in order to adopt the fate of paraxial
or lateral mesoderm. FGF-3, FGF-4 and FGF-5 are known to be expressed in the
primitive streak and combinations of FGFs may act to specify the different mesodermal
derivatives passing through the primitive streak. However, targeted mutations for each
of these genes do not show defects in early gastrulation (Mansour et al., 1993; Hebert et
al., 1994; Feldman et al., 1995), probably because they can partly substitute for each
other's function. In contrast, homozygous mutations of the FGFR-1 receptor result in
severe mesodermal patterning defects (Yamaguchi et al., 1994), suggesting that specific
domains of expression of the FGFR-1 receptor rather than the FGF ligands play an
essential role in determining the ability of various cells in the streak to respond to
overlapping FGF signals. Given the complexity of the patterning mechanisms a
combination of both ligand and receptor distribution seems most likely.

Although the mechanisms underlying the fate of cell populations passing through the
streak is at present poorly understood, it is clear that epiblast cells entering the primitive
streak become allocated to different mesodermal populations. Mesoderm of the midline
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gives rise to notochord. Intermediate mesoderm gives rise to the kidney primordium and
lateral mesoderm provides much of the mesenchyme involved in development of the
viscera and the cartilage of the limb buds enveloped by surface ectoderm. Paraxial
mesoderm along both sides of the axial structures gives rise to the somites from which
the vertebrae and ribs, skeletal muscle and the dermis of the back are derived.

4. Somitogenesis

Amongst the first segmental structures formed in the mouse are the somites of the

paraxial mesoderm. Somites are continuously formed between E8 and E14 at the rostral
edge of the presomitic mesoderm and they are displaced anteriorly as the next somite is
born. The necessary cell mass is acquired by continuous recruitment of cells to the

caudal end of the presomitic mesoderm from different sources including cells ingressing
through the primitive streak contributing mainly to anterior somites, while tail bud
mesenchyme contributes to posterior somites (Beddington, 1981; Tam and Trainor,

1994). Accordingly, in the absence of primitive streak or caudal tissue, the presomitic
mesoderm can only give rise to a limited number of somites (Packard, 1978; Tam,

1986). At the anterior end of the paraxial mesoderm, in the cranial region and at the
posterior end of the presomitic mesoderm, additional segmental structures, termed
somitomers, have been identified by electron microscopy but according to Tam and (
Beddington (see Tam and Trainor, (1994)), lineage tracing experiments indicate that the 1
somitomers of the paraxial mesoderm are unlikely to be the direct precursors of the ‘
somites. In the mouse, about 65 pairs of somites are sequentially generated in the

process of somitogenesis, one pair every 1.5 hours. In zebrafish, roughly 30 somite

pairs are formed, starting at 10 hours postfertilisation (hpf), one pair every 20-30

minutes.

In mammals and birds, the newly formed somites are epithelial spheres of cells
surrounding mesenchymal cells within a central cavity, the somitocoel (Fig. 3A). The
specification of lineages in the somite is linked to the establishment of dorsoventral
polarity shortly after segmentation. Reorienting the dorsoventral polarity of the youngest
three somites has shown that the dorsoventral axis is not determined until about three
hours after segmentation. In contrast, rostrocaudal identity is already determined when !
the somites are formed (Aoyama and Asamoto, 1988). Following segmentation, the
spherical shape of the somites disintegrates into the ventral sclerotome and a dorsal
dermomyotome compartment (Fig. 3B). The sclerotome is formed by cells from the
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Figure 3: Somite Differentiation.

3A: Early epithelial somite budded off from the presomitic mesoderm, adjacent to the
axial structures, neural tube and notochord.

3B: The epithelial somite becomes divided into the dorsal dermomyotome and ventral
sclerotome compartments: Following axial signals, the somite breaks open and
mesenchymal sclerotome migrates from the ventromedial quadrant of the somite
medially, dorsally the epithelial character is retained in the dermomyotome.

3C: Myotome forms as cells move over the ventral and dorsal margins of the
dermomyotome. Myf-5 is first expressed in spatially separated ventral and dorsal
myotomes.

3D: The somitic bud derived from the lateral dermomyotome migrates laterally to
contribute to the ventrolateral body wall musculature.
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ventral wall of the somite and the somitocoel, giving rise to the precursor population for
the skeleton and cartilaginous tissues, while the dorsal compartment retains its epithelial
structure as it differentiates into dermomyotome and generates a second layer of
myotome mainly from its dorsal medial margin (Fig. 3C). At the lateral margin of the
dermomyotome, the somitic bud is formed from which hypaxial muscle precursors are
derived (Bober et al., 1994; Daston et al., 1996) (Fig. 3D). The formation of the
myotome has recently been studied by dye labelling of prospective myotomal precursors
in the dermomyotome of chick embryos (Denetclaw et al., 1997). These studies showed
that as the dermomyotome differentiates, the myotome is formed by the cells at the
dorsal lip migrating over the entire width of the dorsomedial edge. The myotome extends
in the ventrolateral direction, as the myotome fibres progressively lengthen in the
anteroposterior direction. Later the dorsal myotome gives rise to the muscle of the
vertebrae and the deep muscle of the back, while the ventral part of the myotome forms
the body wall muscle and the muscle of the limb. The dermotome differentiates into the
dermis of the trunk and tail. Signalling molecules from the axial structures, the surface
ectoderm and lateral plate mesoderm play an important role in the patterning and
maintenance of these somite compartments as well as in the commitment of cells to the

specific myogenic fates.

5. Somite Patterning

5. 1. Dorsoventral Patterning
The first visible differentiation of cell types in the somite is the formation of the
dermomyotome dorsolateraly, and the formation of sclerotome on the ventromedial
aspect of the somite. In the mouse sclerotome differentiation occurs 6-7 hours after the
somite was born at which time the next 4-5 somites have already formed. The timing of
somite differentiation is linked to the number of cell divisions the somite has to undergo
depending on its axial level (Snow, 1981; Tam 1981; Power and Tam 1993).
Dorsoventral rotation of chick somites shows that polarity along the dorsoventral axis is
first observed in somite IV, shortly prior to sclerotome formation (Aoyama and Asamoto
1988; Ordahl and Le Douarin, 1992) whereas rostrocaudal polarity is aquired much
earlier. This has been demonstrated by altering both the dorsoventral and rostrocaudal
axis at the same time. Rotated somites I-III lost their DV identity but retained their
original rostrocaudal polarity, demonstrating that rostrocaudal patterning occurs
independently and prior to dorsoventral somite patterning.
Induction and maintenance of dorsal dermomyotome and ventral sclerotome identity
requires persistent signalling from axial structures (notochord and neural tube). If the
neural tube is removed from the developing embryo, axial musculature derived from the
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dorsal half of the somite is missing, while body wall muscle from the ventral half
develops normally (Christ ez al., 1992; Rong et al., 1992), indicating that separate
signals are involved in patterning of the dorsal and ventral half of the somite and that the
neural tube is required for dorsal patterning of the somite (Brand-Saberi et al., 1993;
Pourquie et al., 1993; Goulding et al., 1994). Similarly, removal of the notochord prior
to somite formation results in absence of ventral sclerotome and fusion of the
dermomyotome under the neural tube while grafting of ectopic notochord between
presomitic mesoderm and surface ectoderm can inhibit dorsal fate, i.e.. dermomyotome
differentiation (Pourquie et al., 1993; Goulding et al., 1994), demonstrating that the
notochord and the floorplate produce ventralising signals.

These experiments indicate that a morphogenetic gradient might exist along the DV axis,
of ventralising signals emanating from the notochord and floorplate and dorsalising
signals from the dorsal neural tube and surface ectoderm. Different concentrations of
these signals could induce the epithelial somite to give rise to sclerotome ventrally,
dermomyotome dorsally and myotome in the middle where both signals compete.

5. 2. Sonic Hedgehog and Wnt Signalling
The dorsalising effect of the neural tube can be mimicked by molecules of the Wnt
family. Wntl, Wnt3 and Wnt4 genes are expressed in the dorsal neural tube and surface
ectoderm and in culture of chick somites I-III induce the myotomal marker MyoD
(Muensterberg et al., 1995) (Fig. 4A, note, that the roles of MyoD and Myf-5 in birds
are reversed compared with the mouse or human and that the diagram in Fig. 4 is a
summary of the situation in the mouse embryo). The ability of Wnt genes to activate
myotomal differentiation appears to be evolutionarily conserved. In Drosophila,
wingless (Wnt!) can activate the Drosophila homologue of the myogenic bHLH factors
nautilus (Couso and Martinez Arias, 1994) and activation of XMyoD by XWnt-8 in
Xenopus has also been observed (Hoppler et al., 1996). However, experiments in chick
have also shown that Wnt signals alone are not sufficient to induce myogenesis in the
youngest somites I-III and in the presomitic mesoderm. In these tissues a combination of
Wntl, Wnt3 and sonic hedgehog (shh) is required to induce MyoD (Fig. 4)
(Muensterberg et al., 1995). Since sonic hedghog is primarily expressed ventrally, first
in the notochord and subsequently in the floorplate of the ventral neural tube, the
question arises how shh could play a role in dorsal Wnt signalling. Interestingly, sonic
hedgehog is a secreted protein whose N-terminal fragment becomes autoactivated and
has short and long range signalling functions (Lee et al., 1994; Matrti et al., 1995;
Roelink et al., 1995). The N-terminal domain can, after nucleophilic attack by the 38-
OH group of cholesterol, become covalently linked to cholesterol which affects its
subcellular distribution (Porter et al., 1996). Shh concentrated in this way in the cell
membrane is thought to mediate short range signalling inducing floorplate
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Figure 4: Somite Patterning. '

Model of the somite patterning signals and their sources in the mouse embryo. The
medial and lateral somite halves respond to signals from the dorsal neural tube and lateral
plate mesoderm (LM) plus surface ectoderm by expressing Myf-5 or MyoD respectively.
The dorsal neural tube signal is likely to be a combination of Wnt family members, and
the signal from the lateral plate and surface ectoderm can be mimicked by BMP-4.
Members of the FGF family may also play a role. The action of BMP4 and FGF
members is probably to delay terminal differentiation (blunt arrow) in the lateral somite
half to allow proliferation and cell migration of hypaxial muscle precursors. Additional
positive signals (?) may also be required. Short range signalling of Shh secreted from the
notochord (NC) plays a part in floorplate (FP) - induction. Subsequently Shh is also
secreted from the floorplate. The ventromedial part of the somite is exposed to high
levels of sonic hedgehog (Shh) and develops into sclerotome, expressing Pax-1, a
sclerotomal marker. As the somite matures, mesenchymal sclerotome migrates medially
and the remaining dermomyotome (DM) begins to differentiate into myotome (M).
Initially the dorsal myotome is positive for Myf-5 and the ventral myotome for MyoD,
later Myf-5 is also observed ventrally. The signals activating Myf-5 and MyoD ventrally
are not known, but might involve Pax-3. Activation of Pax-3 by surface ectoderm has
been demonstrated (Fan and Tessier-Lavigne, 1994).
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formation in the ventral neural tube. Subsequent long range signalling from the
floorplate may be a function of the unmodified N-terminal domain. Long range
signalling of Shh is clearly important in sclerotome induction (Fig. 4B). When somites
that are already expressing the sclerotomal marker Pax-1 are cultured in the absence of
Shh, Pax-1 expression is gradually lost, but can be restored after incubation with Shh
demonstrating that Shh can induce sclerotomal markers in somites that are competent to
respond to it (Muensterberg ef al., 1995). Remarkably, it appears that another long range
function of Shh is to induce competence in somites I-III to respond to dorsalising Wnt
signals from the dorsal neural tube. Indeed temporary exposure to Shh is required to
induce competence in presomitic mesoderm to subsequently respond to Wrt signals and
express the myotomal marker MyoD in chick. Conversely, exposure to Wnt signals
alone is not sufficient to induce myogenesis in presomitic mesoderm that had not
previously been exposed to Shh (Muensterberg et al., 1995).

Thus, not only is a combination of diverse signals required for the formation of the
somite compartments, but competence of the somite to respond to such signals is
acquired during somite maturation. The effect of ectopic Shh expression on sclerotome
and myotome formation has been examined in chick embryos and mouse explants and
confirms the role of Shh as a ventralising signal in DV patterning (Fan and Tessier-
Lavigne, 1994; Johnson et al., 1994). Chick embryos injected with a virus encoding
Shh show a dorsal expansion of the Pax-1 expression domain on the infected side
(Johnson et al., 1994), while ectopic expression of Shh in the dorsal mesoderm
abolished Pax-3, a dermomyotomal marker (Fan et al., 1995). Remarkably Shh-
induced Pax-1 activation in these experiments was observed over several somite
diameters, and yet in vivo the dorsal somite does not adopt sclerotomal fate. This is
consistent with a model in which competitive signals from the surface ectoderm and the
dorsal neural tube antagonise Shh signals from the floorplate and notochord.
Accordingly, high concentrations of Shh secreted from the notochord and floorplate
maintain the Pax-1 expression domain and promote proliferation of the sclerotome,
whereas myotome differentiation requires the presence of both sonic hedgehog and Wnt
signals (Fig. 4B).

5. 3. Mediolateral Somite Patterning
The medial and lateral halves of the somite probably give rise to separate lineages of
muscle cells. Epaxial muscle of the back is derived from the medial half of the somite
and hypaxial muscle, including limb and body wall musculature, is derived from the
lateral half (Ordahl and Le Douarin, 1992). In culture, cells from the medial half of the
presomitic mesoderm of mouse embryos will first express the myogenic bHLH factor
Myf-5 in response to axial signals whereas cells from the lateral half activate MyoD
following signals from the surface ectoderm (Fig. 4A) (Cossu et al., 1996a) suggesting
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that hypaxial and epaxial muscle is derived by separate MyoD and Myf-5 dependent
pathways in the lateral and medial somite halves respectively (Ordahl and Le Douarin,
1992).

Medially muscle is formed rapidly from the myotome. In contrast, the lateral somite
compartment gives rise to the migratory muscle cell populations of the limb and ventral
body wall that are committed to myogenesis but whose differentiation is delayed.

What are the mechanisms activating cell differentiation medially and cell proliferation
laterally? It has been shown that medial but not lateral cells require the presence of axial
structures for their differentiation, indicating that medial and lateral differentiation of the
somites are independently controlled by competing signals (Rong et al., 1992).
Interestingly, lateral mesoderm alone fails to activate MyoD in presomitic mesoderm,
however, surface ectoderm associated with its underlying lateral mesoderm is sufficient
to induce MyoD laterally (Cossu et al., 1996a). In addition to providing a lateralising
signal, lateral plate mesoderm is believed to secrete inhibitory signals that suspend
myogenesis in limb muscle precursors of mouse and chick embryos by two days by
delaying expression of MyoD and Myf-5 (Fig. 4) (Buckingham, 1992; Pownall and
Emerson, 1992; Pourquie et al., 1995). Thus migratory limb muscle precursors are
normally prevented from expressing any member of the MRF family until they reach
their respective target sites in the limb where they enter myogenesis (Tajbakhsh and
Buckingham, 1994; Pourquie et al., 1995).

Candidate signalling molecules mediating these effects of the lateral plate and surface
ectoderm include members of the TGFf and FGF families like bone morphogenetic
protein-4 (BMP-4). BMP-4 is a diffusible growth factor expressed primarily in the
lateral plate for which it can substitute in patterning of the lateral somite compartment.
Consistent with this, lateral tissue grafts expressing virally encoded BMP-4 promote an
expansion of lateral somitic cells into more medial domains (Pourquie et al., 1996).
Interestingly, signals from the neural tube, probably involving Shh, can counteract the
effect of BMP-4, suggesting that mediolateral patterning of the somites, like dorso-
ventral patterning, is established by competition between signals emanating from
opposite poles along the mediolateral axis. In chick limb buds laterally high
concentrations of FGFs and FGFR coincide with suspension of terminal differentiation
during migration from the somite to the limb bud (Haub and Goldfarb, 1991; Niswander
and Martin, 1992). Following arrival at the target site FGFR levels are down regulated,
thus reducing FGFR signalling thereby inducing terminal muscle differentiation. The
mechanisms underlying the negative effect of growth factors of the FGF and TGF-3
family on myogenesis have been examined by Gerber et al., (1997), who showed that
these growth factors interfere with the ability of MyoD to remodel the chromatin
structure at the myogenin locus and block the initiation of myogenin transcription.
Interestingly, Myf-5 and MyoD are equally capable of remodelling chromatin whereas
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myogenin was found to be one order of magnitude less efficient, reflecting the role of
Myf-5 and MyoD in early myoblast determination. Such changes induced in the local
chromatin structure may influence gene expression within a lineage by determining the
access of other lineage specific transcription factors. The myogenic factors share a C/H
rich amino acid domain associated with the remodelling function and this domain is also
conserved between mammals, birds, amphibia and fish (this study), reflecting the
functional role of these factors in lineage restriction and suggesting that the functional
mechanism of lineage restriction is also conserved. Other studies indicate that FGF
mediated activation of protein kinase C (PKC) in vivo and in vitro (Davis et al., 1987; Li
et al., 1992) plays a role in inhibiting myogenic bHLH proteins. Phosphorylation of a
conserved site in the DNA binding domain of myogenin is thought to inhibit DNA
binding. Taken together these findings show that the bHLLH factors respond to a diverse

range of positive and negative regulatory mechanisms.

6. Somites in Teleost Fish

In teleost fish, during gastrulation cells involute at the blastoderm margin and converge
to the dorsal side to form the embryonic shield, from which the axial mesoderm is
generated. As the axial mesoderm extends it becomes separated from the paraxial
mesoderm that gives rise to the somites. In zebrafish about 30 somites are formed
between 10 and 24 hpf (hours post fertilisation), giving rise to a new pair of somites
every 20-30 minutes (Hanneman and Westerfield, 1989). The myotome is the major
component of the somites in zebrafish, while sclerotome is formed by only a small
number of cells in the ventromedial region (see Fig. 5A) (Morin-Kensicki and Eisen,
1997). In wild type zebrafish embryos, until about 13 hpf, the somites have the shape of
epithelial spheres and subsequently become transformed into chevron-shaped myotomes
(Fig. 5B). Somite development in teleosts is characterised by the establishment of three
specialised structures: the adaxial cells, the pioneer cells and the horizontal myoseptum
(HMS) (Fig. 5B). As in other species, the notochord in zebra fish plays an important
role in somite patterning and seems to be required for the formation of these structures.
Sonic hedgehog, secreted from the axial mesoderm, has been shown to be involved in
the recruitment of adaxial cells to the myotomal lineage and subsequently the muscle
pioneers become specified by a different member of the hedgehog family: echidna
hedgehog (Currie and Ingham, 1996).

The adaxial cells are first visible in the presomitic mesoderm as large block shaped cells
organised in three to five rows adjacent to the notochord (Fig. 5C) (Waterman, 1969;
Felsenfeld et al., 1991). Unlike muscle cells of other vertebrates, the adaxial cells of the
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Figure 5: Somites in Teleost Fish.

SA: Schematic transverse section through trunk region of a zebrafish embryo.
Compared with other vertebrates the sclerotome (SC) in teleost fish constitutes a very
small portion of the somite and is located at its ventromedial margin (black). The
myotome makes up most of the somites. Notochord (NC), neural keel (NK). (Redrawn
and modified from Morin-Kensicki and Eisen 1997).

5B: Schematic drawing of a lateral view of zebrafish trunk somites. The chevron shape
somites are devided in the middle of the myotome by a fibrous sheet, the horizontal
myoseptum (HMS) that is formed from the muscle pioneer cells (not shown). The
adaxial cells (AD) migrate radially outwards through the myotome to become the most
superficial muscle cells in the somite (Morin-Kensicki and Eisen, 1997).

5C: Schematic drawing of the segmental plate in zebrafish. The adaxial cells (AD) are
arranged as a sheet between the notochord (NC) and the lateral presomitic cells (LPS).
(Redrawn and modified from Devoto et al., 1996).
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paraxial mesoderm elongate to span the length of the somite and eventually migrate
radially through the somite. Following migration they form a monolayer of superficial
muscle cells that differentiates into slow muscle fibres (Devoto et al., 1996). A subset
of the adaxial cells, the muscle pioneers, extends from the tip of the V-shaped somites
along the AP axis (see Fig. SB). Unlike the other adaxial cells, muscle pioneers do not
migrate radially but rather extend from the notochord to the lateral surface of the somite,
where, after 28 hpf, they form the horizontal myoseptum (Hatta ez al., 1991). The
horizontal myoseptum is a fibrous sheet that segregates the hypaxial and epaxial muscle
precursors of the somite. Mutations affecting formation of the myoseptum have been
designated you-type mutations, because they invariable cause curved tails resulting from
U-shaped rather than V shaped myotomes (Van Eeden et al., 1996). The paraxial cells
lateral to the adaxial cells belong to the lateral presomitic mesoderm (LPS). Vital dye
labelling experiments have shown that these cells give rise to fast muscle fibres (Fig.
5C) (Devoto et al., 1996).

In contrast to higher vertebrates, expression of MyoD in zebrafish is seen prior to somite
formation and is maintained throughout somitogenesis in the adaxial cells along the
entire AP axis, including the presomitic mesoderm and two laterally extending bands at
the rostral edge of the segmental plate immediately preceding somite formation
(Weinberg et al., 1996). If this pattern of expression is a general feature amongst teleost
fish and if it is true for other myogenic regulatory factors like Myf-5 is not yet known.
In Xenopus, MyoD and Myf-5 are expressed in the unsegmented paraxial mesoderm,
but transcripts are found throughout the entire presomitic mesoderm and are not confined
to the adaxial cells of the segmental plate (Frank and Harland, 1991; Harvey, 1992;
Hopwood et al., 1992). It would be of interest to investigate if in zebrafish Myf-5- and
MyoD-dependent muscle lineages exist in the presomitic mesoderm or in the somites or
if zebrafish MyoD and Myf-5 are expressed in overlapping domains.

7. The Myogenic bHLH Factors

Initially research on the specification of muscle focused on the transition from
undifferentiated myoblasts to myotubes. Genomic DNA from myoblasts was transfected
into fibroblasts and shown to convert the fibroblast cells into myoblasts (Konieczny and
Emerson, 1984; Lassar et al., 1986). Similar results were obtained when fibroblasts
were treated with 5-azacytidine, an inhibitor of methylation. Based on these data,
subtractive hybridisation of cDNA expression libraries from treated and untreated
fibroblasts identified the first myogenic factor gene encoding MyoD (Davis et al., 1987,
Weintraub et al., 1991). Subsequently three further myogenic factors were cloned from
mammalian species: Myf-5 (Braun et al., 1989a), myogenin (Edmondson and Olson,
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1989; Wright et al., 1989; Salminen et al., 1991) and MRF4 (Rhodes and Konieczny
1989; Miner and Wold, 1990; Hinterberger et al., 1992) A variety of tissue culture cells
transfected with cDNA for each of these proteins can activate the myogenic program,
confirming that the bHLH proteins act as myogenic factors (Davis et al. 1987; Weintraub
et al., 1989; Choi et al., 1990). Myogenic bHLH regulatory genes have also been
identified in birds, frogs, sea urchins (Venuti et al., 1991), insects (Michelson et al.,
1990), nematodes (Weintraub et al., 1991) and amphioxus (Araki et al., 1996). Most
invertebrate species only have a single member of the MyoD gene family but it has been
shown that the myogenic factors from sea urchin and nematode (Krause et al., 1992) can
also activate the myogenic program in mammalian cells, suggesting that the regulatory
mechanisms are extremely ancient.

Surprisingly, evidence from Drosophila and nematode indicates that even in the absence
of the myogenic factors early myogenesis proceeds normally. The most likely
explanation is that alternative pathways for myogenic determination and differentiation
exist in invertebrates.

Recently a MyoD homologue from the ascidian C. intestinalis, CIMDF, has been cloned
(Meedel et al., 1997). Interestingly the CiMDF gene is differentially transcribed to
produce distinct transcripts CiMDFa and CiMDFb that have separate functions in
myogenesis and overlapping temporal expression, that may distinguish between primary
and secondary muscle lineages of ascidians. The presence of E-box motifs in CiMDF
suggests auto and cross-regulation similar to the vertebrate genes (Meedel et al., 1997).
Interestingly, there is little similarity between invertebrate and vertebrate species apart
from a highly conserved structural motif, the basic-helix-loop-helix domain of about 60
amino acids, which mediates protein dimerisation and DNA binding. The myogenic
factors heterodimerise with ubiquitous E2 proteins (Lassar et al., 1989,1991; Braun et
al., 1990; Brennan and Olson, 1990) in order to bind to E-box motifs (CANNTG) that
were initially found to be important in the immunoglobulin and muscle creatine kinase
enhancers (Buskin and Hauschka, 1989; Gossett et al., 1989; Murre et al., 1989) and
are also present in other muscle specific genes including those encoding the myogenic
factors themselves. The MRFs can therefore transactivate the expression of muscle
structural genes, and auto- or transactivate their own expression (Braun et al., 1989a,b;
Edmondson and Olson 1989; Rhodes and Konieczny, 1989; Thayer et al., 1989; Miner
and Wold, 1990; Yee and Rigby, 1993).

8. The Myogenic Cascade

In vitro studies on muscle cell lines have shown that the bHLH factors are expressed in a
distinct temporal sequence during differentiation. MyoD and Myf-5 are expressed in
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myoblasts prior to and after differentiation, while myogenin and MRF4 are expressed
only after differentiation (Hinterberger et al., 1991). These results suggested that MyoD
and Myf-5 might act early in determining myoblast fate, while MRF4 and myogenin are
involved in later differentiation of myoblasts into myotubes. When Myf-5 is expressed
in 10T1/2 cells, myogenesis is associated with expression of MyoD but the converse is
not true: MyoD expression does not lead to activation of Myf-5 (Braun et al., 1989b),
suggesting that Myf-5 acts upstream of MyoD at least in vitro. Studies of the expression
patterns of the myogenic factors in vivo have revealed the temporal sequence of their
expression and are in agreement with a transcriptional hierarchy of the myogenic factors
(Thayer et al., 1989; Braun et al., 1990; Edmondson et al., 1992; Naidu ef al., 1995). In
skeletal muscle, Myf-5 is the first myogenic regulatory gene to be expressed at E8.0, in
the dermomyotome of the newly formed somites (Ott et al., 1991). 12 hours later,
myogenin appears in the myotome of successive somites, (Sassoon et al., 1989)
followed by MRF4 (Bober et al., 1991; Hinterberger et al., 1991) and MyoD (Sassoon
et al., 1989) (see Fig. 6). MRF4 is reactivated in a second phase of expression from
E14.5 onwards.

The temporal expression of the myogenic factors in the limb differs from that of the
trunk musculature. The migratory myoblasts that colonise the limb bud leave the
ventrolateral edge of the somite and do not express MRFs until they have reached their
destination (Sassoon et al., 1989). Therefore, Myf-5 is first expressed at E10.5,
followed by myogenin and MyoD which are coexpressed in the limb myoblasts rather
than being sequentially activated as in the somites. MRF4 mRNA is not detectable in the
limb until late in development at E16 (Bober et al., 1991).

There are also species dependent variations in the order and timing of expression of the
myogenic factors. In birds, the homologue of MyoD instead of Myf-5 appears first,
followed by myogenin and Myf-5 (Pownall and Emerson, 1992). In Xenopus and
zebrafish, MyoD and Myf-5 are activated in the presumptive mesoderm (Hopwood et
al., 1992; Weinberg et al., 1996; this study) whereas myogenic factors are not expressed
at significant levels prior to somite formation in the mouse. This raises the possibility
that the function of XMyoD and ZMyf-5 may be quite distinct from higher vertebrate
species. However, the differences in the temporal expression are less significant if one
considers MyoD and Myf-5 as a functionally equivalent pair of genes with a common
evolutionary origin (Atchley et al., 1994). MyoD and Myf-5 probably arose from a
common gene, as did myogenin and MRF4, which suggests that the partners in each of
the pairs are more closely related and, therefore, might more readily substitute for one
another in myogenesis.
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Figure 6:

Temporal Expression of the Myogenic Factors in limb and somites. The myogenic
bHLH factors have a distinct temporal expression pattern in limb buds (stippled)
and somites (solid) of the mouse embryo. The migratory myoblasts that colonise
the limb bud leave the ventrolateral edge of the somite and do not express MRFs
until they have reached their destination. Nevertheless, Myf-5 is expressed first, in
both somites (at E8.0) and the limb bud (E10.5). 12 hours later, myogenin is
activated. In the somites MRF4 is expressed in an early and late phase interrupted
by MyoD whereas in the limb the early MRF4 phase is missing, and myogenin
and MyoD are coexpressed. In the limb MRF4 mRNA is not detectable until late
in development at E16. Expression of MyoD and Myf-5 (black) converts
premyogenic cells into skeletal myoblasts while the expression of myogenin and
MRF4 (gray) is linked to the fusion and differentiation of myoblasts into
multinucleated myotubes.
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9. MRF Null Mutations

To examine the individual roles of the myogenic factors in myogenesis, targeted null
mutations have been introduced into each of the four myogenic regulatory genes and in
addition double mutants for MyoD/Myf-5 (Rudnicki et al., 1993), MRF4/Myf-5 (Braun
et al., 1995), myogenin/MyoD and myogenin/Myf-5 (Rawls et al., 1995) have been
obtained by interbreeding these targeted mouse lines. This strategy has been particularly
successful in studying myogenesis, because the redundancy between the regulatory
factors makes it otherwise impossible to dissect their individual function.

9. 1. MyoD Null Mutants
The introduction of a homozygous null mutation in the MyoD gene does not produce an
embryonic muscle phenotype. Moreover, MyoD mutant mice are viable and fertile and
indistinguishable from wild type litter mates (Rudnicki et al., 1992) suggesting that
MyoD and Myf-5 have overlapping functions. However, preferential expression of
MyoD in fast twitch muscle fibres raises the possibility that subtle fibre type changes
occur in the absence of MyoD (Hughes et al., 1993). Furthermore, recent evidence
shows that satellite cells fail to divide in mdx/MyoD-/- double mutant mice, suggesting
that MyoD is required for satellite cell activation during muscle fibre regeneration
(Megeney et al., 1996). Clearly, the functional overlap of Myf-5 and MyoD is limited
since a single Myf-5 allele can not rescue the MyoD phenotype and results in lethality
due to the apparent reduction in skeletal muscles, whereas a single copy of MyoD is
sufficient to rescue Myf-5 knockout mice. It has been suggested that MyoD may be able
to recruit more cells possibly from different precursor populations to the myogenic
lineage than Myf-5 (Braun and Arnold, 1996). Assuming that competition exists
between cell lineages alternatively determined by MyoD and Myf-5, the upregulation of
Myf-5 in MyoD deficient mice can be explained as an expansion of the Myf-5 myogenic
cell lineage. According to this model, the MyoD cell lineage seems to be enlarged at the
expense of the Myf-5 cell lineage in the wild type situation, suggesting that MyoD
expression is either more stable or more responsive to environmental cues compared
with Myf-5. The different expression domains of MyoD and Myf-5 within the somite
might support such a model (Braun and Arnold, 1996). The most interesting observation
in MyoD mutant mice is that Myf-5 mRNA levels are elevated two-fold, suggesting that
Myf-5 may substitute for the absence of MyoD in the development of skeletal muscle.
This is supported by the finding that the levels of MRF4 and myogenin transcripts are
normal in these mice (Rudnicki et al., 1992).
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9. 2. Myf-5 Null Mutants
Myf-5 mutant mice survive to birth but in contrast to the MyoD null mice they die
perinatally due to respiratory failure because the distal portion of the ribs necessary for
insertion of the diaphragm fails to develop (Braun et al., 1992). In the Myf-5 mutant
mice skeletal myofibres are normal although myotome formation is delayed until MyoD
is expressed, suggesting that in the absence of Myf-5, MyoD can activate the myogenin
promoter but that myogenin can not substitute for either Myf-5 or MyoD function in
myotome formation. In agreement with this, expression of MyoD is unaffected in
myogenin knockouts, indicating that MyoD is independent of myogenin and can not
substitute functionally for myogenin. The rib phenotype is unexpected because the
sclerotomal precursor cells from which the ribs develop do not express significant levels
of Myf-5 (Smith et al., 1994), suggesting that the defect is the result of the delay in
myotome formation which might interfere with cell signalling (Grass et al., 1996).
Indeed, recent analysis of Myf-5 null mice suggested that activation of MyoD in the
trunk of these mice might be mediated by Pax-3 and is delayed compared with wild type
animals (Tajbakhsh et al., 1997). If sclerotomal precursors are only receptive for a
patterning signal during a limited early period before the epithelial somite
compartmentalises, the delayed expression of MyoD compared with Myf-5 may preclude
such signalling and be responsible for the observed phenotype.
Alternatively, the failure of MyoD expression to rescue the rib defect of Myf-5 deficient
mice may be due to the fact that MyoD is mainly expressed in the dorsal part of the
somite possibly too far away to allow signalling to sclerotome to form the rib-blastema
(Grass et al., 1996).

9. 3. Myf-5/MyoD Double Mutants
When double null mutants for MyoD and Myf-5 were generated by interbreeding Myf-5
and MyoD mutant mice, they failed completely to develop skeletal myoblasts and were
not viable confirming that either MyoD or Myf-5 is required for the determination or
survival of the myoblast lineage (Rudnicki et al., 1993). Recently Pax-3 has been
implicated in the regulation of MyoD and Myf-5 (Maroto et al., 1997; Tajbakhsh et al.,
1997). If Pax-3 was required for MyoD expression, double mutant mice for Pax-3-/-
(splotch mice) and Myf-5 should mimic the phenotype of MyoD/Myf-5 double knockout
mice and fail to produce myoblasts. Indeed in the limbs and the trunk of Splotch/Myf-5-
/- mutants, MyoD protein and transcripts were essentially absent and myoblasts were not
detected. However, expression in the head was apparently unaffected, suggesting that
MpyoD expression in the head is independent of Pax-3 and thus regulated differently
from the trunk (Tajbakhsh et al., 1997).
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9. 4. Myogenin Null Mutants
Two independent null mutations have been generated for myogenin (Hasty et al., 1993;
Nabeshima et al., 1993), both showing similar results. Myogenin null mice die
perinatally like the Myf-5 mutants due to respiratory failure resulting from the absence of
a functional diaphragm and the associated muscle deficiency (Hasty et al., 1993). Mice
lacking a functional myogenin gene have normal numbers of myoblasts but severely
reduced myofibres resulting in a drastic muscle phenotype. Thus myogenin is required
for normal myoblast fusion and differentiation in vivo.
Surprisingly, myoblasts of myogenin null mice readily fuse with wild type myoblasts in
chimaeric mice containing a mixture of myogenin null and wild type cells (Myer et al.,
1997). However, due to the lack of myogenin these myoblasts do not activate significant
levels of muscle specific proteins (e.g.. MCK) and fail to differentiate and fully rescue
the myogenin null phenotype. These experiments suggest that myogenin controls the
expression of a secreted fusion promoting ligand required for myoblast fusion (Myer et
al., 1997). In myogenin mutant mice the late phase of MRF4 expression after E14 is not
observed, suggesting that myogenin is required for this late phase of MRF4 expression.
However, the presence of residual myofibres in myogenin null mice would suggest that
myogenin is not involved in the early phase of MRF4 expression.

9. 5. MRF4 Null Mutants
Three independent MRF4 null mutations have been generated (Braun and Arnold, 1995;
Patapoutian et al., 1995; Zhang et al., 1995) but their phenotypes are surprisingly
variable, probably due to variations in the targeting constructs.
The null mutation generated by Braun and Arnold (1995) is the most severe and leads to
a significant reduction in Myf-5 transcription, effectively representing a phenocopy of
the Myf-5 null mutant, with defects in the formation of the distal portion of the ribs
resulting in perinatal death due to respiratory failure (Braun and Arnold, 1995). In the
Zhang knockout,Myf-5 expression is not significantly affected, and this is the only
mutation for which homozygous mice are viable, although a slight rib defect is also
observed, this is distinct from that of the Myf-5 null mutants. Adult muscle is apparently
normal and myogenin mRNA is elevated, suggesting that myogenin is substituting for
the function of MRF4. The third mutant generated by Patapoutian et al. (1995) has an
intermediate phenotype. This allele also produces a rib defect similar to that of the Zhang
mutation, but with sufficient severity to result in inviability. In contrast to the Braun and
Arnold mutation, where Myf-5 transcripts are not detectable, the Patapoutian allele
shows significantly reduced expression of Myf-5 in the somites; sclerotomal defects are
more severe and the rib abnormalities result in embryonic lethality. Additional defects in
early myotome formation are also observed, albeit with apparently little effect on
subsequent myotome differentiation. At present it is difficult to ascertain whether the

37



Chapter 1 - Introduction

absence of MRF4 is directly responsible for the phenotype, because due to the proximity
of the two genes (less than 7kb), cis-effects of the MRF4 null allele on Myf-5 gene can
not be excluded (Olson et al., 1996). In compound heterozygous animals carrying either
the intermediate or the weakest MRF4 null allele on one chromosome, and a Myf-5
knockout allele on the other chromosome, Myf-5 expression was down regulated by a
cis- mechanism. The compound heterozygote presented with intensified rib defects and
increased mortality, supporting the notion that cis-acting interactions between Myf-5 and
MRF4 may play a significant role in regulating expression of these genes in the early
myotomes of wild type embryos (Yoon et al., 1997).

Taken together, the data from the timing of expression of the myogenic factors, the
knockout mice and from transfection experiments, suggest that myogenesis is a
developmental cascade in which Myf-5 and MyoD recruit pluripotent mesodermal stem
cells to the myogenic lineage while their subsequent differentiation into myocytes
depends on myogenin. Interbreeding the different mutant mouse lines confirmed a
certain degree of overlap in the functions of MyoD and Myf-5 while also showing that
the function of myogenin is restricted to the control of myoblast differentiation and does
not overlap with early functions of MyoD and Myf-5. Consistent with the putative role
of Myf-5 and MyoD in early myoblast determination and myogenin in myocyte
formation, double null mutant myogenin/Myf-5 and myogenin/MyoD mice show the
combined phenotype of each of the individual mutations. Mice die perinatally from rib
defects and share the myoblast deficiency of the myogenin mutation (Rawls et al.,
1995). The role of MRF4 is at present not fully understood but it is possible that MRF4
has essentially redundant functions in myogenesis. Whether MRF4 function in adult
muscle is linked to stress, ageing, disease or degeneration/ regeneration remains to be
seen (Olson et al., 1996).

10. What Regulates MyoD and Myf-5?

The search for putative signals upstream of Myf-5 and MyoD has recently become
focused on the paired-box transcription factor Pax-3. The expression of Pax-3, both
prior to somitogenesis in the paraxial mesoderm and after somite formation in the
ventrolateral dermomyotome is consistent with a role in patterning of muscle progenitors
(Goulding et al., 1994). However, the most obvious feature of homozygous Pax-3
mutants (splotch), is a deficiency of limb muscle that is caused by the failure of the limb
muscle progenitors to migrate to the prospective limb although muscles of the back and
body wall are also affected (Franz et al., 1993; Goulding et al., 1994, Tajbakhsh et al.,
1997). The limb muscle defect in splotch mice is clearly the result of failed cell migration
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rather than differentiation as lateral halves of somites of splotch mice were able to
differentiate when transplanted to chick limb buds (Daston et al., 1996). In fact, down
regulation of Pax-3 coincides with upregulation of the myogenic regulatory factors in the
limb (Williams and Ordahl, 1994) which would suggest that Pax-3 inhibits rather than
activates myogenic bHLH factors in migratory limb muscle progenitor cells.
Nevertheless a number of observations suggest that Pax-3 is involved in the activation of
the myogenic factors Myf-5 and MyoD in hypaxial muscle precursors derived from the
lateral dermomyotome. Firstly, double mutant mice for Pax3 and Myf-5 mimic the
phenotype of MyoD and Myf-5 double knockout mice, and do not produce myoblasts
because MyoD fails to be activated in the trunk, suggesting that Pax-3 is normally
required for MyoD expression in the trunk and that Pax-3 acts upstream of MyoD
(Tajbakhsh et al., 1997). Secondly, overexpression of mouse Pax-3 in chick somite
explants is sufficient to activate MyoD, even in nonmuscle precursors, including the
neural tube (Maroto et al., 1997). Thirdly, in the absence of axial structures, surface
ectoderm normally induces the expression of Pax-3 and MyoD in presomitic mesoderm
(Fan and Tessier-Lavigne, 1994) but fails to do so in explants from splotch mice,
suggesting that in the lateral somite, surface ectoderm normally activates MyoD through
a Pax-3 dependent pathway. Furthermore, in splotch explants, MyoD expression was
also reduced in the presence of axial structures, suggesting that the Myf-5 -dependent
activation of MyoD is also affected in Pax-3 mutants (Tajbakhsh et al., 1997). Finally,
Pax-3 deficiency results in a shortening and disorganisation of the Myf-5 positive
somitic bud of interlimb somites from which much of the hypaxial musculature is
derived (Tajbakhsh et al., 1997), implicating Pax-3 in Myf-5 expression.

If Pax-3 is able to activate MyoD expression in vivo, the question arises whether MyoD
activation involves the earliest myogenic factor Myf-5 or if Pax-3 can activate MyoD
independently. The data from the Splotch/Myf-5 double null mutants seems to suggest
that Pax-3 can activate MyoD in a Myf-5 independent pathway. However, it appears that
both Myf-5-dependent and -independent pathways for MyoD activation exist in different
muscle lineages. Evidence that MyoD expression in most of the trunk does at least
normally depend on Myf-5, comes from the recently observed (and previously not
recognised) delay of MyoD expression in Myf-5 null mutants (Tajbakhsh et al., 1997).
In these mutants MyoD expression is delayed by about 24 hours until MyoD becomes
activated by Pax-3. It appears that only in the absence of Myf-5 will MyoD become
activated by Pax-3.

Another question is why Pax-3 in the dermomyotome (Goulding et al., 1994) fails to
activate MyoD. The fact that Pax-3 is expressed at high levels in the neural tube but does
not activate myogenesis unless over-expressed, suggests that there are inhibitory signals
that can suppress the Pax-3-dependent myogenic pathway. Similar inhibitory signals

might suppress myogenesis in Pax-3 expressing limb muscle progenitors until they
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reach the correct destination in the limb bud and might also inhibit myogenesis in the
presomitic mesoderm where Pax-3 is also expressed. The presence of negative elements
in the Pax-3 promoter has recently been inferred, based on the observation that a LacZ
reporter driven by 1.6 kb of Pax-3 prométer sequence was expressed in a ventrally
expanded domain compared to a reporter construct driven by 14kb of upstream sequence
or the wild type expression pattern (Natoli et al., 1997). It is presently unclear whether
Pax-3 activates MyoD directly or indirectly or how Pax-3 might be involved in the
ventrolateral expression of Myf-5. Further evidence from coculture experiments of
paraxial mesoderm in the presence of Wnt and Shh showed that activation of Pax-3 and
Pax-7 occurs together with Myf-5, suggesting that Myf-5 is indeed activated in a Pax-3-
independent pathway or significantly faster than MyoD (Maroto et al., 1997).
Interestingly, dorsomedial muscle progenitors of Splotch/Myf-5 -/-LacZ mutant mice
express LacZ normally from the Myf-5 promoter in the head and (some) neck muscles
and their precursors, indicating that Myf-5 expression depends on Pax-3 only in the
ventrolateral domain of interlimb somites (Tajbakhsh et al., 1997).

However, both splotch and splotch/Myf-5 double null mice exhibit severe neural tube
defects leading to spina bifida and exencephaly, and it can not be ruled out that these
defects may also affect dorsal somite patterning. Precedence for this is seen in openbrain
(opb), a mouse mutant with severe defects in dorsal neural tube closure. In opb mutants
dorsal somite development is abnormal and results in loss of epaxial musculature
although hypaxial muscle was apparently unaffected (Spoerle et al., 1996).

11. Could Myogenesis Be Repressed?

In some vertebrates like Xenopus and zebrafish myogenesis is initiated prior to
somitogenesis. In these species members of the myogenic bHLH family are first
expressed in the presomitic mesoderm and continue to be expressed in the differentiating
somite. However, in higher vertebrates myogenic factors are not expressed at significant
levels in the presomitic mesoderm. These observations raise the question as to whether
in higher vertebrates myogenesis might be actively repressed in the presomitic mesoderm
or if the necessary induction signals from the environment are missing or if competence
to respond to such signals must first be}acquired.Because low levels of transcripts of the
first myogenic factor Myf-5 have been detected in the presomitic mesoderm of mice
using RT-PCR analysis (Kopan et al., 1994) and in LacZ/Myf-5 knock-in mice at E9
(Cossu et al., 1996a), it seems unlikely that the upstream signals initiating myogenesis
are absent from the segmental plate. A more favourable model is one where myogenesis
is repressed or threshold dependent. In agreement with this, low level myogenic bHLH
gene expression has been reported as unstable in the absence of axial signals (Bober et
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al., 1994). On the other hand, both somitic and presegmental plate cells have been found
to differentiate into either chondrocytes or myocytes when grown in low density culture
(George-Weinstein et al., 1994). These results might indicate that cell cell interactions
within the paraxial mesoderm act to repress differentiation in the absence of positive
signals. According to this model, signals from the axial structures, or the surface
ectoderm, may relieve the intrinsic inhibitory signal in the intact somite (Muensterberg et
al., 1995).

What could the nature of the intrinsic inhibitory signals be? A number of candidate
molecules that are expressed in the presomitic mesoderm have been suggested to inhibit
myogenesis. In Drosophila notch is activated by the ligand delta and mediates inhibition
of neural and muscle precursor cells. The expression of the mouse notchl receptor in the
presomitic mesoderm is consistent with its suggested function as a repressor of the
myogenic factors (Conlon et al., 1995). However, homozygous mouse mutants for
notch1 fail to produce a muscle phenotype, probably due to redundancy amongst the
notch family members (Swiatek ez al., 1994). In 3T3 tissue culture cells and frog cells,
the constitutively active intracellular domain of mouse notchl has been shown to repress
myogenesis probably by competing with Myf-5 and MyoD for a putative co-factor that
would allow them to activate the muscle program (Kopan et al., 1994). The identity of
the co-factor is not yet known. However, since forced heterodimers of E12 and MyoD
are also inhibited by notch, it is unlikely to be the ubiquitous E12 protein, with which
both Myf-5 and MyoD heterodimerise to activate transcription (Kopan et al., 1994).
How might notch inhibit myogenesis? It has been shown that notch association with
MyoD prevents nuclear import of MyoD, probably by specifically masking the nuclear
localisation signal, a mechanism that is also used by other factors like I-mfa to maintain
sclerotome identity by preventing the sclerotome cells from switching on myogenic
factors and adopting myoblast fate (Chen et al., 1995). Interestingly in Drosophila notch
mediated repression of nautilus appears to be relieved by wingless, the homologue of
vertebrate Wnts (Couso and Martinez Arias, 1994; Ranganayakulu et al., 1996).
Perhaps Wnt members could also relieve notch mediated repression of MyoD in the
medial somite, where shh molecules are secreted by the lateral neural tube (Cossu et al.,
1996Db).
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12. The Pufferfish as a Model Organism

12. 1. Genome Size and Complexity
It has been estimated that unicellular protozoae, nematodes and flies have 12000-14000
genes (Lewin, 1994; Niisslein-Volhard, 1994; Miklos and Rubin, 1996). The human
and mouse genomes are estimated to have between 50000 and 100000 genes (Antequera
and Bird, 1993; Fields et al., 1994). Using thymidine-*H-labelled DNA digested with
methylation sensitive restriction enzymes, Antequera and Bird estimated the total number
of CpG islands in the mouse and human genome at around 40000. By sequencing 152
complete transcription units containing a transcription start site and flanking sequence (ca
0.2% of the human genes) they obtained an estimate of the fraction of genes associated
with CpG islands of around 50% for a total gene number of about 76000 (Antequera and
Bird, 1993; Fields et al., 1994). Other estimates from expressed sequence tags (ESTs)
representing approximately half of the human protein coding genes estimated the total
gene number at about 65000 (Fields et al., 1994). Therefore, a six fold increase in gene
number has occurred between invertebrates and vertebrates. This increase is thought be
the result of at least two whole genome duplications (Holland et al., 1994), in addition to
partial chromosome duplications and gene duplications resulting in large gene families
(Lundin, 1993). The evolution of the myogenic factors also supports a model in which
an ancestral gene was tandemly duplicated to give a linked pair followed by chromosome
or whole genome duplication giving rise to two linked pairs on different chromosomes,
one of which was subsequently split by chromosomal rearrangements (Atchley et al.,
1994). Both of the duplications must have occurred before teleost fish diverged from
land vertebrates, early in vertebrate evolution, because the genomic organisation of the
myogenic factors in teleosts is conserved (this study). It is conceivable that duplication
of regulatory genes aided the evolution of new developmental pathways. Further support
for this is given by the existence in Drosophila of only one copy of many of the genes
involved in cell signalling and patterning, like the Ras, Raf, notch and MRF genes or the
Hox cluster, for which vertebrates have at least three members.
Genome size varies enormously between vertebrate species, for example, the genome of
some salamander species is up to twenty times larger than that of man. Similar
observations have been made in plants, where genome size is even more variable
amongst related species. Although many organisms with very large genomes are
polyploid and the variation in haploid genome size is probably significantly smaller, it is
apparent that morphological complexity is not directly correlated with an increase in
genome complexity or size of the genome. The great increase in genome size between
vertebrates and invertebrate species poses significant problems for the isolation and
functional analysis of vertebrate genes. The ideal model would be a vertebrate organism
with a small but highly conserved genome.
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12. 2. The Small Genome of Fugu rubripes
The smallest vertebrate genomes have been reported for the tetraodontoid teleosts (‘bony
fish'), amongst which the Japanese pufferfish Fugu rubripes (see Fig. 7) has been
studied in some detail. In the late sixties, tetraodontoid fish were studied by Hinegardner
and Rosen (1972) who, on the basis of reassociation kinetics, estimated that the haploid
genome of 0.4pg contained 380Mb of sequence, compared to 3000Mb in man. Since
genome size estimates by physical measurement can be inaccurate, Brenner et al. (1993)
have recently confirmed the small genome size of the pufferfish by two independent
methods. One of the strategies included sequence analysis of random plasmid clones
containing sonicated Fugu DNA. The coding potential for the obtained sequences was
estimated by comparison with existing entries for other species in the SWISSPROT
database. These studies indicated that Fugu exons were highly conserved and that a
fraction of 0.791% of the total nucleotide sequence was coding. To compare this value
to that expected for human, the coding fraction of the human genome was estimated by
construction of a nonredundant database of coding sequences called RATMAN which
contains only one copy for each vertebrate gene known. In other words, this database
contains a single representative of each of the presently known genes found in any of the
vertebrate species. RATMAN contained 3.09Mb of (coding) sequence which by
comparison represents 0.103% of the total human genome. Thus, a database search with
random human genomic sequence against RATMAN should identify 0.103% as coding
sequence. Provided that the total number of genes between vertebrate species is
approximately the same, this would suggest that the Fugu genome is 0.791/0.103=7.68
times smaller (ca 400Mb) than the human genome at around 3000Mb. Similar results
were obtained by screening an unamplified phage library with single copy probes. An
average of 24625 phage clones with an insert size of around 16.4kb had to be screened
to identify a positive clone, indicating a genome size for Fugu of 24625x16.4kb=
403Mb, some 7.6 times smaller than human.

12. 3. The Fugu Genome Never Acquired ‘Junk-DNA’
Based on the estimated size of the Fugu genome, one might expect the ancestral genome
of primitive fish to be generally small. Surprisingly, however, only the pufferfish and its
relatives have retained the archetypal genome size during evolution, while many
independent genome expansions must have occurred to account for the large genome
size of most fish species today. Although this might seem unlikely, the alternative, that
primitive fish had a much larger genome comparable to that of higher vertebrates today,

would imply that Fugu has undergone several rounds of genome compression, a
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possibility not favoured by Brenner and colleagues who suggest that the Fugu genome
has never acquired the junk' DNA that is found in mammalian genomes. Evidence for
these assumptions comes from the random Fugu sequence data. In the 127831bp of
random Fugu sequence, the most abundant repeat, GT-AC, occurred 30 times
comprising 1050bp in total, the average distance between GT-AC repeats in Fugu is
(127831-1050)/30= 4.2kb compared with 30kb in human (determined for chromosome
16). Since the Fugu genome is estimated to be 7.68 times smaller than the human
genome (see above) this suggests that the total number of repeat elements in Fugu is the
same as in higher vertebrates and this means that genome expansion in mammals
occurred between the repeats. Since the positional conservation of the repeat elements is
only 30%, repeats are not ancient and the expansion in mammals is a relatively recent
event. Unfortunately, this argument does not offer any explanation as to why the Fugu
genome remained small when most other genomes expanded. Whatever the mechanisms
involved, one of the most useful properties of Fugu is the small size of its introns.

12. 4. Small Is Beautiful . . .
With a modal (most frequently observed) value of 80bp, the size of Fugu introns is
reduced by a factor corresponding to the reduction of the genome as a whole. Since
Fugu genes are fully functional they are likely to contain the necessary control elements
in a compressed form, which would make them ideal for identification of regulatory
elements, particularly where these are spread over large regions between genes or
involve long range regulatory elements that control entire gene families. There is
presently too little data to show conclusively how much linkage conservation exists
between Fugu and mammalian species, especially over large distances, but Trower et al.
(1996) have demonstrated that a 12.4kb segment of a Fugu cosmid containing three
genes corresponds to a region of more than 600kb in human, indicating a high degree of
synteny and compression between Fugu and higher vertebrates. In agreement with this,
it has recently been reported that the diploid Fugu genome comprises 44 very small
chromosomes (Miyaki et al., 1995).

12. 5. ... Or is it?
If the usefulness of the Fugu model beyond its small genome is considered, and
specifically how it lends itself to functional studies, there are considerable limitations.
The long generation time and large size of Fugu are prohibitive for genetics or
embryology. Although Fugu fish are farmed commercially in Japan, as a culinary
delicacy, export of live fish is restricted and consequently resources are very limited.
Without Fugu embryos, gene expression studies in situ, or the generation of transgenic
Fugu fish are not feasible. For these reasons the Fugu model is likely to remain a

genomic rather than a true biological model, and it will not replace other model
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organisms like mouse, fly and zebrafish. However, another pufferfish Tetraodon
fluviatilis, a close relative of Fugu rubripes, appears to be a more manageable species
and has recently been proposed as a suitable model (Crnogorac-Jurcevic et al., 1997).
Surprisingly, in his original study, Hinegardner (1968) already reported the genome of
T. fluviatilis as the smallest of the 300 species of teleost fish examined (including Fugu),
which poses the question as to why Fugu rubripes was the model of choice for Brenner
and colleagues. There are several advantages of T. fluviatilis over Fugu rubripes, most
importantly that the former is a fresh water puffer that grows to only 17cm in length
(compared to the 50 cm or so for Fugu) and can be maintained and bred in a
conventional aquarium according to Sterba and Krapp (see Crnogorac-Jurcevic et al.,
1997). Initial studies on the cytochrome-b and Wnt gene sequence confirm the close
relationship between T. fluviatilis and Fugu with more than 80% nucleotide and amino
acid identity. Furthermore, these studies show that the high degree of sequence
similarity is likely to allow T. fluviatilis homologues of most Fugu genes to be cloned
rapidly by cross hybridisation of Fugu probes to T. fluviatilis libraries or amplification
by degenerate PCR.

12. 6. Studies on Developmentally Regulated Genes in Fugu
Irrespective of the particular pufferfish species, the most interesting targets of sequence
comparisons with other vertebrates are the developmentally restricted genes because they
are the most likely to show regulatory conservation, and amongst these the Hox
complexes of vertebrates are probably the most conserved in regulation and genomic
organisation. Recently the degree of Hox gene conservation in Fugu has been examined
but surprisingly the results revealed considerable organisational differences between
Fugu and other vertebrates (Aparicio et al., 1997). For example, in the Hox-d complex
of Fugu five genes are missing compared with the mammalian or zebrafish Hox-d
clusters. Furthermore, all of the group 7 genes and a number of other orthologues are
absent in Fugu. Also new paralogous Hox genes (group 2 genes) have been found in
Fugu, but not any other vertebrate. The overall size of the Fugu Hox a, c and d
complexes is smaller than their mammalian counterparts, whereas the Hox-b complex is
slightly larger than in the mouse, indicating significant evolutionary divergence between
the Fugu and mammalian Hox clusters. Despite these apparent differences, previous
studies on the Hox genes have identified conserved regulatory elements in Fugu that
were shown to be functional in transgenic mice (Marshall et al., 1994; Aparicio et al.,
1995). Specifically, Marshall et al. identified two Hox-bI enhancer elements conserved
between Fugu and chick, of which one contained a retinoic acid response element, while
Aparicio et al. demonstrated that reporter constructs containing conserved Hox-b4
sequence elements from Fugu were able to set the correct boundaries of Hox-b4
expression between rhombomeres 6/7 in the hindbrain of transgenic mice. To further

46



Chapter 1 - Introduction

evaluate the usefulness of Fugu for the identification of functional regulatory elements, it
is important to examine the extent of sequence conservation of other developmentally
regulated genes, like the myogenic regulatory factors, between Fugu and mammals.
Parallel comparisons with other teleosts, such as zebrafish, or amphibian models might
also be informative for the identification of such elements. However, the small size of
the Fugu genome should allow for the highest degree of stringency in such
comparisons. Indeed comparisons between mouse, chick, and zebrafish sequences of
the Hox-d11 loci have revealed conserved elements involved in the control of Hox-d11
expression in the tetrapod limb, despite the fact that the zebrafish region was not
significantly smaller than the equivalent region in the mouse. Transgenic mice carrying
the full fish Hox-d11 construct as well as hybrid mouse-fish Hox-d11 constructs
showed that the fish sequences were able to drive expression in the mouse forelimbs
although the fish elements required the presence of the mouse promoter to do so
(Beckers et al., 1996). The ability to test the function of conserved elements in
transgenic mice provides the necessary assay to evaluate the in vivo role of the candidate
regions, and locate binding sites of the relevant transcription factors. In this study the
usefulness of Fugu for the identification of regulatory elements controlling expression of
the myogenic factor Myf-5 is examined.

13. Separate Regulatory Elements Control Sub-Domains
of Myf-5 Expression
Previous studies on the transcriptional regulation of the myogenin gene have established
that the complete spatio-temporal expression pattern of myogenin can be recapitulated in
transgenic mice by only 133bp of promoter sequence containing binding sites for a
bHLH factor and a protein of the MEF-2 family (Cheng et al., 1993; Yee and Rigby,
1993). The temporal expression of the myogenic factors, and evidence from the
knockout mice, suggested that Myf-5 is the bHLH factor involved in myogenin
activation. We therefore turned our attention to the transcriptional regulation of Myf-5.
Unlike myogenin, with its well defined regulatory region, Myf-5 is subject to complex
regulation, which is likely to result from the diversity of signals that Myf-5 expressing
cells have to respond to. In vertebrates Myf-5 and MRF4 form a syntenic linkage group.
Transgenic mice expressing LacZ under the control of the entire region, extending over
13kb from the MRF4 gene through to the 3' untranslated region (3’UTR) of Myf-5, and
deletion variants thereof, show that several regulatory elements are located within the
intergenic region as well as the MRF4 and Myf-5 genes themselves. These elements
autonomously drive expression in discrete subdomains of the wild type Myf-5
expression pattern as defined by in situ hybridisation (Summerbell et al., unpublished).
The identified elements behave as enhancers both in the context of a heterologous or the
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endogenous promoter. In combination they reproduce much, but not all of the wild type
expression pattern of Myf-5. Notably, the regulatory elements that control expression of
Myf-5 in the limbs are absent from the more than 13 kb of sequence examined. The large
size of the region has made the isolation of discrete regulatory elements difficult. In
previous studies on the Hox cluster, regulatory elements have been identified on the
basis of their evolutionary conservation in other species (Marshall et al., 1994; Aparicio
et al., 1995; Beckers et al., 1996). For this reason we wanted to investigate the
usefulness of established vertebrate model organisms for the identification of regulatory
elements controlling Myf-5. This approach is based on three assumptions; first, that due
to functional constraints the regulatory elements are evolutionarily conserved; secondly,
that elements identified in this way can respond to the endogenous transcription factors
and third; that the regulatory elements can do so in isolation from their native
environment and reproduce (at least) most of the wild type expression pattern in the
context of a transgenic reporter.

In this study I show that linkage between MRF4 and Myf-5 extends to the pufferfish
Fugu but that with the exception of the coding regions the Fugu sequence is not visibly
conserved, and does not allow candidate regulatory elements to be predicted on the basis
of sequence conservation. I therefore turned to traditional transgenic methods to identify
and characterise the regulatory regions in the mouse Myf-5 gene itself. Previous studies
from our laboratory have shown that Myf-5 expression in the ventral posterior margin of
the dermomyotome depends on regulatory elements located in a region containing the
Myf-5 gene with its 3' UTR. I show here that regulatory elements in each of the two
introns and in the UTR are necessary for expression in the ventral posterior margin of
the somites. Results from our laboratory indicated that, at least in the case of Myf-5,
expression in particular anatomical subdomains is controlled by separate regulatory
elements. My data suggest that even for these subdomains multiple dispersed regulatory
elements may be required to control expression, adding a further level of complexity to
the regulation of Myf-5 expression.
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Chapter 2

Materials and Methods

1. Solutions and Reagents

Solutions were made up from laboratory grade reagents and sterile distilled water
(dH,0) and stored at room temperature unless stated otherwise.

Ammonium Persulphate (APS) 10% (w/v)
10 % (w/v) APS (Kodak 11151).
Ampicillin 1000x stock
100 mg/ml ampicillin (sodium salt, Sigma).
Avertin
100 % (w/v) 2,2,2-tribromoethanol dissolved in tertiary amyl alcohol. Diluted to
2.5 % (w/v) in distilled water. Stored in dark.
Bandshift Buffer 2 x
100 mM Tris-HCI (pH 7.9), 12 mM MgCl, 0.4 mM EDTA, 2 mM DTT, 30 %
(v/v) glycerol. Stored in aliquots at -20°C.
BHI Medium
3.7 % (w/v) brain-heart infusion medium (DIFCO). Autoclaved.
Church & Gilbert Hybridisation Solution
1 mM EDTA, 500 mM Na,HPO, (pH 7.2), 7 % (w/v) SDS.
Church & Gilbert Washing Solution
40 mM Na,HPO, (pH 7.2), 1% (w/v) SDS, 1 mM EDTA.
CY Medium
10 g/l casamino acids, 5 g/l yeast extract, 50 mM NaCl, 25 mM KCl, pH 7.0
adjusted with HCl, autoclaved.
Deoxyribonucleoside Triphosphates (ANTPs) 10x
2.5 mM dATP, dCTP, dGTP and dTTP (Ultrapure, Pharmacia).
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Embryo Extraction Buffer
10 mM Tris-HCI (pH 8.0), 0.1 M EDTA pH 8.0, 0.5 % (w/v) SDS, 20 pg/ml
preboiled RNAse A
Embryo Fixative
Mouse: Mirsky's fixative (National Diagnostics). Made from 10x concentrate
and 10x buffer (National Diagnostics) in distilled water. Stored at 4°C.
Zebrafish: 4% (w/v) paraformaldehyde (PFA) in PBS made up fresh, heated to
65°C and stirred until completely dissolved, then cooled on ice prior to use.
Embryo Fuchsin Staining Solution
0.1 % (w/v) acid fuchsin (Sigma) in PBS, pH 7.2 - 7.4.
Embryo Staining Solution
5 mM K;3Fe(CN)g, S mM K Fe(CN)¢3H,0, 0.01 % (w/v) Na-Deoxycholate,
2 mM MgCl,, 0.02 % (w/v) NP40, 1 mg/ml X-Gal, in PBS.
Embryo Washing Solution
0.02 % (w/v) NP40 made up in PBS and stored at 4°C.
Ethidium Bromide
10 mg/ml stock solution stored at 4°C in the dark.
G50 gel filtration mix
5 % (w/v) slurry of Sephadex™ G50 superfine (Pharmacia) prepared in STE (50
mM NaCl, 10 mM Tris-HCI (pH 7.4), | mM EDTA) autoclaved, Triton X-100
added to 0.05 % (v/v) and stored at 4°C.
HEPES, IM pH 7.5
23.83 g HEPES (Sigma H-3375), dH,O to 100 ml, pH 7.5 adjusted with
potassium hydroxide (KOH) stored at 4°C.
In Situ Hybridisation Solutions I-I11
Solution I
4xSSC adjusted to pH 4.5 with citric acid, 1 % (w/v) SDS, 50 % (v/v)
formamide, prewarmed to 65°C.
Solution II
500 mM NaCl, 10 mM Tris-HCl (pH 7.5), 0.1 % (v/v) Tween20
Solution I
2xSSC (pH 4.5), 50 % (v/v) formamide, made up fresh.
Hybridisation buffer
55 % (v/v) formamide, 10xSSC, 56 mM EDTA, 100 mg/ml heparin (Boehringer
Mannheim); 0.2 % (v/v) Tween (Sigma); 5S0mg/ml yeast t-RNA (Sigma).
IPTG
Isopropyl B-D-thiogalactopyranoside (Sigma), 1M stock solution.
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Kanamycin Sulphate (Kan):
Stock of 5 mg/ml: 500 mg kanamycin (Boehringer Mannheim 106 801) dH,O to
100 ml. Added at final conc. 20 mg/ml to media.

L-Agar plates
LB containing 1.5% (w/v) bacto-agar (DIFCO). Autoclaved and cooled to 55°C.
Poured as plates (ampicillin added for selective plates) and dried at room
temperature for 2-3 days. Stored at 4°C.

Lambda Dilution Buffer
100 mM NacCl, 20 mM MgSO,, 50 mM Tris-HCI (pH7.5) made up with dH,0
autoclaved, add gelatin to 0.01 % (v/v)

L-Broth (LB)
1 % (w/v) bacto tryptone (DIFCO), 0.5 % (w/v) bacto yeast extract (DIFCO)
and 0.5 % (w/v) NaCl. Autoclaved, stored at 4°C.

Loading Buffer for ABI Sequencing Reactions
5:1 deionized formamide: 25 mM EDTA with 50 mg/ml blue dextran.

Loading buffer for Agarose Gel Electrophoresis
0.25 mg/ml Orange G (Sigma) in 30 % (v/v) glycerol.

Micro-extraction Buffer
20 mM HEPES (pH 7.8), 450 mM NaCl, 200 mM EDTA, 500 mM DTT,
1 pg/ml aproteinin, 1 pg/ml eupeptin, 100 pg/ml PMSF and 1 pug/ml pepstatin
A. Made fresh from stock solutions.

Microinjection Buffer
10 mM Tris-HCI (pH 7.4), 0.1mM EDTA. Made up using high quality,
endotoxin free water (W1053, Sigma). Filter sterilised through a 0.22 pm filter.
Stored in aliquots at -20°C.

MOPS Gel
1 % (w/v) agarose, 35 % (v/v) formaldehyde in 1x northern running buffer.

Northern Running Buffer
0.2 M MOPS, 10 mM EDTA, 50 mM NaAcetate (pH 5.2), made up in 0.1 %
(v/v) DEPC, adjusted to pH 7.0 with NaOH and autoclaved.

NTMT
100 mM NaCl, 100 mM Tris-HCI (pH 9.5), 50 mM MgCl,, 0.1 % (v/v)
Tween 20

PFA (Paraformaldehyde)
Made up fresh. 4 % (w/v) paraformaldehyde dissolved in PBS, by heating
gently, avoiding toxic fumes.

PBS (Phosphate buffered saline)
137 mM NaCl, 2.7 mM KCl, 1.4 mM KH,PO,,4.3 mM Na,HPO,-7H,0
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PEG - Mix
26.2 % (w/v) PEG 8000 (polyethylene glycol), 6.6 mM MgCl,, 0.6 M sodium
acetate (pH 5.2).
Phenol, TE Saturated
Ultrapure phenol (Amresco) equilibrated to pH 7.8 - 8 with 10 mM Tris-HCI
(pH 8.0), 1 mM EDTA. Stored under 100 mM Tris-HCI (pH 8), 0.02 % (w/v)
B-mercaptoethanol at 4°C in the dark.
Phosphate Buffer
IM NaHPO, adjusted to pH 7.2 with 80 % (w/v) H;PO,.
Plasmid Solution I: Resuspension Buffer
25 mM Tris-HCI (pH 8.0), 50 mM glucose, 10 mM EDTA.
Plasmid Solution II: Lysis Buffer
0.2 M NaOH, 1% (w/v) SDS.
Plasmid Solution III: Neutralisation Buffer
3 M potassium acetate pH 4.8 (with acetic acid). Autoclaved.
Polymerase Chain Reaction (PCR) Buffer 10x
100 mM Tris-HCI (pH 8.3), 500 mM KCl, 15 mM MgCl,.
RNA Extraction Buffer
25 g Guanidinium thiocyanate, 29.3 ml dH,0, 1.76 ml 0.75 M NaCitrate, pH7,
2.64 ml 10 % (w/v) Sarcosyl, 38 pl B-mercaptoethanol, stored at -70°C.
RNA Sample Buffer
50 % (v/v) deionised formamide, 18 % (v/v) formaldehyde, 0.1 % (v/v)
ethidium bromide (10 mg/ml), 0.1volume of 10x northern running buffer.
RNase A stock (250x)
10 mg/ml RNase A in 10 mM Tris-HCI (pH 7.5), 15 mM NaCl. Boiled for 15
minutes to inactivate DNase contamination.
Sodium Acetate (NaOAc)
3 M Sodium Acetate (pH 5.2) adjusted with glacial acetic acid.
Southern Denaturing Solution
400 mM NaOH, 600 mM NaCl.
Southern Neutralizing Solution
500 mM Tris-HCI (pH7.0), 1M NaCl.
SSC (Standard Saline Citrate) 20x
3 M Na(Cl, 0.3 M Nagcitrate-2H,0, adjusted to pH 7.0 with 1M HCL
TBE (Tris-Borate EDTA) Electrophoresis Buffer 1 x
89 mM Tris, 89 mM boric acid, 2 mM EDTA.
TBS (10x)
1.5 M NaCl, 250 mM KCl, 250 mM Tris-HCI (pH 7.5).
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TBST
1xTBS, 0.1 % (v/v) Tween 20
TE (Tris EDTA) Buffer
10 mM Tris-HCI (pH 8.0), 1 mM EDTA. Autoclaved.
Top-Agarose
0.6 % (w/v) agarose in L-Broth, autoclaved and kept at 55°C immediately before
use.
Transcription buffer for T3, T7 RNA polymerases
200 mM Tris-HCI (pH 8.0), 40 mM MgCl,, 10 mM spermidine, 250 mM NaCl.

X-Gal 4 % (wiv)

40 mg/ml 5-bromo-4-chloro-3-indolyl-f-D-glactoside (X-Gal) made up in
dimethylformamide (DMF) , stored at -20°C in the dark.
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2. DNA Manipulations

2. 1. Phenol Extraction of DNA
An equal volume of TE-saturated phenol was added to an aqueous DNA sample. The
mixture was vigorously vortexed, prior to centrifugation at 13000 x g at room
temperature for 5 minutes. The upper, aqueous layer was carefully removed, avoiding
the phenol interface and an equal volume of chloroform was added followed by
vortexing and centrifugation as before. The upper aqueous, layer was carefully removed
and ethanol precipitated.

2. 2. Ethanol Precipitation of DNA
One tenth volume of 3M NaOAc (pH 5.2) and 2.5 volumes of 100% ethanol were added
to the DNA sample which was incubated for 10-30 min at -70°C before the DNA was
recovered by centrifugation at 13000 x g at room temperature before rinsing the pellet
with 70 % (v/v) ethanol. Where ligations were precipitated prior to electro-
transformation, 0.5 ml of 20 mg/ml glycogen (Boehringer Mannheim) were added per
10ml ligation as a carrier and then ethanol precipitated as before.

2. 3. PEG Precipitation of DNA
PEG precipitation was used mainly for purification of PCR products from
oligonucleotides and dNTPs prior to sequencing and for precipitation of reactions,
where buffer changes were necessary. PEG also precipitates residual enzymes from the
reaction. Briefly, an equal volume of PEG-mix was added to the reaction, which was
incubated for 5 min at room temperature and centrifuged at 13000 g for 5-10 min. The
usually invisible pellet was washed with 70 % (v/v) ethanol prior to resuspension in TE.

2. 4. Endonuclease Digestion of DNA
Restriction enzyme digestions were performed in the manufacturer's buffers according
to manufacturer's instructions. The minimum reaction volume was 10 pul with a
maximum DNA concentration of 100 ng/ul.

2. 5. DNA Fragmentation by Sonication
Random DNA fragmentation for subcloning was achieved by sonication (Deininger,
1983) using a High Intensity Ultrasonic Processor (Vibra Cell VC300, Sonics &
Materials).

2. 6. Dephosphorylation of DNA
5' Phosphates were removed from digested vector DNA using calf intestinal alkaline
phosphatase (CIAP, Boehringer Mannheim) to avoid self-ligation of vector ends
specifically where oi-complementation could not be used to screen for recombinants (eg.
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when generating reporter constructs). Between 1 and 10 units of CIAP were added to
dephosphorylate 50 pmoles 5' terminal phosphorylated vector ends by incubation at
37°C for 30 minutes. The phosphatase was inactivated either by addition of EDTA
(50mM final concentration) and incubation at 85°C for 20 minutes, followed by PEG
precipitation or phenol extraction.

2. 7. Repair of DNA Ends

(i) 5' Overhangs

5' overhangs were filled in by incubation with 1 U of Klenow fragment of DNA
polymerase I (Boehringer Mannheim) in the presence of 50 mM dNTPs at room
temperature for 20 minutes.

(ii) 3' Overhangs

3' overhangs were removed by the 3'- 5' exonuclease activity of T4 DNA
Polymerase (Boehringer Mannheim). One p1g of DNA was incubated with one unit of
enzyme in the presence of 50 mM dNTPs at 12°C for 30 minutes.

(iii) PCR Products

PCR products that were to be cloned were usually amplified with Pfu
(Pyrococcus furiosus) polymerase (Stratagene) which possesses a more than ten fold
greater fidelity than Taq polymerase. The estimated fidelity for Pfuis 1.6 x 10-6
errors/base (Lundberg et al., 1991) compared to Taq's 1.1 x 104 errors/bp (Tindall and
Kunkel, 1988). An additional advantage of Pfu is that unlike Taq it gives rise to blunt-
ended products. Amplification products generated by Taq polymerase have 3' overhangs '
which were polished with either T4 DNA Polymerase or Klenow as above.

(iv) Sonicated DNA Fragments

Sonication products for "shot gun cloning" were end-repaired using Klenow
enzyme as above.

2. 8. Oligonucleotide Primer Synthesis
Oligonucleotides were chosen to have a GC content of about 50 %. Repetitive motifs
and stretches of any one nucleotide were avoided. Most oligonucleotides were at least 17
bp in length with annealing temperatures of 50°C or more. After oligonucleotide
synthesis, the base- and phosphorous protecting groups must be removed to ensure that
the oligonucleotide is biologically active. To deprotect the DNA, the oligonucleotide was
incubated in ammonium hydroxide (NH,OH) for 5-12 hours at 55 °C or for 1 hour at
85°C. DNA was recovered by ethanol precipitation, and the concentration was assayed
by measuring the spectrophotometric absorbance of a diluted aliquot at 260 nm. The
concentration was calculated, assuming that for single stranded oligonucleotides 1 OD
equals 20 pug/ml and that the average molecular weight per deoxyribonucleotide is 325

g/mol. Some oligonucleotides were purchased from Oswel.
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2. 9. Agarose Gel Electrophoresis and Documentation
DNA fragments were generally separated by electrophoresis through 0.7-1.5 % (w/v)
agarose in 1 x TBE containing 0.25 pg/ml ethidium bromide. Small DNA fragments of
less than 200 bp in size were efficiently resolved on 2 % (w/v) low melting point
agarose gels (Seaplaque, Flowgen).
The products were visualised under ultra-violet light and photographed using a Polaroid
Land Camera fitted with a Wratten filter (No. 25, Kodak) and Polaroid 667 black and
white film or video captured using the UVP gel documentation system (GDS 7500) and
printed on a Mitsubishi video copy processor.

2. 10. DNA Fragment Isolation
Fragments were size separated by agarose gel electrophoresis, excised from the gel and
recovered using the QiaexII Gel Extraction kit (Qiagen) following the manufacturer's
instructions. For microinjection constructs, more extensive purification was applied: The
DNA fragments were run into a 0.6 % (w/v) low melting point agarose gel (Seaplaque,
Flowgen), excised from the gel and incubated for 1-2 hours at 42°C with SU gelase
enzyme (Epicentre Technologies) to dissolve the agarose. Subsequently the DNA was
recovered by phenol extraction followed by two extractions with chloroform, and finally
ethanol precipitation. The DNA was taken up in microinjection buffer and diluted
appropriately prior to pronuclear injection.

3. DNA Cloning

3. 1. DNA Ligations
Ligations containing 1-5 ng/ul of linearized vector DNA and a 2-3 fold molar excess of
insert DNA were incubated with 1 unit of T4 DNA ligase (Boehringer Mannheim) in 1x
supplied ligation buffer for 45 min -2 hours at 25°C or overnight at 16°C. The DNA
ligase was inactivated by incubation at 70°C for 10 min. For blunt end ligations, vector
self-ligation was largely eliminated by redigestion of the ligation with the endonuclease
that had been used to linearise the vector prior to transformation. For electro
transformation, salt ions, which may adversely affect the conductivity of the reaction
were removed from the ligations by ethanol precipitation in the presence of 10 pg of
glycogen (Boehringer Mannheim). Usually one half of the ligation was used to

transform competent cells (see below).

3. 2. Transformation of Competent Cells
The electroporation method of transforming E. coli can produce efficiencies greater than

those achieved with the best chemical methods and was used throughout (Bower et al.,
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1988). 25 ul of Epicurian Coli Electroporation-competent cells (Stratagene) were mixed
with 10-50 ng of ligation products and added to a Gene Pulser®/ E coli Pulser cuvette ™
(Biorad). Electroporation was carried out using a Biorad GenePulser using the
recommended conditions (1.7 Volts, 0.25 mFarrad, 200 Ohms). The transformation
products were immediately resuspended in 500 il BHI and incubated shaking for 30
min at 37°C before plating on L- agar plates containing ampicillin (10 pg/ml). Where
appropriate, 40 pl of 4 % (w/v) X-Gal and 5 pl of 1 M IPTG were added per agar plate

to allow blue/white screening. Plates were incubated upside down, overnight, at 37°C.

3. 3. Recombinant Screening

i) a-Complementation

The use of bacterial strains deficient for the o—peptide of B—galactosidase allows
recombinant bacterial colonies to be screened as LacZ negatives on agar plates containing
the lac operon inducer IPTG and the B-galactosidase substrate X-Gal. In general, the
gene for the o~ peptide is inactivated in recombinant plasmids, resulting in the formation
of white colonies on plates containing X-Gal. Nonrecombinant bacterial colonies
complement the host deficiency by expressing the oi-subunit of the 3-galactosidase gene
and metabolise X-Gal thus forming a blue precipitate.

ii) PCR Screening

Individual bacterial colonies were picked into a 96 well microtiter culture dish
(Sero Well®, Bibby Sterilin Ltd.) containing 100 pl BHI (supplemented with ampicillin:
100 pug-ml') per well.
After 3-12 hours of incubation at 37 °C, a 96 pin replicator (hedgehog) was used to
transfer approximately 0.5l of medium from the culture dish to a 96 well thermostable
thermowell™ plate (Costar) containing 20 pl of PCR-mix (0.1 mM dNTPs, 1x PCR
buffer, PCR primers each at 0.5 UM concentration and 0.5 units of Amplitaq® (Perkin
Elmer) made up with distilled water). The bacteria are lysed in the PCR machine by
incubation at 95°C for 90 seconds, followed by 32 cycles of denaturation at 95°C for 30
seconds, primer annealing for 30 seconds at 45-65°C (depending on the primer)
followed by primer extension at 73°C. One minute extension was allowed for each kb of
amplification product. An aliquot of the PCR products was examined by gel-
electrophoresis. Where necessary the PCR products were PEG precipitated and
sequenced or analysed by restriction endonuclease digestion.
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4. Isolation of DNA and RNA

4. 1. Plasmid Isolation by Alkaline Lysis "Miniprep"
Overnight bacterial cultures (2 ml) were pelleted in a microfuge at 13 000 x g for 2
minutes. The pellets were resuspended in 200 pl of plasmid solution I, lysed with
200 pl of solution II and neutralised with 200 pl of solution III. Samples were then
extracted by shaking with 500 ! of phenol:chloroform and centrifuged (13 000 rpm for
2 minutes). The aqueous phase (500 pil) was transferred to a fresh tube, precipitated
with isopropanol and pelleted at 13 000 rpm for 10 minutes at RT. Plasmid DNA was
washed with 70 % (v/v) ethanol, air dried and resuspended in 30 pl of TE containing 40
pg/ml RNase A. 2-5 pl was used for restriction analysis.
For more extensive manipulations, DNA was prepared from 250 ml overnight cultures
by the alkaline lysis method and further purified by equilibrium centrifugation in a CsCl-
ethidium bromide gradient (see Sambrook et al., 1989).

4. 2. Plasmid Isolation by CsCl "Maxiprep"
An individual bacterial colony was picked to inoculate 250 ml of BHI supplemented with
ampicillin at 100 pg-ml-. The culture was incubated at 37 °C for 12-16 hours shaking
vigorously. A glycerol stock of a 1 ml aliquot of the culture was prepared by addition of
500 pl of 50 % (w/v) glycerol and stored at -80°C. From the remaining culture bacteria
were harvested by centrifugation (8000 rpm, 20 minutes, 20°C) in a Sorvall RC-5B
centrifuge fitted with a GSA rotor, then resuspended in 20 ml of plasmid solution 1.
Cells were lysed by gentle inversion with 40 ml of solution II and the lysate neutralised
with 30 ml of plasmid solution III. After centrifugation (GSA- 7 rotor, 10 000 rpm, 15
minutes, 4°C) the supernatant was filtered through 2 layers of medical gauze (Johnson &
Johnson) and the plasmid DNA precipitated with 0.6 volumes of isopropanol. The
previous centrifugation step was repeated and the DNA pellet rinsed with 70% (v/v)
ethanol, dried and resuspended in 5 ml of TE. 4.75 ml of this solution were transferred
to a universal container (Sterilin) and 5.1 g of CsCl and 250 pl of ethidium bromide (10
mg/ml) were added. After 5 minutes at room temperature, a precipitate had formed
which was pelleted in a Sorvall RC-6000B centrifuge (15000 rpm, 5 minutes, 20°C).
The supernatant was transferred to a polyallomer ultracentrifuge tube (Beckman Quick-
Seal #342412) and heat sealed carefully. Supercoiled plasmid DNA was banded by
centrifugation in a Beckman VTi 80 rotor (70000 rpm, 4 hours, 20°C). Banded DNA
was removed from the centrifuge tube with a syringe and extracted with 2-5 volumes of
water-saturated butanol to remove the ethidium bromide. CsCl was removed by diluting
to 2.5 volumes with distilled water followed by alcohol precipitation at room
temperature. The DNA concentrations were determined from spectrophotometric
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absorbance of an aliquot at 260nm (assuming that for double stranded DNA 1 ODg0 =
50 pg/ml).

4. 3. Genomic DNA Isolation from Zebrafish Embryos
Genomic DNA from 12-14 somite stage zebrafish embryos was prepared by the
following method. Embryos were allowed to grow at 29 °C for 36 hours until they had
reached the appropriate developmental stage. The zebrafish were placed into a sterilin
tube and stirred up repeatedly in order to remove damaged embryos and unfertilised eggs
which tend to settle more slowly and can be removed with the supernatant.
Approximately 300 embryos were frozen on dry ice and used later for genomic DNA
preparation, the remaining embryos were used for in situ hybridisation.
Prior to use the frozen embryos were thawed on ice, resuspended in 1ml of embryos
extraction buffer and macerated. The preparation was incubated at 37°C for 1hour to
allow RNA to be hydrolysed. In all subsequent steps care was taken not to shear the
DNA by vortexing or pipetting. Proteinase K was added to 100pug/ml followed by
incubation at 50°C for 3 hours. DNA was extracted twice with phenol saturated with
0.5M Tris-HCI (pH 8.0), 10mM EDTA followed by two extractions with CHCl,.
The extracted DNA was precipitated with 0.1 volume of 3M Na acetate, ImM EDTA pH
7.0 and 0.54 volumes of isopropanol and dissolved in 300l of 0.2 x SSC overnight.
The optical density at 260 nm was measured and the DNA concentration determined. A
digest of 10 pg DNA in restriction buffer with and without EcoR1 produced a
continuous smear, with a prominent satellite band around 1kb, with EcoR1 and without
the enzyme a tight band at limit mobility (>23Kb) was apparent.

4. 4. Cosmid DNA Isolation
A cosmid culture was streaked out onto L-agar plates supplemented with kanamycin and
incubated overnight at 37 °C. A single cosmid clone was picked and used to inoculate
5-200 mls of BHI containing 100 pg/ml kanamycin. Following incubation overnight at
37 °C with shaking, DNA was prepared using the Wizard"™ Miniprep system (Promega)
according to the manufacturer's protocol. Larger quantities of cosmid DNA were
prepared using Qiagen Midipreps following the manufacturer's instructions.

4. 5. Isolation of RNA
RNA from zebrafish was isolated by a modification of the method of Chomczynski and
Sacchi (1987). About 400 zebrafish embryos between 14 and 22 somite stage were used
for RNA preparation. The embryos were resuspended in 1 ml of RNA extraction buffer
and vortexed vigorously until they started to decompose. 0.1 volumes of 2M NaAcetate
pH 4 were added and vortexed. The preparation was then extracted with an equal
volume of unbuffered phenol, followed by choloroform extraction. Two volumes of
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ethanol were added for precipitation on dry ice following centrifugation at RT for 15 min
at 13000g before the pellet was rinsed with 70% (v/v) ethanol, air dried briefly and
resuspended in RNase free ddH2O. '

4. 6. cDNA Synthesis
Reverse transcription PCR (RT-PCR) was used to clone the bHLH domain of zebrafish
Myf-5. Total RNA from whole zebrafish Danio rerio (36 hours) was a kind gift from
Linda McNaughton (Division of Developmental Neurobiology, NIMR). First strand
cDNA synthesis was carried out by annealing 6.5 pMoles of dT24 primer to 1 pug of
RNA by incubation at 65 °C for 10 min allowing the reaction to cool down slowly to
room temperature before supplementing with 4 pl of 5x RT buffer (Boehringer), 1 ul
RNase inhibitor (Promega), 2 ul of 2 mM dNTPs (Boehringer) and H,O to 20 ul
followed by incubation at 42°C for 5 min before adding 1.5 ul avian reverse
transcriptase (Boehringer). Incubation was continued for a further 40 min at 42°C. The
cDNA was stored at -20°C.

5. Southern Analysis

5. 1. Southern Blotting
The alkaline Southern blotting method was used to transfer DNA from agarose gels to
positively charged nylon membranes (GeneScreenPlus®, Du Pont) for subsequent
Southern hybridisation (Southern, 1975). For transfer of large DNA fragments (>3kb)
the agarose gel was depurinated in 0.25 M HCI for 10 min and then soaked in
neutralising solution for 10 min (Wahl ez al., 1979). A transfer tray was set up as
described by Sambrook et al., (1989). Blotting was performed for at least two hours or
overnight. The DNA was fixed to the nylon membrane by exposure of the "DNA-side”
to ultraviolet irradiation (254nm) for 30 seconds in a Stratalinker® (Stratagene). The
membrane was subsequently rinsed in neutralisation solution for 10 min and stored at
4°C for hybridisation to a radiolabelled probe.

5. 2. Southern Hybridisation Probes
DNA fragments to be used as Southern hybridisation probes were generated by PCR
amplification. Labelling was performed using the Klenow fragment of E. coli DNA
polymerase I, either to extend a probe specific primer or by random hexamer primed
DNA synthesis (Prime-a-gene labelling kit, Promega). Because the Klenow Fragment
lacks 5'-3' exonuclease activity, labelled nucleotides incorporated during hexamer
labelling are not subsequently excised as monophosphates. In the labelling reaction
dCTP was substituted with a B-particle emitter (0—2P)-dCTP thus generating highly
labelled DNA. The radionucleotides were purchased from Amersham with a half life of

60



Chapter 2 - Materials and Methods

14.3 days, and specific activity of 3000 Ci-mmol-1. The probes obtained ranged in size
from 75 to 600 nucleotides with a median size range of 200-400 nucleotides. The
products of the labelling reactions were subjected to a purification step in order to
remove unincorporated radionucleotides and judge the efficiency of the labelling
reaction. Briefly, a spin dialysis column was assembled in a 1.5 ml Eppendorf tube by
addition of 1ml of Sephadex CL6B resin (Pharmacia) over a bed (200 ) of glass beads
(glass beads for gas chromatography, BDH #15031). Two holes were introduced near
the bottom of the tube, then the column was placed inside a universal container (Sterilin)
and centrifuged at 500 x g for 2 minutes. A collection tube was put in place, the probe
was added to the column and the centrifugation repeated. The column was rinsed with
20 pl of TEN and centrifuged again to collect the probe. Prior to use, all probes were
heat denatured at 95°C for 2 minutes and snap-chilled on ice to prevent reannealing.

5. 3. Southern Hybridisation
The nylon hybridisation membranes prepared by Southern blotting were prehybridised
in hybridisation solution at 50°C for 15 min (60 min when used for the first time) before
the denatured probe was added and hybridisation was continued for 2-12 hours.
Hybridisation temperatures were chosen according to the length and specificity of the
probe:
i) Oligonucleotide probes were hybridised at a temperature that was 10°C below the
Tm of the oligonucleotide.
ii) Specific probes of more than 60 bp length were hybridised at 65 °C.
iii) Cross species probes of more than 60 bp in length were hybridised at 50°C.
After hybridisation the nylon membrane (GeneScreenPlus®, Du Pont)) was rinsed in
Church and Gilbert washing solution several times for 10 min until background
hybridisation had been sufficiently eliminated. The stringency of the washing steps was
successively increased by raising the temperature by 5 °C after each washing step,
starting at 10°C below the hybridisation temperature. Progress of the washing steps was
monitored with a Geiger counter, or exposure of the membrane to a phosphoimager
screen (Molecular Dynamics) or autoradiographic film (Kodak XAR).

6. Northern Analysis

6. 1. Northern Blotting
RNA samples were prepared by precipitating an appropriate amount of RNA in the
presence of 0.1 volumes of 4M LiCl and 2 volumes of ethanol, supplemented with 1/50
volume of 250 mM EDTA, at -70°C for 30 min. The pellet was rinsed in 70% (v/v)
ethanol, before being resuspended in 10 pl of RNA sample buffer followed by
incubation at 65 °C for 5 minutes. Typically 5 pg of total RNA or 1-2 pug of polyA
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selected RNA per lane were loaded on a 1% "MOPS gel". Electrophoresis was carried
out in 1x northern running buffer (made up with dH20, rather than DEPC-H20) at 10
V/cm for several hours. Bromophenol blue loading dye was added to one of the lanes to
monitor the progress of electrophoresis. Following electrophoresis, the gel was
photographed with a ruler aligned with the wells prior to being soaked in 20x SSC for
15 min. A northern transfer tray was set up, as described by Sambrook e? al. (1989) for
Southern blotting, except that 20x SSC was used as the transfer buffer. GeneScreen
Plus (Du Pont) Transfer Membranes were prewetted in 20x SSC prior to use. Blotting
was performed overnight. The membrane was rinsed in 2x SSC before the RNA was
fixed to the nylon membrane using a Stratalinker® (Stratagene) as recommended by the
manufacturer. The membrane was stored at -20°C until hybridisation to a radiolabelled
probe.

6. 2. Riboprobes for Northern Hybridisation
Plasmid clones containing suitable cDNA fragments were prepared by maxiprep as
described. 10 pg of plasmid DNA were linearised with a suitable restriction enzyme,
extracted once with phenol and twice with chloroform, before ethanol precipitation. The
pellet was rinsed in 70 % (v/v) ethanol before resuspending in RNase-free ddH20. 1ug
of linearised plasmid DNA was used in a 20 pl labelling reaction, supplemented with 2l
of SmM ribonucleotides (ATP, CTP, GTP, Boehringer) , 1 pul RNase inhibitor
(Promega), 2 pl transcription buffer (10x), 2 il RNA polymerase (T7, T3 depending on
which strand of the template was transcribed), 5 pl (0—32P)-UTP (Amersham) with a
specific activity of 400 Ci-mmol!. The labelling reaction was incubated at §7°C for 2
hours. Following the labelling reaction, the DNA template was hydrolysed by addition
of 0.5 pl of DNasel and incubation at 37°C for 30 minutes. Finally the reaction product

was ethanol precipitated and resuspended in dH,O prior to use.

7. Library Screening

7. 1. Fugu Cosmid Library Screening
A Fugu genomic cosmid library was kindly provided by Dr G. Elgar from Dr. S.
Brenner's laboratory in Cambridge. The library had been constructed in the lawrist 4
vector and consisted of an ordered array of 38016 clones spotted onto two high density
filters. Both filters were screened by hybridisation with mouse Myf-5 cDNA and MRF4
genomic probes. Hybridisation was carried out at 50°C according to the protocol
described by Church and Gilbert (1984). For a secondary round of screening, positive
cosmid clones were picked into TY medium containing 20mg/ml kanamycin and grown
overnight, before DNA was prepared using Wizard Minipreps® (Promega). An aliquot
of the miniprep cosmid DNA was digested with EcoR1 and the digestion products
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resolved by agarose gel electrophoresis. The DNA was transferred to a nylon membrane
(GeneScreenPlus®, Du Pont) by Southern blotting, and probed with a labelled PCR
product spanning the mouse MRF4 helix-loop-helix domain. Only four cosmids
hybridised to the HLH-PCR probe. A subset of these cosmids was identified again
using a different secondary screening strategy: 1 [l of miniprep DNA from the positive
first round cosmids was spotted onto three separate gridded Nylon Filters (Hybond N®,
Amersham). The DNA was allowed to dry, then soaked first in denaturing solution for 3
min and then in neutralising solution, before being baked onto the filter at 80°C for 2
hours. Each of the three filters was probed at 50°C with one of the following probes: the
Myf-5 cDNA probe, the MRF4 genomic probe, or the labelled HLH specific PCR
product. Two candidate cosmids were identified in this way.

7. 1. 1. Sequence Scanning of Cosmid Clones
A medium size DNA preparation was made from a cosmid clone using the Plasmid-
Midiprep-Kit (Qiagen). The cosmid DNA was fragmented by sonication, the ends were
polished with Klenow, and ligated to EcoRV cut pBS II KS + vector (Stratagene). More
than 800 subclones were picked into 96 well culture dishes and PCR amplified as
described (Rosenthal et al., 1993). The products were separated by gel electrophoresis,
blotted and probed with the HLH specific PCR fragment. Hybridisation positive
subclones were sequenced and database searches revealed homology to the MRF4 and
Myf-5 homologues in the SWISSPROT database.

7. 2. Zebrafish ¢cDNA Library Screening
7. 2. 1. Plating a Phage Library
A cDNA library of post-somitogenesis zebrafish constructed by Robert Riggleman and
Karthryn Helde in Lambda ZAP II (Stratagene) was distributed by David Jonah
Grunwald (Dept. of Human Genetics, University of Utah, USA). The titre was
approximately 9x108 pfu/ml and had recently been determined by counting plaque
forming units (pfu) obtained from serial dilutions of the library. Lawn cells were
prepared by picking a single colony of XL-1 blue (Stratagene) cells into a starter culture,
which was used to inoculate 500 ml of L-broth, supplemented with 0.2% (w/v) Maltose
and 10 mM MgSO,, The culture was grown to saturation and cells pelleted by
centrifugation at 2000g for 5 minutes at room temperature. The pellet was resuspended
in 50 ml of 10 mM MgSO,, and storable for several days at 4°C for subsequent plating
steps. 10 mls of cells were infected with 9x105 pfu of the library and incubated with
shaking at 37°C. After 30 minutes 25 ml of molten top agarose (50°C) were added and
quickly poured over prewarmed L-plates (without antibiotic). The top agar was allowed
to set and plates incubated at 37°C upside down for 12-14 hours. In total 1.8x10¢ pfu
were plated onto two 22 x 22cm L-agar dishes (BioAssay Dishes, NUNC, Denmark)
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equivalent to 18 pfu-mm although examination of the plates 12 hours later suggested
that the density of the phage plaques was about 5 times lower than that.

7. 2. 2. Filter Preparation and Hybridisation

Four sheets of nylon membrane (Hybond N+, Amersham), two for each plate, were cut
to squares of 22x20 cm. The edges were marked with a whole puncher and labelled with
pencil. The membranes were carefully applied onto the surface of the phage plate such
that almost the entire surface of the plate was covered. The plaques contain unpackaged
recombinant DNA which binds to the filter and can be denatured, fixed and hybridised.
The position of the membrane on the plate was outlined on the back of the plate. After 1
minute, the membrane was lifted from the phage plate and placed with the DNA side up
onto a sheet of Whatmans 3MM soaked thoroughly in denaturing solution. After 5
minutes, the membrane was place onto a second sheet of Whatmans 3MM soaked in
neutralising solution where it remained for another 5 minutes before finally being
submerged in 2x SSC. A duplicate filter was prepared from the same plate by applying a
new membrane to the surface of the phage plate, this time for 2 minutes, before lifting it
into denaturing solution, followed by neutralisation solution and 2x SSC as before.
Secondary phage screening was carried out in the same way except that smaller round
dishes (13 cm diameter) were used with pre-cut circular membranes (Hybond N+,
Amersham). The phage DNA was UV cross linked to the membranes using a
Stratalinker™ (Stratagene) as recommended by the manufacturer. A suitable probe was
obtained by RT- PCR using degenerate primers as described below and labelled using
the prime-it random primer labelling kit (Stratagene) to a specific activity of about 3x 10°
dpm/ug. The nylon membranes were prehybridised in Quickhybe™ (Stratagene) for 2
hours, before the denatured probe was added. After overnight hybridisation, the filters
were washed at high stringency in 0.1% (w/v)SDS, 0.1xSSC with increasing
temperature of up to 75°C and air dried briefly before exposure to autoradiographic film
(Kodak) overnight. Double positive plaques were identified by aligning the
autoradiographs of the duplicate filter sets. The positive phage were then identified on
the original phage plate and stenciled out with the base of a large pipette tip. The agarose
plug was resuspended in 1ml of lambda dilution buffer and kept at 4°C. 1 pl of this
phage stock was diluted in 100 pl of lambda dilution buffer. Of this solution 0.5 and 5
pl were used to infect 3 ml of lawn cells, incubated as before and plated with 6 ml of top
agarose. Duplicate filters were lifted, and screened as before.
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8. Zebrafish Myf-5 Cloning by Degenerate PCR

Using an aliquot of zebrafish cDNA (see cDNA Synthesis for details) the bHLH
domain of zebrafish Myf-5 was amplified by PCR using a hemi-nested approach with
degenerate oligonucleotides. Two degenerate oligonucleotides Zebral and Zebra2 were
designed on the basis of sequence conservation in the bHLH domain and paired in low
stringency PCR with Fugu Myf-5 Rev primer (see Appendix I). The first round
amplification was carried out with Zebral and Myf-5 Rev. The first three cycles of
thermocycling were performed at low annealing temperature 45°C for 1min and primer
extension at 67°C for 3 min followed by more stringent amplification at 52°C with 3
minute extensions at 73°C for 29 more cycles. No amplification products were visible on
agarose gels after this PCR. An aliquot of the reaction product was amplified in a second
PCR using the nested Zebra2 primer and Myf-5-Rev. Amplification was carried out
using 30 cycles of 95°C 30sec, 52°C 1min, 72°C 3min. The product was clearly visible
after agarose gel electrophoresis and was eluted, blunted and cloned into the EcoRV site
of pBS-KS (Stratagene). A total of 15 recombinant clones (apparently of identical size)
was sequenced with primers M13 F and M13 R in both orientations. The sequence
obtained appeared to fall into three homology groups, for each of which a consensus
was generated using the DNA Star package (DNA Star Inc.) and compared to existing
SWISSPROT and GENBANK database entries. The consensus sequence showed some
70% homology with both mouse Myf-5 and Japanese quail in two blocks of 50 and
70bp respectively. Comparison with Fugu Myf-5 however revealed 80% and 95%
identity at the nucleotide- and amino acid level, respectively, suggesting that it was
zebrafish Myf-5.

9. DNA Sequencing

Nucleotide sequences were determined by a variation of the dideoxynucleotide
chain termination method (Sanger et al., 1977) using Taq-dye-terminator® cycle
sequencing chemistry (Perkin Elmer) on automated sequencing instruments ABI373A
and ABI377 (Perkin Elmer).

9. 1. Sequencing on the ABI 373
Approximately 1 pg of either mini- or maxi-prep DNA or PEG precipitated PCR product
was used as template in the cycle sequencing reactions using the Prism®Dye Terminator-
sequencing kit (Perkin Elmer) following the manufacturer's recommended conditions.
Unincorporated dye terminators were removed from the cycle sequencing products by a
gel filtration step as described by Rosenthal and Jones (1992). The reactions were
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resolved on 6% (w/v) polyacrylamide gels (7M urea) at 60 watts for 10 to 12 hours.
Shotgun sequencing of cosmid subclones was carried out as described (Rosenthal et al.,
1993). Shotgun clones were sequenced from both ends and sequences were assembled
into contigs using the Seqman module of the DNA Star package (DNA Star Inc.) for
Macintosh® computers. Gaps were closed by primer walking.

9. 2. Sequencing on the ABI 377
Due to the increased sensitivity of the instrument and improved chemistry, only 400 ng
of double stranded plasmid DNA or 200 ng of PEG precipitated PCR product were used
as templates in the cycle sequencing reaction using the Amplitaq FS, Prism Dye
Terminator kit (Perkin Elmer), according to the manufacturer's instructions.
Unincorporated dye terminators were removed by ethanol precipitation prior to
resuspension in 6 ul formamide loading buffer. 2 ul of the reaction were loaded onto a
4 % (w/v) denaturing polyacrylamide gel and resolved by electrophoresis for 7 hours at
1000 volts in 1x TBE buffer. Sequence analysis was carried out using the DNA Star™
software package (DNA Star Inc.) as before.

10. Generation and Analysis of Transgenic Mice

10. 1. Transgenic Reporter Constructs
The reporter plasmid used (pHLS-I) was kindly provided by J. Gilthorpe of our
laboratory, containing the hsp68-LacZ-SV40 poly(A) reporter gene (Whiting et al.,
1991) in a pUC (Pharmacia) vector backbone.
10. 1. 1. Mouse Myf-5 Reporter Constructs.
Constructs involving the mouse Myf-5 gene were based on sequence data compiled by
Summerbell and Halai from our laboratory. The genomic sequence of mouse Myf-5 is
shown in Appendix VI with annotations relating to the cloning steps presented here.
p12 (both introns): A PCR product was generated with 1U of Pfu polymerase
(Stratagene) using primers In1f and In2r and 10ng of pMEEK (Summerbell et al.,
unpublished) and cloned into the MsclI site upstream of the hsp68 minimal promoter
driving LacZ to give p12f and p12r. Only p12f was used to make transgenic animals.
p1 (intron 1 construct): p12r was digested with BglII at a unique site in the vector
immediately upstream of the insert and a second site within the insert, just 30 bases from
the 5' end of intron 2 , thus liberating all but 30 bases of intron 2 , leaving intron 1 and
exon 2 of Myf-5 in the reverse orientation upstream of the hsp68 promoter driving LacZ.
p2 (intron 2 construct): p12 was digested with BglII at a unique site in the vector
immediately upstream of the insert and a second site in the insert just 30 bases from the
5'end of intron 2, thus liberating the first intron and exon 2 from p12, leaving intron 2
in the forward orientation upstream of hsp68 driving LacZ.
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pUTR (3' UTR construct): pMEEK was digested at a PstI site located 11 bases from
the 5' end of exon 3 of Myf-5 and an Nhel site located downstream of the Myf-5 3'
UTR to give a 1.7kb Pstl/Nhel restriction fragment that was gel purified, and cloned
into Pstl/Xbal digested reporter plasmid pHLSI upstream of the hsp68 promoter driving
LacZ.

p12UTR (Both introns + the UTR construct): An Mscl/Nhel restriction fragment
starting at an unique Mscl site in intron 1 of Myf-5, and extending to the same Nhel site
that delimited the 3' UTR in the pUTR construct, was cloned into Mscl/Xbal digested
pl.

p1UTR (intron 1 + 3'UTR construct): Digestion of p12 with Bg/II liberated a

fragment containing Intron 1, exon 2 and the first 30bp of intron 2 of Myf-5. This
restriction fragment was cloned into a unique BgIII site of pUTR upstream of the 3'
UTR. This reporter was linearised for injection by a Sall/BamHI (partial) digest.
p2UTR (intron 2+UTR construct): p12UTR was digested with NorI to remove the
vector backbone, followed by restriction at a unique Mscl site 41bp upstream of exon 2
to remove all but 41bp of intron 1 prior to injection.

pCFUTRR (5' deletion variant of p12UTR in which 330bp of intron 1 were deleted): a
PCR product was generated using Pfu Polymerase (Stratagene) with primers CF and
UTR-Reverse and cloned into the MisclI site of pHLSI upstream of the hsp68 minimal
promoter driving LacZ. Only the forward orientation was used to produce transgenic
animals by pronuclear injection.

pCFH (3' deletion construct of pPCFUTRR up to HindIll): pCFUTRR was digested
with HindIlI in the multiple cloning site (MCS) of pHLSI and near the 3' end of the
3'UTR of Myf-5 thus removing approximately 467bp from the 3' end of the insert to
generate pCFH.

PCFA (3' deletion of 693bp to Asel site in the 3'UTR derived from pCFH): pCFH was
linearised with HindII followed by partial digestion with Asel which cuts in the 3' UTR
and in the ampicillin gene of the vector, allowing the undesired digestion products to be
eliminated by selection on ampicillin. Partial digestion products were first examined by
gel electorphoresis, suitable fractions were pooled, blunted and religated.

pCFHA (internal deletion construct derived from pCFH): pCFH was digested at unique
Avrll and Nsil sites to remove a 337bp fragment containing 63bp of non-conserved
sequence from the 3' end of intron 1, exon 2 (75bp) and the non-conserved 5' half of
intron 2 (199bp).

pCFAA (internal deletion construct derived from pCFA): pCFA was digested at unique
Avrll and Nsil sites to remove exon 2 and flanking intron sequences as for pCFHA.
Due to the absence of suitable restriction sites, an intermediate construct pAH was
designed from which the following constructs were derived.
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PAH was designed to contain only the UTR sequence between the Asel and HindIII
sites of pCFH. Sequences 5' of the Asel site in the UTR were removed from pCFH as a
Sall/Asel (partial) fragment. Sall digestion in the polylinker was followed by partial
digestion with Asel with sites in the ampicillin resistance gene of the vector and the 3'
UTR of Myf-5. The restriction products were blunt end ligated, transformed and
selected on ampicilin plates.

pAAH (intron fragments C, D, F and G added to pAH): PCR amplification between
primers CF (kinased) and INIR on pCFHA was used to generate a suitable template of
the intron sequences, followed by PsI digestion to remove the Inlrev primer. The
product was then blunted and cloned into the blunted and phosphatased PstI site of pAH
to give pAAH.

PACAH (intron fragments D, F and G added to pAH): PCR amplification between
primer DF (kinased) and Inlrev on pCFHA was used to generate a suitable template of
the intron sequences, followed by PstI digestion to remove the Inlrev primer. The
product was then cloned blunt into the PstI site of pAH as above to give pACAH.
PAGAH (intron fragments C, D and F added to pAH). PCR amplification between
kinased primers CF and FR on pCFHA was used to generate a suitable template of the
intron sequences. The product was then cloned blunt into the PstI site of pAH as above
to give pAGAH.

pACPH (derived from construct pCFHA but lacking fragment C): To obtain a suitable
vector, the Myf-5 intron sequence was removed from pCFHA by digestion with Pstl
followed by religation. The insert was generated by PCR with primers DF (kinased) and
IN2R followed by Ps#I digestion and blunt ending prior to cloning in the blunted
phosphatased PstI site of the vector. Clones in the forward orientation were selected by
PCR screening of recombinants (primer FR + vector primer: PRI-F).

PAGPH (derived from construct pCFHA but lacking fragment G): The vector was
prepared from pCFHA as for pACPH. The insert was generated by PCR with primers
CF and FR (both kinased). The product was blunted and cloned into the blunted
phosphatased Psil site of the vector. Recombinants in the forward orientation were
selected by PCR screening with In2rev/ PRI-F.

pAFPH. Fragment D was PCR amplified with primers DF and Inlrev, and cloned into
the EcoRYV site of pBS-KS followed by insertion of fragment G (amplified using
primers IN2R and kinased GF ) into the AvrII site (within fragment D). The resulting
insert was PCR amplified with primers DF and Inlrev, digested with PstI , blunted and
cloned into pCFHA from which the intron sequences had been removed by Ps:1

digestion. Recombinant clones were identified by PCR screening with primers DF and
IN2R.
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10. 1. 2. Fugu Myf-5 Reporter Constructs
Fugu p12UTR: A 10kb HindIII cosmid subclone was digested with Styl to liberate a
2kb fragment containing the entire Myf-5 gene and the putative 3' UTR. The Styl
fragment was cloned into the MscI site of the pHLS reporter plasmid upstream of the
hsp68 promoter, driving LacZ.

Fugu pUTR: Fugu pl2UTR was digested upstream and downstream of the insert
using Pvull and Xbal, to liberate a fragment containing exon 3 and the 3' UTR of Fugu
Myf-5. The vector backbone was cut at the same time with Clal to allow good separation
of the Pvull/Xbal fragment for gel purification. The isolated fragment was then cloned
into Mscl/Xbal cut pHLS, upstream of hsp68 driving LacZ as before.

Fugu p12: The Fugu introns were PCR amplified with primers flanking intron 1 (MC-
B) and intron 2 (MC-R) (see Appendix I for sequence), and cloned into the Mscl site
upstream of the hsp68 minimal promoter driving LacZ to give Fugu-p12. Only the
forward orientation was used to make transgenic animals.

10. 1. 3. Hybrid Myf-5 Reporter Constructs

PZFM: (zebrafish introns on mouse 3' UTR): A PCR fragment extending from the 3'
end of exon 1 to the 5' end of exon 3 of zebrafish Myf-5 containing the two introns with
the intervening second exon was amplified by nested PCR: first with primers ZM1 and
ZMIR, then with nested primers Taill and Tail2 each with Nsil restriction sites at the 5'
ends (see Appendix I for primer sequence). The recipient vector was generated by
liberating the mouse introns from pCFH (see above) by PstI digestion, followed by gel
purification. The PCR product was digested with NsiI and cloned into this PstI cut
pCFH derived vector to yield pZFM.

PZFF: (zebrafish introns on Fugu 3' UTR): As for pZFM the zebrafish Myf-5 introns
were PCR amplified with primers Taill and Tail2 and digested with Nsil. The resulting
product was cloned into the Ps site of the remaining polylinker of FugupUTR.

10. 2. Preparation of DNA for Microinjection
Digestion of the reporter construct (10-50ug) with Not I liberated the vector backbone
and yielded linear fragments of DNA which were purified from agarose gels using the
QiaexII gel purification system (Qiagen). Transgenic mice were produced by
microinjecting the DNA (1-5 mg/ml in microinjection buffer) into the pronuclei of
fertilised one-cell mouse embryos (Hogan et al., 1994).

10. 3. Transgenic Procedure
Throughout these experiments (CBA x C57B10) F1 mice were used as embryo donors,
stud and vasectomized males, pseudopregnant females, and breeding females. Animals
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were supplied by the SPF Breeding Unit at the NIMR and were maintained in a constant
environment on a 24 hour light-dark cycle (05.00-21.00 hrs light period). All regulated
procedures performed were licensed under the Animals Scientific Procedures Act 1986.
Twelve female mice (4-week old) were superovulated (Hogan et al., 1994) by injection
with 5 IU/0.1ml of pregnant mare's serum (PMS), between 15.00-16.00 hrs. A second
intraperitoneal injection of 5 IU/0.1ml of human chorionic gonadotrophin (hCG) was
administered 46 hours later. Hormones were obtained from Intervet Laboratories as
Folligon (PMS) and Choluron (hCG), resuspended at 50 IU/ml in sterile PBS and
stored at -20°C in aliquots. Following hCG injection each female was placed in a cage
with a stud-male, then removed the following morning and checked for a vaginal plug.
Oviducts from plugged females were removed and the eggs were dissected out into
ambient temperature modified M16 instant mouse embryo medium (Specialty Media,
Cat. M3-010P-5F). Cumulus cells were removed by transferring the embryos to M16
medium containing 300 pg/ml hyaluronidase for 2-5 minutes. After washing thoroughly
in M16 to remove any debris, embryos were transferred to M2 medium (Specialty
Media, Cat. MR-015P-5D) microdrop-cultures under mineral oil (Sigma #M8140),
equilibrated in an incubator at 37°C with 5 % (v/v) CO,. DNA constructs were
microinjected into either one of the two pronuclei of a one-cell embryo, contained in a
droplet of M 16 medium under oil. Generally, embryos were microinjected in batches of
20-30, washed through equilibrated M2 and returned to the incubator. The
microinjection setup consisted of a Nikon Diaphot-TMD inverted microscope fitted with
Nomarski optics combined with Leitz-E micromanipulators and mounted on a vibration-
free table.

Embryos which survived the microinjection procedure were reimplanted into the
oviducts of pseudopregnant plugged females (Hogan et al., 1994). Recipient mothers
were prepared by mating 6-8 week old females in natural oestrus with vasectomised
males and were supplied by the SPF Breeding Unit at the NIMR. 12-15 embryos were
transferred in to each oviduct of a female, anaesthetised by intraperitoneal injection with
350 pl of 2.5 % (w/v) avertin or 300 pl hypnorm/hypnovell. This time point was
arbitrarily defined as 0.5 days post coitum (dpc) or EQ.5.

The embryos that developed were harvested at the appropriate time points and stained for
B-galactosidase activity. Transgenic embryos carrying LacZ reporter constructs were
analysed for B-galactosidase expression as described (Yee and Rigby, 1993). After
staining, embryos were post-fixed in Mirsky's fixative (National Diagnostics) for 60
minutes at room temperature. Embryos were stored in 70% (v/v) ethanol at 4°C.

In order to visually enhance underlying anatomical features, some embryos were
counterstained in fuchsin stain solution for 2 hours, then washed: first in PBS for 1
hour, followed by PBS plus 70 % (v/v) ethanol (1:1) for 20 minutes, and finally 70 %
(v/v) ethanol (Summerbell, unpublished).
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10. 4. Transgene Detection by PCR
Transgenic embryos or animals were identified by PCR amplification of a transgene-
specific fragment (450bp) spanning the junction of the LacZ gene and SV40 poly (A)
signal, as described (Gilthorpe and Rigby in press, 1997). Briefly, tail biopsies (0.5cm)
were taken from mice at 3 weeks of age or placental tissue was retained following the
dissection of F( embryos. The samples were placed in 500 pl of 1 x proteinase K
digestion buffer containing proteinase K at a final concentration of 100 pg/ml and
incubated at 55°C overnight. Prior to PCR the cellular debris was pelleted by
centrifugation and PCRs were performed on 1 pl of the digested sample in a total
reaction volume of 20 il overlaid with mineral oil in a 96-well plate (Thermowell,
Costar) and a PTC-100 thermal cycler (MJ Research, Genetics Research
Instrumentation). Each reaction contained 1x PCR buffer (1.5mM MgClp), 1x dNTPs
(250puM), 50ng of each primer, 1.5u of Tag DNA polymerase (Amplitaq, Perkin Elmer
Cetus) and 1l of digested tissue sample. The amplification reaction conditions were;
94°C for 3 mins, 28 cycles of 94°C for 30 secs, 55°C for 30 secs., 72°C for 30 secs.,
followed by 72°C for 2 mins. PCR products were resolved by agarose gel
electrophoresis.

11. Histological Studies

Embryos were wax-sectioned by W. Hatton of the Sectioning and Histology
Service at the NIMR. Blue staining embryos stored in 70% (v/v) ethanol were
dehydrated through 85% (v/v), 95% (v/v) and 2 changes of absolute ethanol.
Dehydration steps were performed at room temperature for 30-60 minutes according to
the size of specimen. After clearing (2 x 30 minute changes of Histoclear, National
Diagnostics) at room temperature, embryos were impregnated with paraffin wax
(Fibrowax, BDH) by incubating at 60°C with 1:1 (v/v) Histoclear:wax, followed by 3
changes of wax for 30-60mins each. Specimens were transferred to disposable plastic
moulds containing fresh molten wax, oriented as required and allowed to cool. Wax
blocks were stored desiccated at 4°C. Sections were cut at 6um thickness and collected
on TESPA coated slides (Rentrop et al., 1986), dewaxed with changes of Histoclear (2
x 5 minutes), and serially passed through 3 changes of absolute, 1 x 95% (v/v), 1 x
70% (v/v) ethanol and 1 x distilled water (1 minute each). Sections were then
counterstained with eosin (0.5% (w/v) in 25%(v/v) ethanol) for 10-30 seconds. Excess
eosin was removed by 2 x 10 second rinses in distilled water and dehydrated through
70% (vIv), 95% (v/v) and 2 x absolute ethanol (15 seconds each). Sections were then
cleared through four changes of Histoclear (2-3 mins) and mounted under glass cover
slips with D-PX mountant (BDH #360294H).
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12. DNA Electrophoretic-Mobility Shift Assay (EMSA)

12. 1. Probe Labelling and Purification

Homogenous double stranded full length probes were generated by labelling of
oligonucleotides or PCR products.

i) Oligonucleotide Probes:
Complementary oligonucleotides (2pmol each) were labelled in a 10 pl reaction
containing 1x T4 kinase buffer, 6 pl (y?2-P)-ATP (5000Ci/mmol. Redivue, Amersham)
and 10 units of T4 Polynucleotide kinase (Boehringer Mannheim) for 30 minutes at
37°C. The reaction was heated to 70°C for 20 minutes to inactivate the enzyme and the
oligonucleotides annealed at room temperature for 1 hour to overnight.

ii) PCR Probes:
PCR products were PEG precipitated to remove "cold" nucleotides prior to labelling.
2 pmoles of PCR product were heat denatured and then incubated at 37 °C for 30
minutes with 5 pl of (a-32P)-dCTP (3000 Ci/mmol, Redivue, Amersham) in the
presence of 1 pl of Klenow polymerase (Boehringer Mannheim) in 1x supplied buffer,
supplemented with 30 pM each dATP, dGTP, dTTP and 20 pM of each of the two PCR
primers.
Prior to use, both types of probe were separated from single-stranded DNA and
unincorporated radiolabelled nucleotides on a native polyacrylamide gel. Gels (6-12%
(w/v) dependent on probe size) were prepared from a stock solution of 30% (w/v)
acrylamide/1.034 % (w/v) bisacrylamide in 1x TBE (Easigel, Scotlab) and run at 4-8 W
for 3-5 hours. After electrophoresis, the gel was exposed to Kodak XAR film for 10
minutes and the resulting autoradiograph used as a template for the excision of the
probe-containing gel slice. The probe was eluted overnight in 200 pl of distilled water at
room temperature, transferred to a fresh tube and stored at -20°C. The specific activity of
freshly labelled probe was approximately 1000cpm/fmol and the probe was usable for
up to 2 weeks. The recovery of the labelled probe was generally 50-75 % by this
method, as judged by comparing the cpm emitted by the eluted versus non-eluted probe.
Specific competitor DNA for oligonucleotide probes was prepared by annealing 1 g of
each unlabelled complementary oligonucleotide in a 10 pul volume, followed by dilution
to an appropriate concentration.

12. 2. Preparation of Protein Extracts
Some of the extracts from cell lines and embryos were kindly provided by Dr Marie
Vandromme of this laboratory. The method used was that described by Schéler et al.
(1986) for the preparation of whole cell micro-extracts except that the sonication step
was replaced with three cycles of freeze-thawing. Briefly, approximately 107 cells were
pelleted and resuspended in 1x micro-extraction buffer and transferred to an ethanol-dry
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ice bath until frozen. Thawing was achieved by incubation at 30°C. Samples were
microcentrifuged (14 000rpm for 10 minutes at 4°C) and the supernatant aliquotted,
assayed for protein concentration and stored at -80°C.

Protein concentration was determined using the Bradford micro-assay method
(Bradford, 1976), by comparison against known amounts of standard protein (BSA,
Sigma). Samples were diluted to a final volume of 800 pl in distilled water, 200 pl Bio-
Rad Protein Assay reagent added and the contents mixed by inversion. The samples
were allowed to stand at room temperature for 10 minutes before reading the absorbance
at 595nm.

12. 3. EMSA Conditions

DNA binding reactions were set up in a 20 pl volume and contained: 1x binding buffer,
1 pg of sonicated salmon sperm DNA, specific competitor (where indicated) and 10-
20ug of whole cell extract. After incubation on ice for 15 minutes, 1 pl (10fmol) of
probe was added and the incubation continued for an additional 10 minutes at 30°C.
Samples were kept on ice before being loaded onto a 5% (w/v) polyacrylamide gel.
Electrophoresis was performed using BRL vertical gel electrophoresis apparatus (fitted
with a recirculating pump) in 0.5 x TBE (200 volts for 2 hours at 4°C). The gel was
dried under vacuum at 80°C and exposed to Kodak XAR or Biomax film with an
intensifying screen at -80°C.

13. In Situ Hybridisation of Zebrafish Embryos

13. 1. Riboprobe Synthesis
10 pg of CsCl purified plasmid DNA were linearised by digestion with the appropriate
restriction enzymes in a 100 pul reaction for 2 hours, typically using 5-10 units of
enzyme per g of DNA. The DNA was recovered by phenol/chloroform extraction
followed by ethanol precipitation and resuspended in 20 pl of dH,O. The transcription
reaction was carried out according to the RNA-labelling-kit (Boehringer Mannheim)
using 1 pg (2 pl) of the linearised DNA according to the manufacturer's recommended
conditions. After incubation at 37°C for 2 hours, the DNA template was removed by
addition of 40units of RQ1 DNase (Promega) and incubation was continued for 20
minutes. The reaction was stopped by addition of EDTA (pH 8.0) to a final
concentration of 20 mM and the RNA precipitated with 0.1 volumes of 4 M LiCl, and 75
ul of prechilled ethanol for 20 minutes on dry ice. The RNA was recovered by
centrifugation (13000 rpm for 10 minutes), the pellet rinsed in 70 % (v/v) ethanol and
resuspended in 50 pl of RNase free dH,0. The integrity and quantity of the RNA
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preparation was checked by brief agarose gel electrophoresis and aliquots were stored at
-70°C.

13. 2. Preparation of Embryos
Fish embryos were obtained from the animal facility at NIMR and allowed to grow at
29°C to the desired developmental stage. The embryos were placed in a 50 ml tube
(FALCON) and separated from debris and unfertilised or dead eggs by rinsing several
times in dH,0. Following each rinse, the embryos were allowed to settle briefly and the
floating debris was decanted or pipetted off. The cleaned up embryos were fixed in 4 %
(w/v) ice-cold PFA (made up in PBS) and could be stored at -20°C for up to several
weeks at this stage. Before use, the required number of embryos was placed in PBT,
manually dechorionated under the dissecting microscope and equilibrated in methanol for
at least 20 minutes at -20°C. The embryos were then rehydrated by 3 minute washes in a
series of 75 %, 50 %, 25 % (v/v) methanol in PBT before being taken up in PBT.
(Proteinase K treatment used for mouse embryos was omitted). To reduce background
staining, embryos were bleached by incubation in 6% w/v hydrogen peroxide (made up
in PBT) for 1 hour at room temperature, washed three times for 5 minutes in PBT and
refixed in 4% (w/v) PFA for 20 minutes. Following the fixation, embryos were washed
twice for 5 minutes in PBT, then prehybridised in hybridisation solution for at least 1
hour at 60-70°C. At this stage embryos can be stored conveniently at -20°C for up to

several weeks.

13. 3. Hybridisation
Zebrafish embryos were placed in netwells (Costar 3477) fitting 12 well dishes (Costar
3512) to minimise handling and incubated in hybridisation buffer at 65°C - 70°C
depending on probe length for at least 1hour. Prior to use 1 pug of riboprobe were
incubated for 5 minutes at 80°C in hybridisation buffer to remove secondary structure.
The netwell containing the embryos was then transferred to new hybridisation buffer and
150 ng of riboprobe were added to the hybridisation solution. Hybridisation was
continued at the prehybridisation temperature overnight in a sealed plastic box
humidified by placing a tissue soaked in 50 % (v/v) formamide in the box.

13. 4. Posthybridisation Treatment
Following overnight hybridisation, the embryos were washed for 20 min each in
prewarmed hybridisation buffer (65°C) supplemented with RNaseA (100 pg/ml) then
TBST at room temperature for one hour including 0.5mg/ml phosphatase inhibitor
(Levamisole). Subsequently, embryos were preblocked in MABT 1M maleic acid pH
7.5,0.25 M NaCl, 1 % (v/v) Tween20, 10 % (v/v) heat treated sheep serum (Sigma) for
3-4 hours at room temperature. Blocking serum was removed and a 1:200 dilution of
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preabsorbed sheep anti-digoxygenin- alkaline-phosphatase conjugated Fab fragments
(Boehringer Mannheim) in MABT was added and incubated rocking overnight at 4°C.
The following morning, the embryos were washed for 5 minutes in NTMT at room
temperature and then transferred to siliconised glass histology dishes. Residual buffer
was removed, and the staining reaction started by addition of 1ml of fresh substrate
NTMT containing 1.5 mg/ml NBT (Boehringer Mannheim) and 3.25 mg/ml BCIP
(Boehringer Mannheim). Progress of the reaction was monitored at 30 minute intervals;
at the desired intensity the substrate was removed by washing in NTMT for 5 minutes
and terminated by incubation of embryos in 1XPBT pH 5.5 overnight at 4°C. Following
incubation, the embryos were post fixed in Mirsky's fixative and stored at 4°C.
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Chapter 3

Comparative Sequence Analysis of the
Vertebrate Myf-5 /MRF4 Loci

1. Introduction

The myogenic basic-helix-loop-helix transcription factors, Myf-5, myogenin, MRF4 and
MpyoD, share the ability to activate the myogenic program in certain cell types in culture
(Davis et al., 1987; Sassoon et al., 1989; Weintraub et al., 1989; Wright et al., 1989;
Choi et al., 1990). In vivo, their temporal expression together with results obtained from
null mutations in each of the factors and combinations of these, suggest that skeletal
myogenesis is initiated through the sequential activation of the myogenic factors in a
hierarchical manner (Thayer et al., 1989; Braun et al., 1990; Edmondson et al., 1992;
Naidu et al., 1995). In the mouse, the first myogenic factor to be expressed is Myf-5 at
E8 (Ott et al., 1991). To ultimately understand how myogenesis is initiated, our
laboratory is studying the control of Myf-5 with a view of identifying the regulatory
factors that activate its transcription. Our studies indicate that in contrast to myogenin,
whose regulatory elements are contained in 133bp of promoter sequence (Yee and
Rigby, 1993), the transcriptional regulation of the Myf-5 gene is complex and involves a
number of dispersed elements in the 8kb region upstream of Myf-5, possibly involving
the adjacent MRF4 gene as well as the Myf-5 introns and the 3' UTR of the Myf-5 gene.
A schematic representation summarising the regulatory regions identified so far is shown
in Figure 8A. A LacZ reporter gene construct (HMZ17), containing the entire region
from the MRF4 gene to the 3' UTR of Myf-5 reproduces much of the endogenous Myf-
5 expression pattern, with conspicuous absence of expression in the limbs (see Fig. 8B,
Summerbell et al., unpublished). Progressive deletion of part of the intergenic region led
to successive loss of some of the expression domains, thus delineating the positions of
the regulatory elements required for reporter
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Figure 8: Regulatory Elements in the MRF4/Myf-5 region.

Fig. 8A: Schematic representation of the mouse genomic region containing the MRF4
and Myf-5 genes. The exons are depicted as light blue boxes. Regulatory regions that
have been shown in transgenics to activate transcription in distinct anatomical domains
of the mouse embryo are marked by brackets and annotated. Note that regulatory
elements controlling ventral somite expression are separated by more than 7kb of DNA
from the elements controlling dorsal somitic expression.

Fig. 8B: Expression pattern obtained at E10.5 with HMZ17 containing the entire
region from the MRF4 gene to the 3' UTR of Myf-5 . The transgene in this construct is
under the control of the endogenous Myf-5 promoter and reproduces much of the
endogenous Myf-5 expression pattern, except for expression in the limbs (Summerbell et
al., unpublished). Expression in the interlimb somites includes the dorsal somite margin
(white arrowhead) and ventral somitic bud (black arrowhead) and branchial arch
expression (white arrow).

Fig. 8C: Expression pattern obtained at E10.5 with MFGZ containing the Myf-5 gene
with its 3' untranslated region upstream of a heterologous LacZ reporter. This construct
reproduces expression in the ventral (arrow) but not the dorsal somite compartment
(compare with HMZ17 in Fig. 8B).
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gene expression in these anatomical domains. This analysis showed that the dorsal and
ventral somite compartments are controlled by distinct regulatory regions. Elements
involved in regulating the hypaxial somite compartment mapped to the Myf-5 gene itself
and the expression pattern produced by these elements is shown in Fig. 8C. Note the
absence of dorsal somitic expression. Several discrete regulatory sites have also been
mapped in the intergenic region which activate reporter gene expression in the epaxial
domain of the somites and the branchial arches (data not shown).

Because several studies have previously been successful in identifying regulatory
elements controlling Hox gene expression by sequence comparisons between the chick
and mouse genes and their homologues in teleost fish (Fugu and zebrafish) (Marshall et
al., 1994; Aparicio et al., 1995; Beckers et al., 1996) we pursued a similar strategy to
identify and characterise regulatory elements involved in the regulation of the Myf-5
gene using sequence comparisons between the mouse and Fugu.. The small size of the
Fugu genome would suggest that the intergenic region should be significantly reduced in
size, thus allowing regulatory elements to be identified rapidly.

2. Isolation and Characterisation of Fugu MRF4 and Myf-5
2. 1. A Fugu Cosmid Contains Both MRF4 and Myf-5

A Fugu rubripes genomic cosmid library consisting of an ordered array of 38016 clones
representing approximately four-fold coverage, was screened by hybridisation with a
mouse Myf-5 cDNA probe and a genomic MRF4 probe (for details see Chapter 2 section
7.1.). Briefly, screening with both probes produced a total of 69 positive cosmids. 26
cosmids hybridised to the Myf-5 cDNA probe and 43 cosmids hybridised to the MRF4
genomic probe, no double positives were identified at this stage. In a second round of
screening, Southern blots of the positive clones were probed with a PCR product
spanning the conserved MRF4 helix-loop-helix (HLH) domain amplified with primers
HLH-For and HLH-Rev (see Appendix I). This domain is highly conserved in both
MRF4 and Myf-5, and to a lesser degree in the remaining myogenic factors and other
members of the HLH-family of transcription factors. Only four cosmids hybridised to
the HLH-probe. In order to confirm these results further, dot blot filters containing DNA
of all 69 cosmids from the first round of library screening were re-screened with all three
probes, the Myf-5 cDNA probe, the MRF4 genomic probe, and the HLH specific PCR
product. In this screen two of the cosmids were positive for all three probes. To
determine whether the cosmids contained the MRF4 and Myf-5
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Figure 9A: The genomic organisation of the Fugu MRF4 and Myf-5
genes.

A gridded Fugu cosmid library was screened with mouse probes for MRF4 and Myf-5.
A positive cosmid was isolated and a 10kb HindIII fragment containing both the Fugu
MRF4 and Myf-5 genes was sequenced. The Fugu genes have the same organisation as
the MRF4 and Myf-5 genes in other vertebrates. The first exon contains the bHLH
domain and is highly conserved. Both Fugu genes are not significantly reduced in size,
although the intergenic region is smaller than in other vertebrates. Exons are indicated as
filled boxes, introns as brackets between exons. Putative CAT and TATA boxes as
predicted by the neural network program GRAIL; polyadenylation signals are indicated
as triangles.

Figure 9B: Selected restriction sites in the HindIIl cosmid subclone containing the

Fugu MRF4 and Myf-5 genes. Restriction sites are based on sequence information. The

complete genomic sequence is presented in Appendix II.
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homologues, one of the isolated cosmids was sonicated and the products subcloned into
plasmids. The inserts of approximately 800 subclones were PCR-amplified and screened
by Southern hybridisation to the HLH probe. DNA sequencing of the hybridisation
positive subclones revealed a high degree of homology in the SWISSPROT database
with either Myf-5 or MRF4 entries, suggesting that the cosmid contained both the Fugu
MRF4 and Myf-5 homologues. Additional subclones of this cosmid were sequenced and
identified two additional potential genes, with homology to the C. elegans transposable
element TCB2 transposase and the human oxysterol binding protein, although these
were not characterised further.

2. 2, The Genomic Structures of Fugu MRF4 and Myf-5
To isolate a smaller, more manageable subclone of the cosmid, containing both the Fugu
MRF4 and Myf-5 genes, oligonucleotides specific for Fugu MRF4 and Myf-5 were
designed on the basis of the partial sequence obtained from the shotgun phase. The
oligonucleotides were endlabelled and used as Southern hybridisation probes on 6-cutter
digests of the cosmid DNA (see Chapter 2, section 5.3.). Both oligonucleotide probes
hybridised to a 10kb HindIll fragment indicating that the Fugu MRF4 and Myf-5 genes
are closely linked. The identified 10kb HindIII fragment was gel purified, cloned and
sequenced using a combination of the shotgun and primer walking approaches (see
Chapter 2, Section 9). A total of approximately 415 individual sequence reads was
assembled into 38 contigs. Gaps between the contigs were closed by 48 primer walks,
until all contigs merged. The final contig is represented schematically in Appendix III
and a summary of the Fugu region with a restriction map is shown in Fig. 9A and 9B.
The complete genomic nucleotide sequence is also shown in Appendix II. The length of
the final contig was 10676 bp, with 7.4 fold average coverage. The positions of the
MRF4 and Myf-5 genes and their general genomic structure in the 10kb contig was
initially determined by performing blastn searches (Altschul ez al., 1990) with
subfragments of the contig using the NCBI database. Matches of the Fugu sequence
obtained with entries in the database were aligned along the contig to position the genes.
The exact exon-intron structure was subsequently determined by sequencing Fugu Myf-
5 and MRF4 muscle cDNA amplified with hemi-nested primer pairs (see Appendix I for
oligonucleotides). The organisation of the Fugu genes is very similar to that of the
mouse MRF4 and Myf-5 genes and the other myogenic regulatory genes (Fig. 10A).
Both have 3 exons separated by two introns. The first, and largest, exon in both genes is
the most highly conserved, owing to the characteristic basic-helix loop-helix (b HLH)
domain shared by all of the myogenic factors. The two helix domains mediate
dimerisation of the MRF proteins with E2 proteins while the basic domain facilitates

DNA binding to E-box motifs in target genes. Exon 2 as in the mouse genes is tiny and
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Figure 10:

Schematic comparison of the genomic region containing the genes for Myf-5 and MRF4
of mouse and Fugu. The intergenic region in Fugu is less than half the size of the
mouse. The overall length of the Fugu genes is not significantly reduced. Exons are
represented as grey boxes, and introns as solid lines. The 3' untranslated region up to
the first putative polyadenylation signal is represented by a blue box. Corresponding
regions of the Myf-5 and MRF4 genes in the two species are shadowed in light grey.
The size difference of the intergenic region is indicated by the arrows.

Table 1: Comparison of the size of the mouse, human and Fugu exons and introns of
MRF4 and Myf-5. In the Fugu the overall length of the MRF4 and Myf-5 genes is
slightly smaller than in the mouse. This is due to a fivefold reduction of intron 2 in both
genes. In Fugu intron 1 of Myf-5 is not significantly reduced and intron 1 of Fugu
MRF4 is even 85% larger than the mouse intron. For both genes, the length of the
coding region is very similar in Fugu and mouse.
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Figure 10: The genomic organisation of the region containing the MRF4 and Myf-5 genes in Fugu

and Mouse.

MRF4 Mouse Human Fugu Myf-S Mouse Human Fugu
Exont 543 522 521 Exoni 500 500 452
Exon2 90 93 90 Exon2 75 76 72
Exon3 114 123 108 Exon3 188 212 196
Intron1 283 n/a 524 Intron 1 708 793 634
Intron2 320 n/a 73 Intron2 435 427 85

Table 1: Exon and Intron sizes of the MRF4 and Myf-5 genes in Mouse, Human and Fugu
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relatively poorly conserved and the third exon contains a serine rich region that is
conserved among the other myogenic regulatory factors across vertebrate species.

The translation start codon of exon 1 was assigned by comparison with the
corresponding mouse exon and the prediction made by the neural network program
GRAIL (Uberbacher et al., 1991). GRAIL also predicted a CAT and TATA box in the
promoter at the expected distance upstream of the initiation codon (see Fig. 9A and
Appendix II for nucleotide sequence). The putative termination codon of exon 3 was
assigned in a similar fashion. GRAIL also predicted the stop codon and potential
polyadenylation sites in the 3' UTR.

2. 3. |Interspecies Comparison at the DNA Level
To facilitate sequence comparisons with the mouse, a cosmid containing the mouse
MRF4 and Myf-5 genes that had previously been isolated by Dr. S. P. Yee of our
laboratory was sub-cloned and sequenced by Dr. D. Summerbell and C. Halai from our
laboratory (see Appendix VI for the genomic sequence of mouse Myf-5).
In Fugu, mouse and human the MRF4 and Myf-5 genes form a syntenic linkage group.
MRF4 is located upstream of the Myf-5 gene and both genes are arranged in the same
transcriptional orientation. The start codons of the Fugu genes are separated by less than
5 kb compared with nearly 9kb in the mouse. A comparison of the genomic structure
and size differences of the mouse and Fugu genes is illustrated in Fig. 10. As expected,
the overall length of the Fugu genes is smaller than that of the corresponding mouse
homologues. Interestingly the two genes are not equally compacted; while Fugu MRF4
is only 3% smaller than the mouse gene, the Fugu Myf-5 gene is 25% smaller than in the
mouse. As the coding regions are very similar in length, the reduced overall size of the
genes is due to the remarkably reduced length of the second intron in both Fugu genes; it
is only one fifth of the size of the corresponding mouse intron. Table 1 shows a
summary of the exon and intron sizes for Fugu, mouse, human. Despite the compact
nature of the Fugu genome, the first intron of MRF4 is almost 85% larger than the
equivalent mouse intron, and intron 1 of Fugu Myf-5 is only slightly smaller than in the
mouse.
The same splice acceptor consensus sites are used in the Fugu and mouse MRF4 and
Myf-5 genes. In both species the splice acceptor is CAG except for intron 2 of Myf-5
which has a TAG consensus.

2. 4. Interspecies Comparison at the Protein Level
The overall sizes of the conceptual translation products of the Fugu Myf-5 and MRF4
genes are very similar compared to the mouse homologues. The Fugu MRF4 gene
encodes a 241 amino acid protein compared with 242 amino acids in the mouse. The

Fugu Myf-5 gene encodes a 240 amino acid protein compared with 255 amino acids in
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Figure 11:

Clustal alignment of the conceptual translation products of the Fugu MRF4 (Fig. 11A)
and Myf-5 genes (Fig. 11C) with homologues of other species as indicated. Amino
acid residues that are conserved in at least two species are shown on a coloured
‘background. Residues of the bHLH domain are shown on red (basic domain) or green
(helix I and IT) background. The positions of the exon and intron boundaries are
indicated by triangles. Significant conservation is seen in the bHLH domain required for
dimerisation and DNA binding and in a serine rich region in exon 3. The basic domain is
almost completely conserved between all species. Upstream of the basic domain lies a
C/H rich domain associated with the ability of Myf-5 and MyoD to remodel chromatin
structure ([Gerber et al., 1997]). A phylogenetic tree of sequence convergence is shown
in Fig. 11B for MRF4 and Fig. 11D for Myf-5. The Fugu sequence in each case
represents the most ancient ancestor. The branching order for MRF4 follows the known
evolutionary branching pattern, fish, amphibians, birds, mammals, interestingly the
branching order for Myf-5 is different despite the close linkage between MRF4 and Myf-
5.

References:

MRF-4: Mouse: Miner, J.H. & Wold, B. (1990). Medline Identifier (MI): 90138943.
Human: Braun,T. et al, (1990). MI: 90183982. Chicken: Fujisawa-Sehara et al,,
(1992). MI: 92250560. Xenopus: Jennings, C.G. (1992). MI: 92164857

MYF-5: Human: Braun T. et al., (1989a). MI: 89251600. Bovine: Barth J.L. et al.,
(1993). MI: 93273229. Mouse: Buonanno,A. et al., (1992). MI: 92158662. Chicken:
Saitoh, O. et al., (1993). MI: 93281401 Xenopus: Hopwood, N.D. et al., (1991). MIL:
91372152.
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mouse. The overall pairwise identity between the mouse and Fugu genes at the protein
level reaches 56% for Myf-5 and 60% for MRF4. Figure 11 shows an alignment of the
Fugu MRF4 and Myf-5 proteins with the mouse, human, chick, bovine, zebrafish and
Xenopus homologues and illustrates the regions of sequence divergence and
conservation amongst these species (see figure legend for references).

The protein homology is particularly strong over the basic-helix-loop-helix domain
where it rises to above 80% (Fig. 11A and C). Nearly all of the amino acid changes in
the bHLH domain are conservative substitutions. The two amphipathic helix domains of
both Fugu MRF4 and Myf-5 are well conserved but more strikingly the basic domain of
Fugu MRF4 is completely identical amongst species as diverse as mouse, chick,
Xenopus and Fugu. The basic domain of Fugu Myf-5 is also completely conserved
except for a single conservative amino acid substitution (Fig. 11C). Upstream of the
basic domain lies a C/H rich domain that is found in mammals, birds, amphibia and fish
(this study) and is thought to be associated with the ability of Myf-5 and MyoD to
remodel chromatin structure (Gerber et al., 1997). Further towards the 5' end of the
gene, sequence conservation gradually breaks down in all of the species, even those as
closely related as human and mouse, while in Fugu and zebrafish Myf-5 many of the N-
terminal amino acids are noticeably absent (Fig. 11C). An additional serine-rich region
in exon 3 is shared between all four myogenic factors and is highly conserved between
mammals and amphibia. '

To examine the ancestral relationship of the Myf-5 and MRF4 genes, a phylogenetic tree
was constructed using the DNA Star software package (DNA Star Inc.). It is interesting
that, while MRF4 follows the known evolutionary branching pattern, with fish
diverging before amphibia, followed by birds and finally mammals (Fig. 11B), the Myf-
5 gene does not adhere to this order, despite the close physical linkage. In the case of
Myf-5, the fish gene diverged first but then birds follow before amphibia, and mammals
(Fig. 11D). In mammals the temporal order of expression of the myogenic factors is
Myf-5 followed by myogenin, followed by MRF4 and finally MyoD. Interestingly, in
birds the MyoD homologue is expressed first (Pownall and Emerson, 1992) and
substitutes for most of the functions associated with Myf-5 in vertebrates. Its similarity
with MyoD may thus be responsible for the altered position in the evolutionary
branching order.

2. 5. CpG Islands and Repeat Elements
In mammals the CpG dinucleotide occurs at only ~20% of the frequency that would
statistically be expected based on its GC content. However, this under-representation is
lifted in CpG rich islands often associated with house keeping genes (Gardiner-Garden
and Frommer, 1987). The 14172bp mouse fragment contains CpG dinucleotides at a
third of the statistically expected frequency expected for its GC content of 42%
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(expected: 625; CpGs observed: 192 CpG dinucleotides). The equivalent 1068 1bp
fragment of Fugu has a GC content of 48% matching closely the estimate of 44% by
Brenner et al.(1993) for the whole genome and supports the observation that compared
with mammalian genomes, the Fugu genome has a remarkably uniform GC distribution
(The Fugu Landmark Mapping Project, http://fugu.hgmp.mrc.ac.uk).

The Fugu region contains CpG dinucleotides at 70% of the expected frequency,
(expected: 635, observed: 433) more than twice as frequently as in the mouse region and
matching other estimates for the whole Fugu genome of 60% (Elgar et al., 1996). For
comparison, the GC dinucleotides in the mouse and Fugu fragments both occur at 93%
of the statistically expected frequency. It has been shown that methylation in Fugu
occurs at the same CpG dinucleotide as in mammals, but the 'tiny’ fraction is absent in
Fugu and other fish species (Saccone et al., 1993; Aissani and Bernardi, 1991; Elgar,
unpublished). Thus although the CpG dinucleotide is less suppressed in Fugu compared
with mammals, there appear to be fewer restriction sites, suggesting that the CpG
dinucleotides in Fugu might not be as heavily methylated compared with mammals
(Elgar, 1996). This is supported also by the observation that unlike in human where
CpG islands are frequently associated with the 5’ ends of genes, in Fugu CpGs appear
to be more randomly distributed and are absent from many house keeping genes ([Elgar,
1996)).

In the mouse sequence a number of repetitive elements with between 10 and 37 repeat
units were found in both introns of MRF4 and the intergenic region. No repeats were
found in the Fugu sequence, consistent with the observation that repetitive DNA is
highly clustered and constitutes less than 10% of the Fugu genome (Brenner et al.,
1993).

3. Pairwise DNA Sequence Analysis Between Fugu and
Mouse

Pairwise sequence alignment between the mouse and Fugu regions containing the

MRF4 and Myf-5 genes was carried out to find conserved regulatory elements. The
results of this alignment are shown in a dot plot diagram in Figure 12A. Matches of at
least 75% identity over a 20bp window appear as diagonal lines in the diagram. The
bHLH region of exon 1 of both genes appears on the diagonal, indicating some degree
of conservation between Fugu and mouse. Interestingly, the bHLH regions of both
genes not only share significant sequence homology between Fugu and mouse (Fig.
12A, red lines), but also between each other (Fig. 12A, green lines). The observed cross
similarity is the result of functional conservation amongst the myogenic bHLH family
members. However, no significant homology was found in the introns and in the
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untranslated regions or in the entire intergenic region between MRF4 and Myf-5. The
poor conservation of the large intergenic region and the introns was unexpected in view
of the fact that the Fugu MRF4 and Myf-5 genes have been maintained as a linked pair
through millions of years of evolution and the genomic organisation in Fugu and other
species was found to be very similar. It can not be excluded that conserved protein
binding sites exist in Fugu, that are too divergent to be readily recognisable in sequence
comparisons or that different regulatory mechanisms operate between mammals and
fish. To test these possibilities, alignments between more closely related mammalian

species were performed.

4. Pairwise Comparisons Between Mouse, Human and
Bovine.

Due to the lack of sequence conservation between the Fugu and mouse region, I
turned my attention to the Myf-5 gene itself. Data from our laboratory had previously
shown that the Myf-5 gene contained regulatory elements involved in controlling the
ventral expression domain of Myf-5 in the somites (see Fig. 8C). Sequence information
including the introns and the 3' UTR was already available for bovine and mouse Myf-
5. For additional comparisons the intron sequence of the human Myf-5 gene was
determined: Briefly, the nucleotide sequence of the human Myf-5 introns was
determined by sequencing genomic PCR products amplified from human genomic DNA
with pairs of primers derived from exon 1 and exon 3 of mouse Myf-5 (Inlfor and
In2rev see Appendix I), spanning the intervening introns and exon 2. The intron
boundaries of the human gene were determined by comparison with the published cDNA
sequence (Braun et al., 1989b). The size of the introns and exons is given in able 1 and
the complete genomic sequence of human Myf-5 is presented in Appendix IV.

As expected, comparisons between Fugu and either bovine or human Myf-5 failed to
show conserved sequence blocks outside of the coding region (not shown). Therefore
two-way sequence comparisons were carried out between the human Myf-5 gene and the
mouse and bovine homologues respectively. The dot plot analysis is shown in Figure
12B and C and revealed substantial sequence homologies, both in the coding and
noncoding regions. In agreement with the relationships established for the protein
sequence in the phylogenetic tree in Fig. 11D, the genomic sequence of human Myf-5
more closely resembled bovine Myf-5 than mouse Myf-5. Between the human and
bovine sequences a high degree of conservation (>80%) over the entire length of the
exons and the introns of Myf-5 was found with no obvious bias in any particular region
(note contiguous diagonal in Fig. 12C). Unfortunately, this high level of similarity
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Figure 12A: Dot Plot Analysis of the MRF4/Myf-5 Region

Two way comparison of the genomic region comprising the MRF4 and Myf-5 genes
from Fugu and mouse. Despite syntenic conservation of the MRF4 and Myf-5 genes in
Fugu, no significant matches are found outside of the bHLH regions. Regions with at
least 75% similarity over a 20bp window appear as lines on the diagonal. The bHLH
regions of exon 1 of MRF4 and Myf-5 show a significant degree of conservation not
only between Fugu and mouse (red), but also between each other (green).

Figure 12B and C: Two way comparison of the human Myf-5 genomic sequence
with the bovine (B) or mouse homologues (C). Regions of similarity appear as lines on
the diagonal. The exon - intron structure is superimposed onto the diagram to allow
regions of similarity to be aligned with the genomic organisation. The human intron
sequence shows significantly more homology to the bovine homologue than the mouse
homologue. Between human and mouse, the 3' halves of the introns are significantly
conserved, whereas the 5' halves are not. Exons are well conserved, in mouse, human
and bovine.
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Dotplot Analysis: Myf-5
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precluded identification of specific conserved elements just like the complete lack of
sequence conservation observed previously between Fugu and mouse Myf-5. This result
illustrates the fine balance between sequence divergence and conservation required for
meaningful comparison. In this regard dot plot analysis of the human and mouse Myf-5
genes proved more informative.

Figure 12C shows the two way sequence comparison between the mouse and human
Myf-5 genes. The diagonal forms a solid line in the coding region but breaks down
considerably in the 5' half of each intron. A more detailed comparison of the introns
sequence is shown in Figure 13A and B. In contrast to the 5' half, the 3' half of each of
the introns has remained highly conserved suggesting that they may harbour regulatory
sites. The 3' half of the first intron of mouse Myf-5 shares more than 78% similarity
with the human or bovine sequence over a continuous stretch of 300bp compared with
less than 40% identity outside of this region (Fig. 13A). Similarly, in the second intron
the 3' half shares 75% homology compared with less than 40% in the 5'-half (Fig.
13B). Below the dot plot diagram in Figure 13A and B the nucleotide sequence of the
major conserved sequence blocks in the 3' half of the introns is shown.

5. Summary

The MRF4 and Myf-5 genes of the pufferfish Fugu rubripes form a syntenic linkage
group that has been maintained for 430 MYTs since teleosts started to evolve. The Fugu
MRF4 and Myf-5 genes have the same genomic organisation as other myogenic factors.
The bHLH domain in the first exon shares more than 80% identity with the mouse and
has been shown to be necessary and sufficient to induce myogenesis (Davis et al.,

1990). The precise sequence of the basic region is essential for transactivation of target
promoters and myogenic conversion of fibroblasts in tissue culture (Weintraub et al.,
1991; Davis and Weintraub, 1992; Schwarz et al., 1992), which is reflected by its nearly
complete conservation in Fugu and diverse species such as birds, amphibia and
mammals. Similarly, the amphipathic helix domains required for dimerisation with E2
proteins (Murre et al., 1989) show mainly conservative amino acid substitutions, and a
cysteine-histidine-rich region upstream of the basic domain that is thought to mediate
changes in chromatin structure required by Myf-5 and MyoD for the activation of their
target genes is also highly conserved. This high degree of conservation would suggest
that the mechanism by which these proteins act is extremely ancient.

Although the Fugu MRF4 and Myf-5 genes are separated by less than 3 kb compared to
7kb in the mouse, one might have expected the genes to be as close as 1kb considering
the size of the Fugu genome. Despite the relatively modest size reduction of the region in

Fugu there is no significant sequence conservation in the intergenic region or the introns
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Figure 13 A and B: Two way comparison showing the conserved regions of the
human and mouse Myf-5 introns 1 and the relative positions of the bandshift fragments
A, B,C & D tested. Regions of similarity appear as lines on the diagonal. In both
introns the 3' half shows a high degree of sequence conservation, whereas the 5' half
does not. Below the diagram, the nucleotide sequence of the major conserved sequence
block in the 3' half of the intron is shown.
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Dot Plot Analysis: Mouse vs Human Myf-5 Introns
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of MRF4 or Myf-5. In fact, the Fugu Myf-5 and MRF4 genes are nearly the same size
as the mouse genes. The reduction in the size of the Fugu introns is unequal, indicating
that the distribution of putative regulatory elements in Fugu and mouse might be
different. Since the myogenic factors have split up very early in vertebrate evolution,
they have diverged significantly in species as distant as Fugu and mouse, precluding
identification of conserved regulatory elements. Comparisons of the Fugu Myf-5 or
MRF4 genes with the homologues in mouse, bovine and human revealed little similarity
outside of the coding regions. Therefore Fugu is probably not a good model for
vertebrate myogenic genes. The most informative sequence comparison of Myf-5 was
between mouse and human. In both introns of Myf-5, a remarkable bias in sequence
conservation in the 3' half compared with the 5' half was apparent. While the 3' halves
of both introns were highly conserved, showing more than 75% identity, the 5' halves
shared less than 50% sequence identity, suggesting that the second half of each of the
introns contains functionally conserved elements. Similar sequence comparisons
between the mouse and bovine Myf-5 genes produced almost identical results, suggested
the presence of regulatory sites in the conserved intron regions, a possibility that was
examined further in electrophoretic mobility shift assays (EMSA)
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Chapter 4

EMSA Analysis of the Myf-5 Introns

1. Introduction

Data from our laboratory had previously shown that the Myf-5 gene contained regulatory
elements involved in controlling the ventral expression domain of Myf-5 in the somites
(see Fig. 8C). Sequence comparisons between mouse and human revealed a high
degree of sequence conservation in the 3' halves of the Myf-5 introns suggesting the
presence of regulatory sites. To facilitate the identification of putative transcription factor
binding sites, the ability of the intron regions to associate with proteins from mouse
embryonic extracts in vitro was tested. Electrophorectic mobility shift analysis (EMSA)
was performed with sub-fragments of the Myf-5 introns using various embryonic
extracts (see Chapter 2, section 12 for details). Briefly, adjacent overlapping intron
fragments spanning both introns of Myf-5 were generated by the polymerase chain
reaction (PCR). Figure 14A shows the primer positions and the length of the seven
products (A-G) generated. The source of the embryonic tissues used in these extracts is
illustrated in Figure 14C. Details concerning the preparation of the embryonic protein
extracts from these tissues can found in Chapter 2, section 12.2. The dissections
required considerable dexterity and were carried out by Dr Summerbell of our
laboratory. Each of the seven fragments was tested for its ability to specifically bind
proteins from Myf-5 expressing and nonexpressing embryonic cell extracts as well as F9
embryonal carcinoma cell (EC) extracts, with the intention of obtaining additional
information about the tissue distribution of the binding factors.

The EMSA results are summarised in Figure 15. Surprisingly, no significant differences
were found in bandshift experiments with somite extracts compared with other tissues,
suggesting that the binding activities are ubiquitous and/or that minor contamination of
the embryonic tissues eliminated the intended tissue specificity. Although six of the
seven fragments bound proteins in the EMSA assays, it became clear in subsequent
transgenic analysis (see Chapter 5), that only three of the fragments (D, F and G) were
required to drive expression in the ventral posterior somite domain, suggesting that

under the in vitro conditions and considering the large sizes of the fragments, some of
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Figure 14A: Size and location of the probes used in mobility shift assays. Adjacent
and overlapping probes (A-G) for EMSA were generated by PCR. Each probe (depicted
by double headed arrows) overlapped with the adjacent fragment by at least 15 bp. The
length is shown below each fragment, the PCR primers are shown as arrow heads above
(See Appendix I for primer sequences).

Figure 14B: Oligonucleotides subdividing Fragment D of intron 1 into 5 overlapping
adjacent fragments were used in bandshift analysis using E10.5 whole embryo extracts.
Fragments D1-D3 formed specific complexes whereas fragments D4 to D5 did not,
indicating that the most likely binding site lies in the 110bp region at the 5' end.

Figure 14C: Origin of the mouse tissues used to make whole cell protein extracts for
EMSA. The anatomical regions depicted were dissected from E9.5 embryos and
processed as described in Chapter 2 section 12.2 to obtain information about tissue
specificity of the binding activities. The somites and arches express the highest level of
Myf-5 whereas head neck and flank were expected not to express significant levels of
Myf-5 however; no significant differnces were observed between these extracts in
EMSA.
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Chapter 4 - EMSA Analysis of the Myf-5 Introns

the binding activities were non-specific or may be involved in regulatory functions other
than the regulation of the ventral posterior expression domain of Myf-5. The mobility
shift data are summarised in the following:

Fragment A at the 5' end of intron 1 is poorly conserved between mouse and human
(Fig. 13A) and although mobility shifts were observed with somite and branchial arch
extracts (Fig. 15A lanes 2 and 3), these were not efficiently competed by 200 fold molar
excess of unlabelled fragment A (compare lanes 9 and 10) indicating that the observed
binding activities were probably non-specific.

Fragment B also lies in the nonconserved region of intron 1 (Fig. 13A) but showed a
clearer binding pattern with one major and several minor binding activities with F9 EC
cell nuclear extracts (Fig. 15B, lane 2), extracts from the flank and somites (lanes 4 and
5) and whole embryo nuclear extracts (lane 6). The strongest signal was obtained with
whole embryo nuclear extracts suggesting that the binding activity may be enriched in
the nucleus (compare lane 6 with lanes 2, 4 and 5). The DNA-protein complex is
competed efficiently in the presence of 50- to 200-fold molar excess of unlabelled probe
(compare lane 6 with lanes 7-9) suggesting that the binding activity is specific.

Fragment C falls in the conserved region of intron 1 sharing more than 78% identity
between mouse and human (Fig. 13A). Two major complexes formed with F9 EC cell
extracts and different embryonic extracts (Fig. 15C, lanes 2-7). Interestingly, a third,
faster migrating complex was formed only with F9 nuclear extracts (lanes 2 and 8) but
this complex was not efficiently competed with cold competitor and is probably non-
specific (compare lanes 8 and 9). Of the remaining two bands the slower complex
appeared to be specific as it could be competed with 100-fold excess of unlabelled
fragment C (compare lanes 8 and 9) while the other complex was not affected by
competition (compare lanes 10 and 11).

Fragment D , located at the conserved 3' end of intron 1, produced a complex
banding pattern with various whole embryo extracts and somite extracts that was
difficult to interpret (data not shown). Therefore five subfragments D1-D5 (see Fig.
14B) were tested in bandshift assays with E10.5 whole embryo extracts. Fragments D1-
D3 formed specific complexes that could be competed in the presence of both 50- or
100-fold excesses of unlabelled fragment D1 (lanes 3 and 4), D2 (lanes 9 and 10) or D3
(lanes 15 and 16) respectively, but not by non-specific oligonucleotide competitor (NS)
at the same concentration (lanes 5 and 6, 11 and 12 and 17 and 18). In contrast,
fragments D4 and DS failed to bind specific proteins, as the binding activity was not
efficiently competed by either specific or non-specific competitor in 50- to 100-fold
molar excess (lanes 21 to 24 and 27 to 30), suggesting that tight but non-specific
binding was observed.
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Chapter 4 - EMSA Analysis of the Myf-5 Introns

Figure 15: Electrophoretic Mobility Shift Assays (EMSA).

Mouse Myf-5 intron fragments (see Fig 14. for details) were radioactively labelled and
used as probes in EMSA as described in Chapter 2, section 12.3. Whole cell extract
from embryonic tissues was used as indicated (see Fig. 13C for details): WE = whole
embryo E10.5, A = Arch, F = Flank, H = Head, N = Neck, S=Somites. Nuclear
extracts from F9-EC cells were a gift from Dr. Vandromme of this laboratory. NE =
nuclear extracts from E10.5 embryos prepared by the method described by Nicolas and
Goodwin (1993). Specific competitor was used in molar excess as indicated. FP = free

probe. Please refer to text for details of interpretation.
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Chapter 4 - EMSA Analysis of the Myf-5 Introns

Fragment E is located in the nonconserved region at the 5' end of intron 2 (Fig.
13B). One major binding activity was observed with F9 and somite extracts (Fig. 15E
lanes 2 and 4). The activity was specifically competed by preincubation with 50-fold
molar excess of unlabelled fragment E, suggesting the presence of a specific high
affinity binding site (compare lanes 2 and 3 and lanes 4 and 5).

Fragment F comprises 203 bp of the conserved central part of intron 2 (Fig. 13B).
The same major band was observed with different whole cell embryonic extracts
including those from the head, somite, flank and arch (Fig. 15F, lanes 2 to 5) as well as
nuclear extracts from F9 cells and whole embryos (lanes 6 and 10). When nuclear
extracts were used, additional faster migrating bands were observed that were absent or
less abundant in the whole cell extracts (compare lanes 6 and 10 with 1 to 5). In whole
embryo nuclear extract the faster band represented the main binding activity (lane 10),
suggesting that this binding activity is enriched in the nucleus. Regardless of the extract
used, all of the binding was competed by preincubation with 100-fold molar excess of
unlabelled fragment F suggesting that the complexes formed were specific (compare
lanes 6, 8 and 10 with 7, 9 and 11). Fragment F is well conserved in mouse and human
(see Fig. 13B), particularly in the 3' half, however, no known binding sites could be
identified by sequence comparison with the TRANSFAC database. Deletion of fragment
F in transgenic assays abolished ventral posterior expression in the somites, indicating
that the binding activities are involved in the regulation of the transgene (see Chapter 5,
compare construct pAFPH construct pACPH).

Fragment G comprises the conserved 3' end of intron 2 (see Fig. 13B). Two major
binding activities were observed with this probe when it was incubated with different
embryonic cell extracts including: somite, neck, flank, arch, head, whole embryo
nuclear extract and F9 embryonal carcinoma cell extracts (Fig. 15G, lanes 1 to 7). With
F9 extracts a different faster migrating complex formed that was not seen with any of the
embryonic extracts (compare lane 7 with 1 to 6). Although little variation in intensity
was observed for the two bands with different embryonic extracts, the slow band in the
somite and F9 extracts was relatively more intense (Fig. 15, compare lane 1 and 7 with
lanes 2-6). Protein binding from F9 and somite extracts was completely competed by
preincubation with. 100 fold excess of unlabelled fragment G (compare lanes 9 and 11
with 10 and 12) indicating a high degree of specificity. Closer examination of the
sequence of fragment G revealed the presence of a potential NFY binding site matching
the NFY consensus in 8 out of 9 bases (CCATCCCCA the underlined C is normally a
T). NFY is a heteromeric transcription factor (Hooft van Huijsduijnen, R.et al., 1990)
that has been shown to be identical with the transcription factor HoxTF, involved in the
regulation of Hox genes (Gutmann et al., 1991).
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Summary of the Bandshift Data

Introni
Fragment Bandshift Result
A nonspecific binding
B specific binding (F9, somites and others)
c multiple bands, one specific (F9, somites and +
others)
D1 multiple bands, one specific (whole embryo extract) +
D2 two specific activities (whole embryo extract) +
D3 multiple bands, one specific (whole embryo extract) +
D4 nonspecific binding —
D5 nonspecific binding
Intron 2
Fragment Bandshift Result 1
E specific binding (F9 and somites)
F specific binding (F9 and others)
6 specific binding (F9 and others)

potential NFY binding site

Table 2: Summary of the EMSA Results for Myf-5 Intron Fragments

Specific binding activities were observed for probes B to G (+) but not A (-). The
specificitiy of binding was assessed by competion with unlabelled probe see Fig. 8A-G for
details. Note, that fragment D is subdivided into fragments D1 to D5 of which D4 and D5
failed to bind specific protein (-). Please refer to text for details.



Chapter 4 - EMSA Analysis of the Myf-5 Introns

Studies from our laboratory showed that NFY plays a role in the regulation of the Hox-
b4 gene, where it is necessary for all of the somitic and lateral mesodermal expression
and part of the neural expression pattern observed in transgenic mice. Interestingly, an
NFY site has also been found in the promoters of the MyoD and myogenin genes
(Gilthorpe, unpublished; Gutman et al., 1994), suggesting that NFY might be involved
in the regulation of myogenic regulatory factors. To test whether the NFY site in the
Myf-5 introns was involved in protein binding, competition experiments with a NFY-
specific oligonucleotide, corresponding to the MyoD promoter region -628 to -602
(Zingg et al., 1991), at 20-, 100- and 200-fold molar excess (Fig. 15G, lanes 16 to 18)
were carried out. The MyoD-(NFY) - oligonucleotide did compete, although less
efficiently than fragment G itself (compare lane 15 with lane 18). Similar results were
obtained by testing the ability of fragment G to compete for protein binding when the
MyoD(NFY)- oligonucleotide was used as a probe. Fragment G in 100 fold molar
excess competed efficiently for protein binding to the NFY oligonucleotide (Fig. 15G,
compare lanes 20 and 21 with 22 to 25).

9. Summary

In conclusion, the results of the EMSA experiments suggest that multiple binding sites
for proteins from embryonic extracts exist in the introns of Myf-5. As no significant
difference was observed between various tissue-specific embryonic extracts, most of
these binding activities appear to be ubiquitously distributed amongst embryonic tissues.
Most of the complexes formed were also observed with nuclear F9 cell extracts although
on two occasions (fragments C and G) the banding pattern was slightly altered. The
Bandshift results are summarised in table 2. Although specific binding activities were
found in all of the fragments (except A), only a subset of these appears to be required for
the regulation of Myf-5 in transgenic mice. Subsequent analysis of the Myf-5 introns
using LacZ-reporter constructs showed that deletion of the ‘positive’ bandshift
fragments C and E had no apparent effect on the ability of transgenic constructs to
reproduce the complete expression pattern in transgenic mice. However, the participation
of the deleted fragments in the regulation of Myf-5 can not be completely excluded
because the wild type expression pattern of Myf-5 is complex and the possibility of
redundancy between the intron elements has not been sufficiently examined. Ultimately,
to assess the function of regulatory elements in vivo, transgenic analysis of the Myf-5
introns aimed at identifying a minimal region that is sufficient to direct LacZ transgene
expression to the ventral posterior domain of the somites is necessary. The results of
such an analysis are presented below.
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Chapter 5

Transgenic Analysis of the Regulatory Role of the
Mouse Myf-5 Introns

1. Introduction

Previous studies from our laboratory established that a LacZ reporter gene construct
(HMZ17) containing the intergenic region between MRF4 and Myf-5 including the two
genes themselves (totalling some 14kb) could reproduce much of the endogenous Myf-5
expression pattern in transgenic mice (see Fig. 8B and also Fig. 16C). The main features
of this construct (HMZ17) include LacZ expression in the ventral (arrow, Fig. 16C')
and dorsal parts of the somites (white arrow, Fig. 16C"), the branchial arches (white
arrowhead, Fig. 16C) the trigeminal ganglion, the intercostal and abdominal muscles,
the neural tube and head mesenchyme. Results from deletion constructs indicated that the
complete expression pattern of HMZ17 appears to arise through combined
transcriptional regulation by a number of separate control regions responsible for
expression in individual anatomical subdomains. Several discrete regions, probably
containing autonomous elements controlling expression in the branchial arches, the
neural tube, the dorsal and ventral margins of the somites have been mapped by our
laboratory (see summary in Fig. 8A). The dorsal somite expression domain was lost
when 2.2kb of sequence were deleted from the 5' end of the 14.2kb HMZ17 construct
(data not shown). In contrast the ventral domain of the somites was lost when the Myf-5
gene near the 3' end of HMZ17 was deleted, suggesting that elements controlling
expression in the ventral part of the somites were located in the Myf-5 gene itself (data
not shown). This was confirmed when the Myf-5 gene including its 3' UTR was shown
to direct expression of a LacZ reporter gene to the ventral portion of the somites (see
Fig. 8C, MFGZ). These experiments demonstrated that ventral and dorsal expression
domains in the somites are regulated by distinct control elements, separated by at least
4kb of sequence; the dorsal element being located in the intergenic region and the ventral
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element within the Myf-5 gene and/or the 3' UTR. To refine the elements in the Myf-5
gene controlling the ventral somite pattern more closely, I combined the results of the
comparative sequence analysis and electrophoretic mobility shift assays to identify
candidate regions of the Myf-5 gene and tested their ability to drive reporter gene
expression to the expected Myf-5 expression domains in transgenic mice.

Although pairwise comparisons between Fugu and mouse had failed to identify
conserved sequence elements, similar comparisons between mouse and human revealed
significant differences in conservation between the 5' and 3' halves of the Myf-5 introns
suggesting potential regulatory regions in the conserved 3' halves of both introns.
Electrophoretic mobility shift assays on fragments A to G from the two introns of Myf-5
showed that except for fragment A, all of the bandshift probes were able to bind proteins
from embryonic and cell line extracts in vitro. To obtain information about the in vivo
role of these candidate regulatory regions, the binding sites need to be tested functionally
in transgenic mice. Suitable constructs were generated by placing deletion fragments of
the Myf-5 gene upstream of a minimal heat shock promoter plasmid driving the LacZ
gene. In the absence of any enhancer elements, the wild type reporter construct
introduced into the pronucleus of transgenic mice is essentially silent, although basal
expression of LacZ is occasionally observed in the ventral neural tube ([Rossant et al.,
1991; Whiting et al., 1991; Gilthorpe, pers.comm. my observation]). Putative enhancer
elements inserted in the reporter are expected to drive expression of the LacZ transgene
in transgenic mice to the target sites of the enhancer.

2. Dissection of Regulatory Elements in Myf-5 using
Transgenic Mice.

At first, it was important to test if the Myf-5 introns without the 3' UTR including the
intervening exon were sufficient to direct expression of the reporter gene to the ventral
posterior margin of the somite or if additional sequences were required. A LacZ reporter
construct containing the introns of Myf-5 but lacking the 3' UTR was made and tested.
(Details of the design of the constructs are given in Chapter 2, section 10). A map of the
transgenic reporter constructs and a summary of the results is shown in table 3 and table
3A, respectively.

p12 (introns 1 and 2 construct) see Fig. 16A and B: Of five transient transgenic animals
two expressed the reporter gene. Both embryos showed LacZ staining in the somites,
however, the expression patterns were inconsistent and
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Table 3A: Summary of the Mouse Transgenic Results

construct Exp/Tg TG DRG A Comment
pl2 2/5 +/E +/E +/- /- variable expression
__________ 7/11 -/E -/E +1- -/E variable ectopic
P2 476
P12UTR Line + [ — highly consistent somitic
pUTR 575
p2UTR 6/6 +/- consistent nonsomitic
2/6
pCFUTRRe Line strong somitic expression
- pCFH 2/2 +/- +/-
pCFA 4/4 ) +/- +/— very faint somitic
3/4 +/- +/- strong somitic expression
pCFAA 2/2 + +/- +/- +/— very faint somitic
PAAH 3/6 +/- +/- Y- variable expression
PACAH 2/5 + /-
PAGAH 275
PACPH 2/3 + /- +/-
pAQPH 2/4
~"PAFPH 2/7

Table 3A: Summary of the expression patterns obtained with the constructs indicated.
Exp/Tg shows the number of animals expressing the transgene out of the total number
of transgenic animals obtained (as detected by PCR). 8 indicates ventral posterior
somitic expression, TG trigeminal ganglion, DRG dorsal root ganglion, A branchial arch
and NT Neural tube expression. (+) shows whether or not (-) a construct produced the
correct expression or if expression was ectopic (E). Combinations of these indicate that
variable results were obtained.

Table 3: The genomic structure of the Myf-5 region is shown at the top. Exons are
depicted as gray boxes, introns as red lines, and the 3’ UTR is shown in light gray and
boxed. Vertical lines show the position of common restriction sites or primer binding
sites amongst different constructs or in the genomic sequence. PCR- primers used to
generate suitable fragments are indicated by labelled arrows, v-shaped brackets indicate
deletions. Each construct was made by cloning the indicated region of the Myf-5 gene
upstream of the minimal hsp68 promoter driving the LacZgene with an SV40
polyadenlyation site. A + or - sign indicates whether correct expression was obtained,
+/- indicates that the construct produced inconsistent or very weak expression.
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Fig. 16: Map of the p12 construct containing the Myf-5 introns upstream of the hsp68
promoter driving LacZ. B-galactosidase expression in two p12 transgenic embryos at
E10.5 stained with X-Gal (16A) and (16B), and an HMZ17 transgenic animal of the
same age (16C). Close-ups of the same embryos are also shown (16A', 16B', 16C' and
16C").

Blue staining is localised in the somites of both animals in 16A and 16B but is not
consistent. Close ups show that expression in the thoracic somites is mainly dorsal
(arrow) in 16A" and ventral posterior (arrow) in 16B'. However, the pattern in 16B'
resembles that obtained with HMZ17 (arrow) in 16C', see text for details.

113



p12
&  m-p

Introni IntronZ

HM Z. ;

LacZ



Chapter 5- Transgenic Analysi e Re Ro he Mouse Myf-5 Intr

showed little or no overlap (compare Fig. 16A and B). The embryo in Fig. 16B shares a
similar ventral somitic expression pattern with HMZ17 (arrow, Fig. 16C) but the level
of expression in the somites was noticeably weaker. Additional ectopic staining was
seen in the ventral neural tube, the cranial nerves, and the hind limb bud. Somitic
staining was observed throughout the thoracic somites in the ventral posterior margin of
the dermomyotome (arrow, Fig. 16B') including the tail somites, where staining is not
typically observed in MFGZ embryos.

In contrast, Fig. 16A shows a transient transgenic animal with LacZ expression in areas
that are clearly not part of the HMZ17 expression pattern. Unlike the ventral expression
observed in HMZ17 which is mainly in the dermomyotome the expression seen in Fig.
16A is in the dorsomedial part of the myotome (arrow, Fig. 16A"), confined to the
occipital and thoracic somites. Expression is absent from the more posterior thoracic and
lumbar somites. Further differences are found in the tail somites. Notably, expression is
observed at the anterior rather than the posterior edge seen in HMZ17 (compare white
arrowhead, Fig. 16A with arrow Fig. 16C').

To examine if either of the two introns of Myf-5 was responsible for the somitic
expression seen in Fig. 16B, reporter constructs with either intron 1 or intron 2 driving
LacZ from the hsp68 promoter were tested in transgenic mice.

The first intron (p1-construct) gave LacZ expression in seven out of eleven transgenic
animals (see Fig. 17 A-C). All of the embryos showed weak but consistent LacZ
staining in the ventral neural tube (white arrows, Fig. 17A,B) and in only one transgenic
animal was additional expression observed. In this embryo, the head mesoderm, the
ventral somitic bud (arrow head) of the thoracic somites, and the tail somites (arrow)
were stained (Fig. 17A). In contrast to the expected ventral posterior expression pattern,
staining in the tail was confined to the anterior edge of the somites, similar to that seen
with p12 (compare with Fig. 16A). Unusually, the most caudal margin of expression in
the tail extended into the presegmental plate (arrow, Fig. 17A). Similar results were
obtained with the second intron (p2construct, Fig. 17D). Of six transgenic animals, four
expressed the LacZ transgene and all showed faint staining in the ventral neural tube
(arrowhead) similar to the pattern seen with p1 before. This was confirmed in transverse
sections of both p1 and p2 embryos, showing LacZ expressing cells near the lateral
edges of the ventral third on both sides of the neural tube (arrow, Fig. 17C, E). No
other expression domains for p2 were observed. Similar ventral neural tube expression
has previously been reported to be ectopically induced by the heat shock promoter
hsp68, used in all of these constructs (Joyner et al. 1987; Buckingham, 1994). It is
therefore not possible to decide if the neural tube expression represents the true
expression domain of the DNA tested, or merely an artefact of the construct. However,
the observed expression is an indication that the construct integrates in a chromosomal

region that is permissive for reporter gene expression.
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Taken together, both the first (p1) and second intron (p2) of Myf-5 failed to activate
reporter gene expression in the ventral somites in transgenic mice. In combination, both
introns (p12) produced a somitic but inconsistent expression pattern, strongly
suggesting that additional or independent elements in the 3' UTR were required. To test
these possibilities, it was first investigated if elements in the 3' UTR would either be
necessary or sufficient to reproduce the ventral somite expression pattern.

Pronuclear injection of pUTR (3' UTR construct, see Fig. 18A and B) yielded 5
transgenic embryos, which again showed no somitic expression but consistent faint
staining in the ventral neural tube (arrowheads), similar to that observed in p1 and p2
transgenic mice (compare Fig. 18A and B with Fig. 17B and D). No other expression
domains were found, indicating that the 3' UTR does not contain self-sufficient
regulatory elements that could activate LacZ expression in the ventral somite
compartment and that elements of both the introns and the 3' UTR may be required.
Since none of the constructs tested thus far reliably reproduced the ventral posterior
somite pattern, it was necessary to exclude the possibility that the hsp68 promoter used
was in some way interfering with the regulatory elements tested. Previous results from
our laboratory using a minimal B-globin promoter construct had shown that the Myf-5
gene together with the 3' UTR (see Fig. 8C, construct MFGZ) contained all the
necessary elements for ventral posterior somite expression. Therefore in the absence of
any interference, an equivalent construct employing the hsp68 promoter should produce
a very similar pattern of expression.

Indeed, transient transgenic animals obtained with p12UTR (introns + UTR construct,
see Fig. 19) exhibited the expected ventral somitic expression pattern, closely
resembling previous results with MFGZ and other constructs (Summerbell et al.,
unpublished). For detailed analysis, three independent p12UTR lines were raised. No
noticeable differences in the pattern of LacZ expression were apparent between the lines
except for slight variations in the level of expression which was most intense in the line
termed Fritz60. Reporter gene expression in Fritz60 was first visible in ventral cells of
the thoracic somites around E9 (arrowhead, Fig. 19A) which is approximately 24 hours
after Myf-5 transcripts can first be detected in the primitive somites before differentiation
into sclerotome and dermomyotome (Ott ez al., 1991). In subsequent stages the intensity
of expression increased rapidly throughout the thoracic somites and became confined to
the ventral posterior margin before the 20 somite stage (arrowhead, Fig. 19B).
Additional expression was transiently observed from E10 in the core of the hyoid arch
(arrowhead, Fig. 19C") contributing to the facial musculature and the trigeminal
ganglion (TG, Fig. 19C), with branches progressively extending into the maxillary and
mandibular regions (compare Fig. 19C with D, arrowheads). Transverse sections (Fig.
19]J) through the thoracic somites show that B-galactosidase staining is confined to the

ventral edge of the dermomyotome and
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Fig.17: B-galactosidase expression of transgenic pl (17A) and (17B), and p2 embryos
(17D) at E10.5 stained with X-Gal, and transverse wax sections (17C) and (17E)
through the neural tube of animals in 17B and 17D respectively. Maps of the pl and p2
constructs are also shown. Both the first (p1) and second intron (p2) of Myf-5 activate
LacZ expression in the ventral neural tube (arrows in 17C and 17E) but failed to activate
reporter gene expression in the ventral somites. The animal in 17A shows additional

ectopic expression, see text for details.
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Fig. 18: Transgenic pUTR embryos (18A) and (18B) showed no somitic expression
but faint staining in the ventral neural tube (arrowheads), similar to that observed in p1
and p2 transgenic mice (compare Fig. 18A and B with Fig. 17B and D) indicating that
elements from both the introns and the 3' UTR may be required for ventral somite
expression.

(18C) and (18D): Transgenic plUTR embryos combining intron 1 with the 3' UTR
also failed to direct expression to the somites, suggesting elements in intron 2 are

necessary for the somitic expression pattern.
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myotome (Fig. 19H) while coronal section (Fig. 19G) shows that the staining is most
intense at the posterior edge (P) of the somites (Fig. 19F). In the mature somites, at the
level of the forelimb and anterior to that, LacZ expression in the dermomyotome became
progressively weaker and increased myotomal staining was observed. After the 30
somite stage the intensity of somitic expression was generally declining although
additional staining was noticeable in the somitic bud (sb) posterior to the forelimb at the
most ventral margin of the somites (arrow, Fig. 19D). Additional staining in dorsal
neural crest cells, the ventral neural tube and the limb buds was also frequently observed
at this stage. At E12.5 faint staining was seen in muscle groups ventral to the somite
boundary (black arrowhead), and stripes of body wall muscle (arrow) between the limbs
and shoulder muscle (white arrowhead) were visible (Fig. 19E). Weak staining was
now also observed deep within the hind limb (HL) and in the digits of the forelimb (FL)
(Fig. 19E"). No staining was found in the tail somites.

The pattern and efficiency of transgene expression in pl2UTR showed that in
combination, the Myf-5 introns together with the 3' UTR can drive expression of the
reporter gene from the hsp68 promoter to the ventral posterior margin of the
dermomyotome in a pattern closely resembling previous results with MFGZ
(Summerbell et al., unpublished). Furthermore, this pattern seems to be controlled by at
least two necessary but not sufficient regulatory elements. One or more of these elements
appeared to be located in the 3' UTR of Myf-5 and the other element(s) somewhere in
the Myf-5 introns. To examine whether in combination with the 3' UTR, either intron 1
or intron 2 could recapitulate this pattern, reporter constructs with either intron 1 or
intron 2 positioned upstream of the 3' UTR were tested.

p1UTR (intron 1 + 3' UTR construct): Pronuclear injection of plUTR yielded 6
transgenic embryos of which two expressed the LacZ transgene (Fig. 18C and D). Both
of these embryos showed staining exclusively in the ventral neural tube in a pattern that
appeared to be very similar to that obtained with p1, p2, and pUTR. No other
expression domains were observed, suggesting that intron 2 was necessary for the
somitic expression pattern obtained with p12UTR.

To test if intron 2 in combination with the 3' UTR was sufficient for correct ventral
posterior expression, the first intron was removed from p12UTR to give p2UTR
(intron 2+UTR construct). Six transient transgenic animals were obtained with LacZ
expression in the dorsal root ganglion (DRG), and the trigeminal ganglion (TG, Fig.
20). The neural crest staining extended from the level of the cervical somites to the
thoracic somites. No staining was observed in the somites of any of the transgenics,
suggesting that the deleted first intron contained necessary elements for ventral somitic
expression.
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Fig. 19: Transgenic embryos of a p12UTR line called 'Fritz' stained for B-
galactosidase activity at different stages of development.

This line demonstrated that the pattern previousely obtained with MFGZ using the globin
promoter (see Fig. 8C) can be faithfully reproduced if not enhanced by using the hsp68
promoter. A map of the construct is shown. The 3'end of the construct is delimited by
an Nhel site in the 3' UTR. The embryos obtained with pl2UTR show a very
consistent expression pattern, which closely resembles MFGZ embryos, with
characteristic staining in the ventral posterior margin of the dermo myotome including the
somitic bud (sb). Some ectopic staining is observed in the trigeminal ganglion (TG), and
the dorsal root ganglia in the older embryos. Temporal expression is shown in embryos
at E9 (19A), at E9.5 (19B), at E10 (19C), at E10.5 (19D), at E12.5 (19E).

Fig. 19F shows a coronal section of a Fritz embryo at E10 with staining in the posterior
margin (P) of thoracic somites. A Transverse section of a Fritz embryo at E10 is shown
in Fig. 19H with ventral somitic staining and ectopic expression in the notochord (NC).
Figures 19G and 19J show schematic representations of the structures seen in 19F and
19H. See text for details.
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Fig. 20: Transgenic embryos of p2UTR, combining intron 2 and the 3' UTR of Myf-
5. All of the transgenics showed staining in the trigeminal ganglion (TG) and in the
dorsal root ganglia (DRG), but failed to activate the reporter gene in the somites.
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Taken together the results suggested that deletion of either intron or the UTR abolished
the ventral somitic expression observed with pl2UTR. The most likely explanation is
that both introns and the 3' UTR contain necessary but not sufficient elements involved
in ventral somitic expression indicating a complex scenario where distinct elements in
intron 1 and intron 2 as well as the 3' UTR interact to control expression in the
posterior, ventral margin of the dermomyotome.

Since neither intron nor the 3' UTR appeared to be dispensable, terminal deletions from
the 5' and 3' ends of the p12UTR construct were made to identify the smallest functional
regulatory region. Based on the sequence comparisons between the mouse and human
Myf-5 genes that had revealed a high degree of conservation of the 3' half but not the 5'
half of each of the two introns, a derivative of p12UTR lacking the poorly conserved 5'
half of the first intron was made. 330bp of the 5' end of intron 1 were deleted from
pl12UTR to give pPCFUTRR(see Fig. 21). Three independent transgenic lines were
generated by pronuclear injection. Although small differences in the levels of expression
were observed, the pattern of expression was very similar in these lines. The line shown
in Fig. 21 (CFUTRR221) is one of the strongest expressing, and the pattern resembles
closely that of p12UTR. However, the levels of expression were increased and extended
to more anterior and posterior somites at all stages (compare panels A to E in Fig. 21 and
Fig. 19). Staining in CFUTRR embryos was first observed at E9 in the ventral posterior
domain of the thoracic somites (arrowhead, Fig. 21A) and was clearly more intense than
in p12UTR transgenic mice (compare Fig. 19A and Fig. 21A). Over the next 12-24
hours, expression levels increased further, until uniformly strong staining was seen at
around E9.5 (18 somites) in the ventral posterior quadrant of all but the youngest 2 to 3
somites (Fig. 21B). The most intense expression remained at the ventral posterior
margin of the dermomyotome of the thoracic somites but additional faint staining could
also be seen across nearly the entire width and length of thoracic somites. Transverse
sections show that at around E10.5 LacZ expression was not only observed in the
dermomyotome (DM) but increasingly found in the myotome (M) of the thoracic somites
(Fig. 21F) confined to the posterior edge (P) of the somite boundary (Fig. 21G). In
contrast to pl12UTR embryos, from around E10 (24 somites) lacZ expression was seen
in all of the somites along the AP axis (compare panels C to E in Fig. 21 and 19) and
both CFUTRR and p12UTR embryos shared similar staining in the trigeminal ganglion
(TG) and the second branchial arch. This agrees with the observations in Myf-5/lacZ
knock-in mice that expression in this arch is more intense than in the other arches
(Tajbakhsh et al., 1996). Although generally reporter gene expression in CFUTRR221
animals was strong, staining in the arches was weaker than in other CFUTRR lines and
less intense than in p12UTR (compare panel C' in Fig. 21 with that in Fig. 19).
However, in one of the other CFUTRR lines expression in both the second and the third
arch was observed
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Fig. 21: Transgenic embryos of a pCFUTRR- line (221) stained for B- galactosidase
activity at different stages of development. For this construct 330 bp of the
nonconserved 5' end of intron 1 were deleted from p12UTR without compromising the
the pattern of expression compared with the parent construct p12UTR (Fig. 19). The
temporal sequence of expression is shown in embryos: at E9 (21A), at E9.5 (21B), at
E10 (21C), at E10.5 (21D) and at E12 (21E) . Somitic staining is first seen at E9 and
increases in intensity in the ventral posterior compartment. From E10.5 somitic staining
between the limbs can be seen in a closeup in the ventral somitic bud (sb) (see 21D").
Additional staining is found in the dorsal root ganglia (DRG), the trigeminal ganglia
(TG) , the arches (see arrow in 21C' and at E12 hypoglossal chord (hc). Fig. 21F
shows a transverse section at E10 with ventral somitic staining not only in the
dermomyotome (DM) but increasingly found in the myotome (M) of the thoracic
somites. Fig. 21G is a coronal section at E10 showing staining in the posterior margin
(P) of thoracic somites. See text for details.
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(not shown). An unusual feature of CFUTRR221 was that LacZ expression extended
into the presegmental region of the tail from E10 onwards (arrow, Fig. 21C, D, E).
However, none of the other CFUTRR-lines showed sfmilar expression in the presomitic
mesoderm, indicating that this is likely to result from interactions with elements outside
of the transgene at the integration site. From E10.5 somitic staining between the limbs
can be seen in the ventral somitic bud (sb) (Fig. 21D") similar to that observed in
p12UTR embryos (Fig. 19D). Interestingly LacZ expression in the somitic bud
coincides with the reported pattern of Pax-3 expression at this stage, consistent with a
role of Pax-3 in the activation of Myf-5 in this domain (Tajbakhsh et al., 1997). In
contrast with pl12UTR, between the 25 and 30 somite stage, CFUTRR embryos
developed more pronounced staining in the nervous system, including the dorsal root
ganglia (DRG, Fig. 21D and F), the ventral neural tube (Fig. 21F), and the trigeminal
ganglion (TG), (compare panels D and E in Fig. 21 and Fig. 19). At E12 staining is also
observed in muscle cells of the hypoglossal chord (hc) that contribute to the muscles of
the tongue (Fig. 21 E) and has also been described in the LacZ-knockin mice by
Tajbakhsh et al. (1996).

Consistent with the notion that regulatory elements are likely to be evolutionarily
conserved, the pattern obtained with CFUTRR demonstrated that using sequence
comparisons between mouse and human, nonconserved regions from the first intron of
Myf-5 could be identified and removed without affecting the key features of transgene
expression compared with p12UTRR embryos, including expression in the ventral
posterior dermomyotome (and myotome) of the thoracic somites, the branchial arches
and trigeminal ganglion. To narrow down further the regulatory region from the 3' end,
467 bp of the untranslated region were removed by digestion at a HindIII site in the 3'
UTR to yield pCFH. Figures 22A and B show that the expression pattern of two
transient transgenic animals obtained with this construct was similar to that of CFUTRR
(compare with Fig. 21C) with comparable expression in the ventral posterior domain of
the thoracic somites (arrow, Fig. 22A"). Both transgenic mice also show staining in the
trigeminal ganglion (TG) and in the core of the first and second branchial arch (double
headed arrows, Fig. 22A" and B). Although both embryos show ventral posterior
expression in the thoracic somites, the animal in Fig. 22B has expression in most of the
somites along the AP axis and additional staining in neural crest cells, the neural tube
and the forelimb (fl) and hind limb (hl) buds, probably as an integration site effect.

The results show that the region downstream of the HindIII site in the 3' UTR did not
carry essential elements and deletion appeared not to compromise the expression pattern
of the reporter gene. To test if further 3' deletions could be made while retaining the
expression pattern, approximately 700bp were removed from the 3' end by digestion at
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Fig. 22: Transient transgenic embryos of pCFH stained with X-Gal show that the
region downstream of the HindII site in the 3' UTR is not required for ventral somitic
expression. pCFH is a derivative of pPCFUTRR removing some 500 bp of the 3' end of
the 3' UTR but retaining similar ventral somitic expression, compare 22A and 22B with
Fig. 21C. A close-up is seen in 22A" showing ventral posterior expression in the
thoracic somites (arrows in 22A" and 22B). Additional staining includes the trigeminal
ganglion (TG) and the first and second branchial arch (double headed arrows in 22A'
and 22B).

Figures 22C and 22D: Additional 700 bp were removed from the 3' end by digestion at a
unique Asel site in the 3' UTR to give pCFA, and resulted in patchy expression in
isolated cells of the dermomyotome (arrow heads) although still at the ventral posterior
margin of the thoracic somites, arrowheads in close-ups 22C' and 22D'. Thus, separate
regulatory elements might control the intensity and spatial distribution of transgene
expression, the former located in the Asel/HindIII fragment of the 3' UTR, the latter
most likely in the introns of the Myf-5 gene.
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a unique Asel site in the 3' UTR to give pCFA(see Fig. 22 C and D). This construct
appeared to have retained the ability to drive LacZ expression to the ventral posterior
domain of the somites as well as most of the other expression domains seen in p12UTR
and CFUTRR embryos, however, the levels of expression were drastically reduced
(Fig. 22C, D). Only patchy expression in isolated cells of the dermomyotome (arrow
heads) was seen at the ventral posterior margin of the thoracic somites (arrowheads, Fig.
22C' and D"). In agreement with the previous constructs, further faint staining was also
observed in the other expression domains, including the ventral neural tube, the second
branchial arch and the trigeminal ganglion but the levels of expression were significantly
reduced in comparison to pCFH, the parent construct. These results suggested that
elements influencing the level of transgene expression are located between the Asel and
Hind]Il1l sites in the 3' UTR of the Myf-5 gene. When deleted, the levels of reporter gene
expression drop dramatically although residual activity in the ventral posterior domain of
the somites as well as the other expression domains was retained, indicating that separate
regulatory elements might control the intensity and spatial distribution of transgene
expression, the former located in the Asel/HindIIl fragment of the 3' UTR, the latter
most likely in the introns of the Myf-5 gene. Following the successful elimination of
nonconserved 5' sequence from the first intron, the nonconserved 5' half of the second
intron was deleted by removing a 339bp AvrII/Nsil fragment from pCFH yielding the
construct pCFHA(see Fig. 23A). The deleted fragment also contained the second exon
of the Myf-5 gene and removed all of the nonconserved sequence from the introns. As
expected, deletion of the nonconserved 5' half of the second intron in pCFHA did not
compromise the pattern of expression of the transgene, which was remarkably similar to
that of pCFH its parent construct (compare Fig. 23A with Fig. 22A), and also resembled
that of Fritz and CFUTRR (compare with Fig. 19 and Fig. 21). Intense expression in
the ventral posterior dermomyotome was observed (Fig. 23A"), with additional
expression in the trigeminal ganglion (TG) and the first and second branchial arches
(Fig. 23A’, double headed arrow), similar to pCFH embryos. Thus, the nonconserved
regions of both of the introns and the intervening second exon are not required for the
correct expression of the transgene. In other words, the 3' half of both introns in
combination with the 3' UTR is sufficient to drive reporter gene expression to the correct
ventral posterior somite domain and includes expression domains for the trigeminal
ganglion and the branchial arches. If the role of the conserved intron sequences is to
direct the transgene to the ventral posterior dermomyotome, and the role of the Asel-
HindIII fragment of the 3' UTR is to increase the general level of expression, then the
region upstream of the Asel site up to the second intron may not be required. To
examine this possibility, this region was deleted from pCFHA to yield pAAH (see Fig.
24A and B).
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Fig. 23: Transient transgenic embryo of pCFHA stained with X-Gal showing that the
second exon of Myf-5 and the nonconserved regions between the AvrIl and Nsil sites in
the introns are not required for ventral somitic expression. Intense expression in the
ventral posterior dermomyotome is seen in pCFHA similar to pCFH its parent construct,
compare 23A" with Fig. 22A. Expression in the trigeminal ganglion (T'G) and branchial
arches, double headed arrow in (23A") has also been retained.

Figures 23B and 23C: pCFAA.is a deletion variant of pCFHA terminating at the Asel
site in the 3'UTR. Residual expression was found in the ventral posterior margin of the
dermomyotome of most of the thoracic somites, (arrowheads in close-ups 23B' and
23C"), suggesting that an efficiency element (downstream of the Asel site) had been lost
but that the somite control elements in the introns had been retained.
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Fig. 24: Transient transgenic embryos of pAAH stained with X-Gal.The 5' end of the
3' UTR was deleted, while retaining the intron elements as in pCFHA. The expression
pattern obtained was inconsistent, compare 24A and 24B.

While 24B showed expression in the ventral somitic bud (sb in 24B") the ventral
posterior dermomyotome, arrow in 24B’, dorsal root ganglia (DRG), trigeminal
ganglion (TG) and the hypoglossal chord (hc), compare 24B with Fig. 21E; this result
was not reproducible. A more typical result is shown in (24A).

Figures 24C and 24D: pACAH and pAGAH are further deletion derivatives of
PAAH lacking the conserved fragments C and G of the first and second intron
respectively. Neither construct produced a somitic expression pattern.(24C) pACAH
retained the expression in the branchial arches (arrowhead) the dorsal root ganglia
(DGR) and trigeminal ganglion (TG) . pAGAH only showed faint ventral neural tube
staining (arrowhead, 24D).

The lack of reproducible somitic expression in any of these constructs suggests that
elements upstream of the Asel site in the 3' UTR are required.
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The first of the transient transgenic animals obtained by pronuclear injection showed the
expected expression pattern in the ventral somitic bud (sb) (Fig. 24B") at the level of the
thoracic somites as well as expression in the ventral posterior dermomyotome of more
posterior somites (arrow, Fig. 24B"). In complete agreement with similar stage
CFUTRR embryos, staining was seen in the dorsal root ganglion (DRG), trigeminal
ganglion (TG) and the hypoglossal chord (hc) (compare Fig. 24B with Fig. 21E). On
the basis of this result two derivatives pACAH and pAGAH with additional deletions
removing the conserved fragments C and G (see Fig. 11A and B) from the first and
second intron respectively, were tested and at the same time two more transgenics were
generated with pAAH. Figures 24A, C and D show one of two expressing transgenics
obtained for each construct, pAAH, pACAH and pAGAH. Surprisingly, none of these
showed somitic expression. Interestingly, pACAH retained the expression in the
branchial arches (arrowhead), the dorsal root ganglia (DGR) and trigeminal ganglion
(TG) (Fig. 24C), whereas expression of pAAH and pAGAH constructs was only seen in
the ventral neural tube (arrowhead, Fig. 24D) or the trigeminal ganglion (TG, Fig.
24A), respectively. In total, 16 transgenic animals were generated with these three
constructs and only the one in Fig. 24B expressed the transgene in the expected pattern
in the somites, probably by co-opting enhancer elements at the integration site. This
would mean that vital elements had been deleted by removing the 3' UTR region
upstream of the Asel site, and is consistent with the proposed role of the 3' UTR as a
general element involved in regulating the intensity of expression but not its spatial
pattern. To test the role of the deleted 3' UTR region, a derivative of pCFHA was
generated in which the 3' UTR sequence downstream of the Asel site had been deleted
to give pCFAA. Although this construct showed drastically reduced expression levels
comparable with pCFA before, it was encouraging to find that the residual expression
was found in the ventral posterior margin of the dermomyotome of most of the thoracic
somites (Fig. 23B' and C'). This was consistent with the results of pCFA and the idea
that an efficiency element (downstream of the Asel site) had been lost but that the somite
control elements in the introns had been retained. Some additional faint expression was
observed in the ventral neural tube and neural crest cells (Fig. 23C). In combination, the
results of deleting the two halves of the 3' UTR - upstream of the Asel site (pCFA and
pCFAA) and downstream of the Asel site (pPAAH), indicated that both the 5' and 3'
halves of the untranslated region are required for the efficient expression of the
transgene. Deletion of the downstream half resulted in drastically reduced expression
levels, whereas deletion of the upstream half abolished all somitic expression. Therefore
the downstream half appears to contain an efficiency element that controls the levels of
expression. This raises the question as to what function the upstream half of the 3' UTR
has, and why its deletion compromises all expression? The most likely explanation is
that the spacing between the somite control elements in the introns and the efficiency
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element in the UTR is critical. This could easily be tested by substituting the upstream
half of the 3' UTR with an unrelated piece of DNA. However, further studies
concentrated on the task of characterising the intronic regulatory elements in more detail.
To delimit more closely the functional elements in the introns, the 5' and the 3' halves of
the remaining conserved region of both introns was individually deleted from pCFHA.
Deletion of fragment C (see dot plot analysis, Fig. 13A) of the conserved region of
intron 1 yielded pACPH (see Fig. 25A). Transient transgenics expressing this construct
showed intense ventral posterior staining in the somites (arrow) resembling the pattern
of its parent construct pPCFHA (compare Fig. 25A' and B' with Fig. 23A"), suggesting
that the deleted fragment was not required for the ventral posterior somite pattern,
despite the apparent evolutionary conservation in mouse and human, and the ability to
bind proteins from embryonic extracts in EMSA (see Fig. 15C). As before staining was
also observed in the first and second branchial arches (Fig. 25A, B arrowheads) and the
trigeminal ganglion (TG), indicating that the elements driving expression in these
domains have also been retained in pACPH. Together with the data showing that
elements of both introns and the UTR are required for correct transgene expression, the
results indicate that at least one of the necessary elements is located at the 3' end of
intron 1 in the conserved region of fragment D (Fig. 13A). More detailed analysis of this
fragment by EMSA had identified the most likely position of the protein binding site(s)
in the 110 bp at the 5' end (Fig. 15D) narrowing down the candidate region even
further.

Using a similar approach to delimit the relevant regions of the remaining conserved
sequence of intron 2, the 5' half corresponding to bandshift fragment F (see Fig. 15F
and Fig. 11B) was deleted from the context of pACPH to give pAFPH. Transient
transgenics expressing this construct showed only faint ventral neural tube expression
(arrow) but no somitic expression pattern (Fig. 25 C and D), suggesting that the deleted
fragment F contained regulatory elements necessary for ventral somitic expression.
Similar results were obtained when the 3' half comprising fragment G (Fig. 11B and
Fig. 15G) was deleted from pACPH to give pAGPH. Only ventral neural tube
expression was observed (Fig. 26A and B, arrow heads) suggesting that in agreement
with their evolutionary conservation between mouse and human, and their ability to bind
proteins in EMSA, both fragments F and G of the second intron harbour essential
regulatory elements.
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Fig. 25: Transgenic embryos of pACPH showing that fragment C of the conserved
region of intron 1 is not involved in the ventral somitic expression domain.

Figures 25A" and 25B": Closeup of the thoracic somites showing intense ventral
posterior staining (arrows) resembling the pattern of its parent construct pPCFHA
(compare with Fig. 23A"). Figures 25A and 25B show that expression was retained in
the first and second branchial arches (arrowheads) and the trigeminal ganglion (TG).
Figures 25C and 25D: Transient transgenic embryos of pAFPH showing the effect of
deleting fragment F from the second intron (see Fig. 13B). Only faint ventral neural tube
expression (arrow) but no somitic expression was observed, suggesting that the deleted
fragment F contained regulatory elements necessary for ventral somitic expression.
Ectopic expression in the ventral neural tube was observed (arrows).
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Figure 26

A and B: Transient transgenic embryos of pAGPH showing the effect of
deleting fragment G from the first intron (Fig. 138). Only faint ventral
neural tube expression (arrow) but no somitic expression is observed,
suggesting that the deleted fragment G contained regulatory elements
necessary for ventral somitic expression. Ectopic expression in the
ventral neural tube was also observed (arrowheads).



Addendum Chapter 5

Reporter Gene Expression from Transgenic Lines

Most of the transgenic data presented derived from transient transgenic animals which
were generated by pronuclear injection and sacrificed for analysis. However, at
several stages it was necessary to obtain more detailed information regarding the
dynamic nature or histology of the expression pattern. For this purpose, transgenic
lines were raised for some of the crucial constructs by mating transgenic animals
identified by tail diagnosis with wild type partners. The offspring was analysed for
transgene expression as described (Chapter 2, Section 10.3.). Homozygous
transgenic animals are currently being raised by interbreeding germline transmitters in
order to maintain these lines for further studies.

In total, five lines were raised representing four different constructs: p12UTR,
pCFUTRR (2 separate lines), pPCFHA, and pZFF. The pattern of transgene expression
in all of these lines is generally an accurate reflection of the pattern illustrated for the
transient transgenic animals.

The expression pattern of the line termed Fritz (p12UTR) is as presented and
discussed in this chapter (see Fig. 19 and text) and represented a starting point for the
subsequent deletion constructs including pPCFUTRR. Two lines were obtained with
this construct and the pattern for line 221 is shown in Fig. 21. The second pCFUTRR
line has a very similar expression pattern to line 221 except that the staining in the tip
of the tail (arrows in Fig. 21 C, D, E) is absent from similar stage embryos of this line
(data not shown). In comparison with Fritz embryos, both pCFUTRR lines are more
strongly expressing in the somites but also have more prominent expression in the
trigeminal and dorsal root ganglia, especially in older animals (around E12). The
pCFHA line shows a pattern similar to that presented in this chapter (see Fig. 23),
including LacZ expression in the ventral posterior domains of the somites, the arches
and in the trigeminal ganglion as described. However, the expression levels of this
line are weaker than those presented for the transient transgenic animal in Fig. 23.
More detailed analysis of pCFHA animals is in progress.

The ZFF line harbours a hybrid transgene, consisting of the zebrafish introns and the
Fugu UTR of Myf-5 upstream of the hsp68 promoter driving lacZ (see Chapter 6, Fig.
33). The line animals show a similar expression pattern to that presented in Fig. 33.
The typical expression in the tail mesoderm is observed in the line animals although
somewhat variable staining is seen in the skin which was also observed in the
transient animals.
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Chapter 6
Myf-5 in Zebrafish and Fugu

1. Introduction

The apparent absence of sequence conservation in the MRF4 /Myf-5 region between
mouse and Fugu raised questions about the role of Myf-5 as a myogenic factor in fish,
especially since Myf-5 homologues from other teleost fish species have not previously
been studied. It would therefore be important to examine if the expression pattern of
Myf-5 in teleost fish was consistent with a role in myogenesis and if Myf-5 would be
expressed in the paraxial mesoderm. Since Fugu embryos are not readily available for
such studies, a related species was used to study the Myf-5 expression pattern by in situ
hybridisation. The Myf-5 homologue of the zebrafish, Danio rerio was cloned and its
expression pattern was examined in zebrafish embryos. Pairwise sequence comparisons
between the genomic sequence of mouse and zebrafish Myf-5 were performed with the
aim of identifying conserved blocks of sequence. In addition, the Myf-5 genes of the
two teleost species, Fugu and zebrafish, were compared to investigate if conserved fish
specific regulatory elements can be found.

2. Cloning of the Zebrafish Myf-5 homologue

A nested set of degenerate oligonucleotides Zebral and Zebra2 (see Appendix I) derived
from the bHLLH domain of the first exon of Myf-5 was designed on the basis of
sequence conservation between Myf-5 and other vertebrate homologues and paired in
low stringency RT-PCR with Fugu Myf-5 Rev primer (see Chapter 2, section 8 for
details). The first round products were re-amplified in a second PCR using the nested
Zebra? primer and Myf-5-Rev (see Appendix I for primer sequence). The PCR products
were cloned and sequence analysis revealed about 70% homology with both mouse and
Japanese quail Myf-5 in two blocks of 50 and 70bp respectively, while 80% identity
was found with Fugu Myf-5 at the nucleotide level and 95% similarity at the amino acid
level suggesting that the amplification product was zebrafish Myf-5. A full length cDNA
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clone was obtained by screening a zebrafish cDNA library in bacteriophage lambda with
the PCR product (see Chapter 2, section 7.2 for details). The cDNA insert of the isolated
phage clone was sequenced and the intron sequence was determined from genomic
zebrafish DNA. The complete nucleotide sequence is presented in Appendix V. The
conceptual translation of the coding region was aligned with the Myf-5 homologues of
other vertebrates (see Fig. 11C, Chapter 3). The most likely ATG codon was located
131nt from the 5' end of the phage insert generating an open reading frame of 238 amino
acids compared with 240 aa in Fugu. The zebrafish Myf-5 protein (ZMyf-5) closely
resembles Fugu Myf-5. 70% of the amino acid are identical. Although in general
amongst vertebrates the homology at the 5' end of the Myf-5 gene breaks down, strong
similarity is maintained between the two fish species including a gap of 12-15 amino
acids near the N-terminus compared with the other vertebrate species (see Fig. 11C,
Chapter 3). The bHLH domain of ZMyf-5 is nearly identical to that of Fugu and very
similar to that of the other vertebrate species examined, underlining its conserved role in
heterodimerisation and DNA binding. Based on the high degree of sequence homology
with the Myf-5 homologues the gene was termed ZMyf-5 and its expression pattern in
zebrafish was determined by in situ hybridisation to zebrafish embryos.

3. Expression of ZMyf-5 in zebrafish embryos

To examine the spatial and temporal pattern of ZMyf-5 expression, in situ hybridisations
were performed on whole zebrafish embryos using digoxigenin labelled ZMyf-5 and
ZMyoD (a kind gift of Derek L. Stemple, Division of Developmental Biology, NIMR)
probes. Consistent with ZMyf-5 representing the zebrafish homologue of the myogenic
factor Myf-5, transcripts were found in the paraxial mesoderm and the developing
somites of zebrafish embryos. Similar to frogs, but in contrast to mouse and chick,
expression of both ZMyf-5 and ZMyoD was found also in the presomitic mesoderm and
thus precedes myogenic differentiation. The expression pattern of ZMyf-5 is shown in
Figure 27.

In cleavage and blastula stage embryos no ZMyf-5 or ZMyoD transcripts were detected.
The first ZMyf-5 transcripts were observed in the dorsal hypoblast of gastrula stage
embryos at about 80% epiboly before the embryonic shield begins to elongate along the
anteroposterior axis (Kimmel ez al., 1993). At 90% epiboly, ZMyf-5 transcripts were
found in two stripes (arrowheads, Fig. 27A) on each side of the embryonic shield
including the prospective adaxial cells adjacent to the notochord which also expressed
ZMyoD (see Fig. 27A and Weinberg et al., 1996 Fig. 2). In addition, ZMyf-5, unlike
ZMyoD was also expressed in broad triangular shaped domains extending laterally from
the adaxial cells (arrow, Fig. 27A). These cells later form the lateral presomitic cells
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Fig. 27: Expression pattern of ZMyf-5 in zebrafish embryos

Localisation of ZMyf-5 (27A-D) and ZMyoD transcripts (27E) at different
developmental stages of zebrafish embryos. 27A: dorsal view of a presegmentation
embryo at 90% epiboly, 27B shows a dorsal view, 27B' a lateral view and 27B" a
flatmount at 10-12 hpf (6-7 somites). 27C shows a lateral view and 27C' a close-up
phase contrast of the caudal somites and the presegmental plate. Figures 27D and E
show flatmounts of 24 hpf (30 somites) embryos probed with ZMyoD or ZMyf-5,
respectively. ZMyf-5 expressing cells were found in the paraxial mesoderm and
developing somites consistent with ZMyf-5 representing the homologue of the myogenic
factor Myf-5 in zebrafish. ZMyf-5 transcripts first appear in two stripes (arrowheads,
27A) and in broad triangular shaped domains on on each side of the embryonic shield.
At the onset of segmentation, ZMyf-5 transcripts form lateral projections from the
notochord in the first 6-7 somites (S1-S7, 27B, 27B', 27B") and in two additional
stripes spaced at segmental interval at the rostral edge of the unsegmented paraxial
mesoderm (arrows, in 27B"). Neither ZMyf-5 (27B) nor ZMyoD (27E) are highly
expressed in the tail bud (tb).

Figures 27D and E, ZMyf-5 transcripts are found in the lateral presomitic cells (LPS)
adjacent to the adaxial cells (ad) while ZMyoD is not. At this stage only the most
recently formed somites expressed ZMyf-5 followed by the two stripes at the rostral
edge of the unsegmented presomitic mesoderm (double headed arrow, 27C") and the
block of lateral presomitic cells (LPS) that continued to express ZMyf-5 (27C and D).
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(LPS) of the segmental plate (Fig. 27B and B" and schematic in Fig. 5C, Chapter 1).
Prior to somite formation the expression domains of both ZMyf-5 and ZMyoD extend
further along the A-P axis and became slightly narrower towards the midline. The
anterior boundary of ZMyf-5 did not seem to extend as far as that of ZMyoD at any
stage. Neither ZMyf-5 nor ZMyoD were highly expressed in the tail bud (tb) (Fig. 27B
and 27E) which develops after closure of the germ ring and gives rise to the tail
mesoderm. At the onset of segmentation, (10 to 12 hpf) both ZMyf-5 and ZMyoD
transcripts were simultaneously observed as lateral projections from the notochord in the
first 6-7 somites (S1-S7) and in two additional stripes of expression spaced at segmental
interval at the rostral edge of the unsegmented paraxial mesoderm prior to somite
formation (arrows, Fig. 27B"). In the presomitic mesoderm expression of ZMyoD was
confined to a pair of narrow longitudinal rows of cells (adaxial cells) adjacent to the
notochord whereas strikingly ZMyf-5 transcripts were also found in the lateral
presomitic cells (LPS) adjacent to the adaxial cells (Fig. 27D and Weinberg et al., 1996,
Fig. 2D). Interestingly, while ZMyoD is expressed with more or less uniform intensity
in the somites along the anteroposterior axis and weakly in the presomitic mesoderm,
ZMyf-5 expression was strongest in the caudal stripes of the presomitic mesoderm, and
weakest in somites 3-5, with intermediate levels of expression in somites 1-2 and 6-7
(compare Fig. 27B" and Fig. 27E or Weinberg et al., 1996, Fig. 2D). Within the
somites, ZMyf-5 expression was slightly more intense at the lateral edge than medially,
particularly in somites 4-7 (Fig. 27B"). In contrast the strongest ZMyoD expression was
seen medially (Weinberg et al., 1996 Fig. 3C). This could indicate a role of ZMyf-5 in
early differentiation in zebrafish somites which takes place from the medial to lateral
edge (Blagden et al., 1997). Although somites are continuously formed every 20 to 30
minutes (Hanneman and Westerfield, 1989), expression of ZMyf-5 became
progressively confined to the youngest somites and the two stripes in the unsegmented
paraxial mesoderm, indicating that the ZMyf-5 message in the somites might be short-
lived. Note how the intensity of staining drops in somites 1 and 2 of Fig. 27B" to 27D.
Only small quantities of mRNA remains in somites formed 1-2 hours previously
(compare with somites 3-7 in Fig. 27B" and D). At the 24 somite stage only the most
recently formed somites expressed ZMyf-5 followed by the two stripes at the rostral
edge of the unsegmented presomitic mesoderm (double headed arrow, Fig. 27C") and
the block of lateral presomitic cells (LPS) that continued to express ZMyf-5 (Fig. 27C
and D). The expression of ZMyf-5 thus seemed to disappear progressively from
differentiated somites, suggesting that its main role in zebrafish is in lineage
determination rather than differentiation. In agreement with this, the expression of
myogenin in zebrafish has previously been shown to follow that of MyoD with a delay
of approximately 3 hours (Weinberg et al., 1996). Consistent with this is the finding that
zebrafish myogenin is only expressed in fully segmented somites (Weinberg et al.,
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1996) in a subset of ZMyoD and ZMyf-5 expressing cells, suggesting, that besides
MyoD and Myf-5 other factors influence the expression domain of myogenin in
zebrafish.

4. Transgenic Analysis of Fugu Myf-5

Sequence comparisons between the mouse and Fugu Myf-5 genes failed to reveal
conserved sequence blocks outside of the coding region. However, conservation of
synteny in Fugu argues strongly for functionally conserved mechanisms in the control of
this myogenic factor. If such shared elements with similar functions do exist, their
identification in Fugu could be valuable for the detailed characterisation of similar
regulatory sites in the mouse. Transgenic studies on the mouse Myf-5 gene indicated that
distinct regulatory elements involved in ventral somitic expression exist in both of the
Myf-5 introns as well as the 3' UTR. To test if the equivalent Fugu sequences could
drive reporter gene expression to similar anatomical domains, a Fugu version of
p12UTR comprising the Fugu Myf-5 gene with its 3' UTR was used to generate
transgenic mice. A summary of the constructs made and the results is shown in table 4
and table 4A, respectively.

Pronuclear injection of Fugu p12UTR produced a total of six transgenic animals all of
which expressed the reporter gene (Fig. 28A to F). Five of these animals showed a
similar pattern of staining in the caudal somites and the ventral somitic bud (sb)
resembling that seen in older embryos with the functional mouse transgene (compare
with p12UTRR (Fig.19), CFUTRR (Fig. 21), CFH (Fig. 22)). Unexpectedly intense
staining was also seen throughout the presomitic mesoderm of the tail (unlabelled arrows
in Fig. 28A to F), a feature that is not shared with the equivalent mouse p12UTR
construct (compare Figs. 28 and 19). Transverse sections through the tail of a Fugu
p12UTR embryo show that the transgene was expressed throughout the entire
presomitic mesoderm in the tip of the tail (excluding the neural tube (NT) and posterior
diverticulum of the gut (gut), reminiscent of the expression in amphibia and fish (Fig.
28H). Expression was seen in the sacral and lumbar somites and in the somitic bud (sb)
between the limbs (see Fig. 28C and F). Transverse sections through the somites
showed that most expression was located in the ventral dermomyotome (vDM, Fig.
28@G), although stained cells were found along the entire medial edge rather than the
caudal boundary of the somites as is characteristic for the equivalent mouse Myf-5
construct. Less intense staining was found in the rest of the dermomyotome and in the
myotome of the caudal somites in which the transgene was expressed regardless of their
exact position along the AP axis. From E10 onwards, embryos showed increasing
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Table 4: Fugu and hybrid Myf-S reporter constructs

Fugu Constructs

Fugu pl12

Fugu pi 2UTR

FugupUTR

Zebrafish Hybrid Constructs

Tain

pZFF

ZMyf-5 Intron 1

Tain

pZFM

ZMyf-5 Intron 1

TalG

ZMyf-5 IntronZ

TalG

A

ZMyf-5 IntronZ

Fugu utr

gsp68

Fugu utr

Fugu utr

Fugu utr

Hindlll

Mouse UIR

LacZ



Table 4A:

Summary of the Fugu and Hybrid Transgenic Results

construct ExpA-g TS TG DRG & SM,, Comment
Fugupi? 1/10 isolated cells only
Fugupi2UTR 6/6 +/- +/-
FuffupUTR 3/12 +/- +/-
Hybrid constructs
pZFF 2/4 /- /-
PZFM 4/11 +/- consistent nonsomitic

Table 4A:

Summary of the expression patterns obtained with the constructs indicated. Exp/Tg
shows the number of animals expressing the transgene out of the total number of
transgenic animals obtained (as detected by PCR). TS indicates expression in the tail
and posterior somites, TG trigeminal ganglion, DRG dorsal root ganglion, A branchial
arch expression. (+) shows whether or not (-) a construct produced the correct
expression. (+/-) indicates that variable results were obtained.

Table 4:

The genomic structure of the Fugu Myf-5 region is shown at the top. Exons are depicted
as gray boxes, introns as red lines, and the 3' UTR is shown in light gray and boxed.
Exon 3 of mouse Myf-5 and the mouse 3' UTR are shown as hatched boxes. Exons of
zebrafish Myf-5 are in black. Vertical lines show the position of common restriction sites
or primer binding sites amongst different constructs or in the genomic sequence. PCR-
primers used to generate suitable fragments are indicated by labelled arrows. Each
construct was made by cloning the indicated region of the Myf-5 gene upstream of the
minimal hsp68 promoter driving the LacZ gene with an SV40 polyadenylation site. A + or
- sign indicates whether correct expression was obtained.
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Fig. 28: Transgenic mouse embryos of Fugu p12UTR stained with X-Gal.
Expression in the caudal somites and the ventral somitic bud (sb) resembled equivalent
mouse constructs but intense staining throughout the presomitic mesoderm of the tail
was unexpected (unlabelled arrows in 28A to F). Transverse sections through the tail
(28H) showing staining throughout the entire presomitic mesoderm (excluding the neural
tube (NT) and posterior diverticulum of the gut (gut). Fig. 28G shows a Transverse
sections through the somites (plane of sectioning shown as line in 28C) with staining in
the ventral dermomyotome (vDM) and in the dorsal root ganglia adjacent to the NT. In
some embryos additional staining was also seen in the epidermis of the skin, the head
mesoderm, the branchial arches (arrowheads 28B,C and E) and the trigeminal ganglion,
all shared with the equivalent mouse constructs. Figure 28D shows an example of
ectopic expression probably as an integration site dependent effect.
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staining in the dorsal root ganglia (also visible in section: just laterally from the dorsal
neural tube in Fig. 28G) at progressively more rostral levels up to the level of the
cervical somites similar to the mouse p12UTR construct. In some embryos additional
staining was also seen in epidermis of the skin, the head mesoderm, the branchial arches
(arrowheads in Fig. 28B, C and E) and the trigeminal ganglion similar to transgenic
embryos carrying the equivalent mouse transgene. Two transgenic animals showed an
anomalous pattern including mainly ectopic staining in the neural tube and epidermis of
the skin, probably as an integration site dependent effect (one example is shown in Fig.
28D).

In analogy to the approach taken for the mouse Myf-5 gene, the role of the Fugu introns
was tested in construct Fugu p12 (see table 4 and 4A). Ten transient transgenic animals
were generated of which only one expressed the reporter gene in isolated cells and
ectopic locations (data not shown). No other pattern of expression was observed for
Fugu pl2, suggesting that by themselves the Fugu introns were not able to direct the
somitic expression pattern. Considering the absence of sequence conservation between
Fugu and higher vertebrates, it might be possible to identify conserved elements between
the zebrafish and Fugu Myf-5 genes. To obtain the genomic sequence of the zebrafish
gene, the ZMyf-5 introns were amplified from genomic DNA by nested PCR using
flanking exon primers (see Chapter 2, section 10.1.3. for details). The nucleotide
sequence was determined as described. Surprisingly, the size of the zebrafish introns is
significantly larger than that of any other species examined. The first intron of ZMyf-5 is
almost three times as large as the corresponding Fugu intron and more than twice as
large as the human or mouse Myf-5 intron (see table 5). A schematic representation of
these differences is shown in Fig. 29. Pairwise sequence comparisons including the
exons as well as the 5' and 3' UTRs of the zebrafish and Fugu Myf-5 genes identified a
single highly conserved block of 119bp near the 3' end of intron 1 (Fig. 30).
Remarkably, this conserved region showed more than 85% nucleotide identity while
none of the adjacent regions was significantly conserved. Analysis of the mouse and
Fugu Myf-5 introns showed that neither was sufficient to drive the proper somitic
expression pattern in transgenic mice and that elements in the 3' UTR of mouse Myf-5
needed to interact with the conserved intronic elements to activate the proper somitic
expression pattern. Therefore, to test the function of the conserved element in the
zebrafish intron, a hybrid construct (pZFM ) comprising the zebrafish introns and the 3'
UTR of mouse Myf-5 upstream of hsp68-LacZ was used to generate transient transgenic
mice (see table 4 and 4A and Fig. 31). A total of 11 transgenic animals was obtained of
which four expressed the LacZ reporter gene. None of the transgenics showed a somitic
expression pattern (Fig. 31A-C). Most of the expression observed was in the neural tube
and dorsal root ganglia. Additional ectopic expression in the limbs was seen in two of
the mice (Fig. 31A and B). To exclude the possibility that the absence of somitic
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Myf-5 homologues: Size Comparison

Fugu 0-0
Mouse H! a
Human -C O
Danio a
Exon! Exon2 Exon3
Fig. 29:

Schematic representation (drawn to scale) showing the relative size
of the exons and introns of the Myf-5 homologues from Fugu, mouse,
human and zebrafish (danio rerio). The exons are depicted as boxes,
and the introns as grey lines. Surprisingly, the greatest size
difference was observed between the two teleost species. The Fugu
gene represents the smallest and the zebrafish gene the largest of
the Myf-5 homologues.

Myf-5 Mouse Human Fugu Danio

Exoni 500 500 452 452

Exon2 75 76 72 75

Exon3 188 212 196 185

Introni 708 793 634 1996

Intron2 435 427 85 472
Table 5:

Size of the exons and introns of Myf-5 homologues in base pairs.



Dotplot: Zebrafish vs Fugu Myf~5

Zebrafish
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Percentage: 75: Window: 20
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Figure 30
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Two way comparison of the Myf-5 genes from Fugu and zebrafish. Regions with at least
75% similarity over a 20bp window appear as lines on the diagonal. The exon - intron
structure is superimposed onto the diagram to allow regions of similarity to be aligned
with the genomic organisation. Apart from the coding regions a strikingly conserved
block of more than 85% homology is found near the 3' end of intron 1 in zebrafish and
Fugu. The nucleotide sequence of this block is shown below the diagram. Identical bases

are shown on a black background.
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Fig. 31: Transgenic mouse embryos of the hybrid construct pZFM comprising the
zebrafish introns and the 3' UTR of mouse Myf-5. (31A-C) None of the transgenics
showed a somitic expression pattern. Most of the expression observed was in the neural
tube and dorsal root ganglia (DRG). Additional ectopic expression in the limbs was seen
in two of the mice (31A and B). fl = forelimb

Fig. 32: Transgenic mouse embryos of Fugu pUTR. In this construct the reporter
gene is driven only by the 3' UTR of the Fugu Myf-5 gene. Figures 32A-C: All
transgenics showed the typical expression in the tail (arrow) in the skin, the arches, the
trigeminal ganglion (TG) and the limbs previously observed in Fugu p12UTR (Fig. 28).
This would suggest that the 3' UTR of Fugu Myf-5 is responsible for the pattern seen in
both of the constructs. Therefore, the role of the conserved intron region between Fugu

and zebrafish remains unclear.
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expression was due to incompatibility of the mouse UTR enhancer with the zebrafish
introns, the mouse UTR was replaced by the Fugu UTR in the next construct pZFF
(see table 4 and 4A and Fig. 33). Surprisingly, the pattern obtained with pZFF was very
similar to that of Fugu p12UTR, including the typically intense staining in the tail
(arrows), a rostrocaudal gradient of increasing LacZ expression in the somites and in the
somitic bud as well as trigeminal ganglion and ectopic expression in the epidermis of the
skin (compare with Fig. 28). The similarity in the pattern suggested that the Fugu UTR
might be sufficient for the pattern observed in Fugu pl12UTR and pZFF transgenic
animals. To examine this possibility, a new reporter construct Fugu pUTR was
injected and essentially the same pattern was obtained independently of the zebrafish or
indeed the Fugu introns (Fig. 32A to C). All transgenics showed the typical expression
in the tail (arrow), in the skin, the arches, the trigeminal ganglion (TG) and the limbs
(compare Fig. 32A and B with Fig. 28 and Fig. 33). These results indicated clear
differences in the regulatory organisation of the mouse and Fugu Myf-5 genes
suggesting that in contrast to the mouse Myf-5 gene, the major regulatory elements of
Fugu Myf-5 may be located in the 3' UTR and that the Fugu introns may not be
involved in the regulation of this aspect of the Myf-5 pattern. In contrast, the mouse
UTR itself was shown to direct the reporter gene only to the ventral neural tube,
indicating that the conserved regions in the mouse introns must be responsible for the
expression seen. However, since the pattern of the fish constructs is different from that
of the equivalent mouse constructs, it is difficult to ascertain which, if any, of the
expression domains obtained in these cross species experiments represent the true
pattern and which is merely an artefact. .

5. Summary

In summary, the transgenic analysis demonstrated that in the mouse expression
of Myf-5 in the ventral posterior dermomyotome of the somites is regulated by at least
three distinct and necessary transcriptional elements. The pattern of expression involves
separate conserved elements located near the 3' end of each of the mouse introns and
additional elements probably involved in regulating the efficiency of expression are
found in the 3' UTR of Myf-5. Unless the putative efficiency element is located directly
at the Asel site in the UTR, it appears that either separate elements on both sides of the
Asel site are necessary or that the spacing between the elements in the introns and the
element in the UTR is critical. In the Fugu Myf-5 gene, regulatory elements are probably
located in the 3' UTR although a conserved element of undefined function exists in the
first intron of both Fugu and zebrafish Myf-5, indicating organisational and functional

differences between teleost fish and mammals. Nevertheless, the Fugu gene can drive
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Fig. 33: Transgenic mouse embryos of a hybrid construct pZFF comprising the
zebrafish introns and the 3' UTR of Fugu Myf-5 . The transgenics was consistently
expressed in the caudal somites and the tail (arrow) . Additional ectopic expression in the
limbs and dorsal root ganglia was observed as well as staining of the skin, the arches,
the trigeminal ganglion similar to that of other constructs containing the Fugu UTR.
Thus the 3' UTR of Fugu Myf-5 appears to be responsible for the pattern seen and the
role of the conserved region in the ZMyf-5 introns remains unclear.
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expression of the LacZ reporter to the ventral dermomyotome of the somites. However,
the expression pattern obtained with the elements differs significantly from the
equivalent mouse construct in that it involves the presomitic mesoderm. This kind of
pattern is remarkably similar to the native Myf-5 expression pattern in zebrafish,
suggesting that the Fugu gene can mimic aspects of its native pattern in transgenic mice.
In zebrafish Myf-5 is expressed in the adaxial as well as the lateral presomitic cells and
in the somites. Since MyoD is not expressed in the lateral presomitic cells, it is possible

that MyoD and Myf-5 mark slow and fast muscle fibre precursors respectively.
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Chapter 7

Discussion

1. Introduction

In vertebrates MRF4 and Myf-5 are neighbouring genes and several regulatory elements
of Myf-5 have been mapped to the intergenic region and there is evidence for such
elements in the genes themselves (Braun ef al., 1994; Braun and Arnold 1995;
Patapoutian et al., 1995; Zhang et al., 1995; Yoon et al., 1997). Three complementary
approaches have been used in this study to define more closely some of the elements
controlling Myf-5 expression specifically in the ventral posterior somite compartment.
Sequence comparisons between Myf-5 homologues of different species were carried out
to find conserved sequence blocks. However, sequence conservation alone can not
indicate functional relevance. Therefore, electrophoretic mobility shift assays were
performed to test the ability of candidate regions to bind proteins from embryonic
extracts in vitro. Finally, transgenic analysis was used to test putative control regions in
vivo.

Work from our laboratory shows that in transgenic mice even our largest LacZ reporter
construct (HMZ17, see Fig. 8B) containing the entire region between and including the
MRF4 and Myf-5 genes, shows variations not seen by in situ hybridisation and fails to
activate limb expression. Some of the differences observed may be due to missing distal
regulatory elements, or influenced by the integration site and copy number of the
transgene, the type and strength of the promoter and the relative persistence of B—
galactosidase protein compared to the wild type protein or message. Also, a reconstituted
set of putative regulatory elements in reporter constructs may not fully reproduce the
wild type pattern because of their altered spatial distribution. However, these problems
do not invalidate one or the other approach, rather they should be viewed as
complementary to each other.
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2. Fugu MRF4 and Myf-5 Form a Syntenic Linkage Group

The Japanese Pufferfish, Fugu rubripes, has an eight times smaller genome than the
mouse with significantly smaller introns and intergenic distances and it should be
particularly suited for studying regulatory elements (Brenner et al., 1993). Therefore, a
Fugu rubripes cosmid containing the homologues of the myogenic bHLH transcription
factors MRF4 and Myf-5 was isolated and characterised. Although examples for
conserved gene order exist in Fugu, it has been suggested that conservation of gene
order in Fugu is confined to specialised regions such as the Hox cluster (Gilley et al.,
1997). The myogenic factors also fall into the group of developmentally regulated genes
but unlike the Hox genes that are clustered even in invertebrates, multiple MRFs have so
far only been found in vertebrate species and ascidians suggesting that they are not as
ancient as Hox genes. Nevertheless, it was shown here that the homologues of MRF4
and Myf-5 of the pufferfish Fugu rubripes form a syntenic linkage group that has been
maintained for 430 MYTs since teleosts started to evolve. This would indicate that
conservation in Fugu is likely to extend to a much larger group of developmentally
regulated genes. Adjacent to the Myf-5 and MRF4 genes sequences with high homology
to the C. elegans transposable element TCB2 and the human oxysterol binding protein
were located. The latter has been mapped to chromosome 19 in the mouse and
chromosome 11 in human (GENBANK: accession AC003093). suggesting that this
gene is not part of the MRF4/Myf-5 linkage group in mouse or human, because Myf-5
and MRF4 map to mouse and human chromosomes 10 and 12, respectively. Thus the
region of conserved synteny around the Myf-5 and MRF4 genes appears to be relatively
limited, suggesting that the duplication event associated with those genes was not
chromosome-wide and supporting the notion that evolutionary pressures exist to
maintain MRF4 and Myf-5 as a linked pair.

The genomic structure of the Fugu MRF4 andMyf-5 genes is similar to that in other
species and the functional domains of the proteins are highly conserved. These include
the recently described Cys-His rich region upstream of the basic domain that is thought
to mediate changes in chromatin structure required by Myf-5 and MyoD for the
activation of their target genes (Gerber et al., 1997). Interestingly, a similar His-Cys-
rich-bHLH region has even been found in the MyoD homologue of the ascidian Ciona
intestinalis (Meedel et al., 1997) which otherwise shares virtually no similarity with the
other orthologues of the MyoD family, suggesting that evolutionarily even more distant
species than Fugu have retained these structural motifs and probably operate in a similar
fashion. In fact it has been shown that invertebrate myogenic factors from sea urchins
(Venuti et al., 1991) and nematodes (Krause et al., 1992) can activate myogenesis in
mammalian cells. This high degree of conservation would suggest that the mechanism

by which these proteins act is extremely ancient.
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3. Fugu is Not a Good Model for MRF4 and Myf-5
The Fugu MRF4/My{-5 region is larger than expected
Although the Fugu MRF4 and Myf-5 genes are separated by less than 3 kb compared to
7kb in the mouse, considering the more than seven times smaller Fugu genome, one
might have expected the genes to be as close as 1kb. Surprisingly, despite the relatively
modest size reduction of the region in Fugu there is no significant sequence conservation
in the intergenic region or the introns of MRF4 or Myf-5. It appears that in Fugu
predominantly large genes are reduced in size (Baxendale et al., 1995; Elgar et al.,
1996), whereas small genes like MRF4 and Myf-5 are léss likely to be compressed,
conceivably because of the limits imposed by the elements for processing and
transcriptional regulation. Although the intergenic region in Fugu and the introns may
only contain the essential regulatory elements without excess 'junk’, the apparent lack of
sequence conservation in comparison with other vertebrates including zebrafish would
argue against that. From these results it is clear that Fugu is not a good genomic model
for the study of regulatory elements of MRF and Myf-5 because of the comparatively
large size of this region in Fugu. More importantly however, the Fugu region is also
poorly conserved, or contains very different regulatory elements compared with higher

vertebrate species.

Noncoding Regions are Poorly Conserved in Myf-5 - Evolutionary Considerations
Comparisons of the Fugu MRF4/Myf-5 region with homologues of mouse, bovine and

human revealed little similarity outside of the coding regions. The lack of sequence
conservation was unexpected because regulatory elements have been identified in this
region in the mouse, and synteny between MRF4 and Myf-5 is conserved. However,
these observations may be consistent with the concept that the origin of the myogenic
factors lies early in vertebrate evolution and that the gene family as a whole must have
diverged significantly in different vertebrate species (Atchley et al., 1994; Holland et al.,
1994). Two lines of evidence support this view. Firstly, the absence of major
differences amongst all four myogenic factors suggests that the precursor gene
duplicated in short succession allowing each myogenic factor to evolve separately for a
similar length of time. Secondly since the MRF4 and Myf-5 genes are already linked in
Fugu, this must have happened early in vertebrate evolution. In agreement with this, the
evolutionary position of the Fugu genes is at the base of the phylogenetic tree for MRF4
and Myf-5 (see Fig. 11B, D). The branching order for the MRF4 gene corresponds to
the known evolutionary branching patterns of the major vertebrate groups. Fish
divergence occurs first, followed by amphibia, followed by birds and finally mammals
(Benton, 1990). Interestingly, the Myf-5 gene does not strictly adhere to this branching
pattern. In Myf-5, teleost fish diverged first but then birds follow, before amphibia and
finally mammals. In birds the roles of Myf-5 and MyoD are reversed such that Myf-5
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substitutes for the functions normally associated with MyoD and vice versa. In fact,
chick Myf-5 shares 88% amino acids with mouse MyoD but only 69% with mouse Myf-
5. The high degree of pairwise amino acid similarity between Myf-5 and MyoD and
similarly between MRF4 and myogenin is the result of their common evolutionary
origin. Two distinct evolutionary models could account for the pairwise similarity of the
four myogenic factors. First, the ancestral gene might have undergone two tandem
duplications to give first two and then four genes. According to this model, MyoD and
myogenin, were subsequently split up by a recombination or translocation event, while
linkage between MRF4 and Myf-5 persisted. However, the lack of conserved flanking
sequence lead Atchley ef al. (1994) to suggest that probably three duplications occured,
increasing the number of paralogous genes from one to two to three to four. They
suggest that the ancestral gene was first duplicated, and then a second duplication of
each individual gene took place as separate events on different chromosomes to yield the
four myogenic factors.

Regardless of the evolutionary model, pairwise homology with Myf-5 allowed MyoD in
birds to substitute for the functions normally associated with Myf-5 and vice versa
(Pownall and Emerson, 1992) and the evolutionary pressures which allowed Myf-5 in
birds to substitute for MyoD might have permitted it to assume an evolutionary more
distant position in the phylogenetic tree.

4. Regions in the Myf-5 Introns Conserved Between Human
and Mouse Regulate Ventral Somitic Expression.

In the absence of sequence conservation between Fugu and mouse, other comparisons
between more closely related vertebrates, particularly between mouse and human proved
informative. Despite the low stringency associated with the evolutionarily small distance
of such comparisons, more than 75% of the conserved sequence blocks identified in this
way later proved to be essential for the ventral expression pattern of Myf-5 when tested
in transgenic mice, underlining the power of this strategy. Perhaps not surprisingly,
comparisons between different species at the amino acid level correlated well with the
level of conservation in the noncoding regions of Myf-5. It seems, therefore, that by
comparing the amino acid sequence alone, a suitable model organism with the required
evolutionary distance can be found before the genomic DNA sequence is determined for
further analysis of regulatory elements in the noncoding regions. In both introns of
mouse and human Myf-5, a remarkable bias in sequence conservation in the 3' half
compared with the 5' half was apparent. While the 3' halves of both introns were highly
conserved, showing more than 75% identity, the 5' halves shared less than 50%
sequence identity, indicating that the second half of each of the introns contained
functionally conserved elements (see Fig. 13A, B). Whether or not these conserved

elements are functionally significant was investigated further both in vitro and in vivo.
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5. Multiple Binding Sites Located in the Mouse Myf-5 Introns
To test if the conserved regions of the mouse Myf-5 introns contain binding sites for
transcription factors, in vitro binding assays were carried out. Surprisingly the
electrophoretic mobility shift assays (EMSA) with embryonic and F9 EC cell extracts
using subfragments of the introns of mouse Myf-5 showed binding activities in both, the
conserved 3' half as well as the nonconserved 5' half, suggesting that some nonspecific
protein binding occurred under the in vitro conditions. Indeed, subsequent transgenic
analysis demonstrated that the nonconserved regions play no part in the regulation of the
somitic expression pattern of Myf-5. However, some of these activities appeared to be
very efficiently competed (see Fig. 15E) raising the question as to what the function of
these observed binding activities might be. One possibility is that these binding activities
may be involved in other gene regulatory functions although the absence of evolutionary
conservation of their binding sites does not support this view. An attempt to address this
possibility was made by using Myf-5 positive versus negative tissue extracts of mouse
embryos (as judged by their in situ hybridisation pattern) in EMSA. However, no
evidence of tissue specificity was found. Although it can not be excluded that some of
the extracts may have suffered minor contamination from adjacent tissues, the relative
differences should still be apparent. What this suggested is that most of the protein
factors binding to the intron fragments might be ubiquitously distributed, or that minor
contaminations of the embryonic protein extracts eliminated the intended tissue
specificity. It is possible that the majority of protein factors are ubiquitous amongst the
tissues tested and that the formation of specific complexes depends on minute
concentration differences or a small fraction of ‘somite- specific-cofactors’ in vivo. The
involvement of ubiquitous E2A gene products (E12, E47) and muscle specific MEF2
proteins in the regulation of the myogenic factors shows that interactions between
differentially distributed transcription factors can synergistically activate bHLH gene
expression. It is possible therefore, that tissue specific differences are too subtle to be
observed in the in vitro assays used. Since such assays can not truly reflect the native
binding conditions, it is also conceivable that the protein factors are unable to associate
with their target sites or fail to form functional tertiary complexes and thus allow non-
specific interactions to take place under non-optimised conditions. However, after the
subsequent in vivo analysis of the Myf-5 introns in transgenic mice, the remaining
region in intron 1 is now only 110 bp in length and amenable to more detailed analysis in
bandshift or footprinting studies, that should help to pinpoint transcription factor binding
sites at nucleotide resolution.

Although so far the identity of most of the binding sites in the introns remains unknown,
a potential NFY binding site matching the NFY consensus in 8 out of 9 bases, has been
found near the 3' end of the second intron of mouse Myf-5 (see Fragment G, Fig. 16G
lanes 13 to 25). This was confirmed by competition with an NFY oligonucleotide
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corresponding to the MyoD promoter region -628 to -602 (Zingg et al., 1991). In the
Hoxb4 gene NFY is necessary for all of the somitic and lateral mesodermal expression
and part of the neural expression pattern observed in transgenic mice. Since NFY sites
have been found in the promoters of the MyoD and myogenin genes (Gilthorpe,
unpublished; Gutman et al., 1994) as well as in the Myf-5 promoter (Summerbell, pers.
comm.), NFY might play a general role in the regulation of myogenic factors. Since
NFY appears to bind DNA as a heterotrimer, different tissue specific partners of NFY
may be involved in regulating the activity of Hoxb4 in the neural tube and the somites
(Gilthorpe, pers. comm.) and it is possible that the binding activity observed in the Myf-5
intron is related to NFY or that NFY binding to the Myf-5 promoter involves a different
combination of partners for binding. The observed change in consensus position 5 from
T to C (both pyrimidines) is not as drastic as the reported mutation into a G which
reduced NFY binding in the Hoxb4 promoter to only 10-20% (Gutman et al., 1994).
Ultimately, mutational analysis of the NFY site in transgenic mice will provide
information about its function in the regulation of Myf-5. It is interesting that the NFY
site in the Hoxb4 promoter is conserved between chicken and mouse, but the same is not
true for the pufferfish, suggesting that in Fugu a different factor plays an equivalent role
to that of NFY or alternatively, its regulatory elements are in a different location. In
analogy to the Hoxb4 gene, relocation of regulatory elements may have taken place in
the Fugu Myf-5 gene. Both possibilities might help to explain the apparent lack of
sequence conservation between Fugu and higher vertebrates.
To obtain information about the in vivo role of the different regions of the Myf-5 gene
and particularly the conserved domains in each of the introns, a comprehensive analysis
of the intron fragments and the 3' untranslated region was carried out using reporter
gene assays in transgenic mice.

6. Transgenic Analysis Reveals Complex Regulatory
Mechanism for Myf-5.

Myf-5 is initially expressed in cells derived from the dorsal medial portion of the
dermomytome that give rise to the precursors of epaxial muscles, and MyoD is initially
expressed in the cells derived from the ventro-lateral portion of the dermomyotome that
give rise to the hypaxial muscles. On this basis it has been suggested that Myf-5 and
MpyoD play distinct roles in the activation of the hypaxial and epaxial muscle programs
(Rudnicki and Jaenisch, 1995; Smith et al., 1994; Cossu et al., 1996a; Kabler et al.,
1997). However, Myf-5 is also clearly detectable in the ventral part of the somites by in
situ hybridisation (Summerbell et al., unpublished). Similarly, in explant experiments a
subpopulation of the ventrolateral somite cells has been shown to express Myf-5 (Cossu
et al., 1996a). While expression in the dorsal myotome is regulated by elements in the
intergenic region between MRF4 and Myf-5, the results presented here show that
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distinct and evolutionarily conserved elements in intron 1 and intron 2 of Myf-5 as well
as the 3' UTR interact to control efficient expression of Myf-5 in the posterior ventral
margin of the dermomyotome. This raises the question as to what function Myf-5 could
have in the latero-ventral somite compartment. Evidence that Myf-5 could play a role in
the activation of MyoD in most of the trunk comes from the recently observed (and
previously not recognised) delay of MyoD expression in Myf-5 null mutants (Tajbakhsh
et al., 1997). In these mutants MyoD expression is delayed by about 24 hours until
MpyoD becomes activated by Pax-3. Recently analysis of Splotch/ Myf-5 LacZ knock-in
mice showed a dependence of Myf-5 expression in the ventrolateral domain of the
somites on the paired box transcription factor Pax-3 (Tajbakhsh et al., 1997). In the
absence of Pax-3 most if not all, hypaxial muscle is missing and this coincides with an
absence of the ventral somitic bud in which Myf-5 is also expressed, consistent with the
notion that Myf-5 is activated by Pax-3 in these cells (Tajbakhsh et al., 1997). In
support of this view, Myf-5/LacZ knock-in mice show that the ventral posterior
expression domain of Pax-3 coincides with Myf-5 expression (Natoli et al., 1997;
Tajbakhsh et al., 1997) and appears to co-localise with the domains controlled by the
regulatory regions defined in this study of the Myf-5 gene. This would suggest that the
elements characterised here play a part in regulating the Pax-3 dependent population of
Myf-5 expressing cells in the ventral posterior dermomyotome. Analysis of the Pax-3
expression pattern together with LacZ staining in the transgenics should confirm this
proposal. Unlike Pax-3 expression, Myf-5 expression detected by in situ hybridisation
in the ventral part of the somite is not confined to the posterior edge, which might
indicate that the anterior and posterior halves of the somite are controlled by separate
regulatory elements. Other examples from our laboratory show that the domains
activated by isolated regulatory elements in the context of transgenic reporter constructs
are not always in complete agreement with the in situ hybridisation patterns. In this
regard, it is worth noting that our largest construct, HMZ17, is expressed in both the
dermomyotome and the myotome of transgenic mice, whereas the in situ hybridisation
pattern shows mainly myotomal expression, suggesting that additional negative control
elements might be missing from the transgenic construct. It is possible that correct
ventral expression of Myf-5 depends on additional distal regulatory elements as does the
expression of Myf-5 in the limbs. It is presently unclear whether Pax-3 activates MyoD
directly or indirectly or how Pax-3 might be involved in the ventrolateral expression of
Myf-5, but the dissection of the regulatory elements controlling ventral Myf-5
expression should help to address these questions.
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7. Conserved Regulatory Elements in Both Introns and the
UTR of Myf-5 are Required for Ventral Posterior Somite
Expression in the Mouse.

Regulatory elements in the Myf-5 gene have been shown to activate the LacZ reporter
gene in the ventral posterior somite compartment (Yee et al., unpublished). Here it was
shown that a similar construct (p12UTR) - employing the heterologous heat shock
promoter hsp68 in place of the previously used B-globin promoter or the endogenous
Myf-5 promoter - can reproduce faithfully that expression pattern (Summerbell, personal
communication). An unusual but useful feature of the hsp68 promoter is that it
frequently activates reporter gene expression in the ventral neural tube but in our
experience this occurs only in the absence of other specific enhancer elements, thus
providing a readout of transgene integration into a permissive site (our observation;
Joyner et al., 1987). In agreement with the notion that regulatory elements tend to be
evolutionarily conserved, it was shown through successive deletion variants of
p12UTR, that collectively the conserved regions in both introns and the 3' UTR of Myf-
5 are sufficient to drive expression of the LacZ reporter gene to the ventral posterior
margin of the dermomyotome.

However, deletion of either intron or the UTR abolished ventral somitic expression (see
constructs pl, p2, p12). Similar observations have also been made by Tajbakhsh et al.,
1996, showing that 5.5 kb of Myf-5 upstream flanking sequence including exon 1 and
most of intron 1 directed some skeletal muscle expression but not at a level] that was
quantitatively or qualitatively equivalent to the endogenous gene.

Sequence comparisons and bandshift analysis of the mouse Myf-5 introns suggested that
the candidate regulatory regions are located in the conserved 3' halves of both introns,
corresponding to subfragments C and D for intron 1 and fragments F and G for intron 2.
Successive deletion of the nonconserved 5' half of the introns (corresponding to
fragments A, B and E, respectively) did not interfere with the ventral somitic expression
pattern, confirming the assumption that the essential regulatory elements are
evolutionarily conserved. The results clearly validate the approach used and show that
sequence comparisons with appropriate models can be used efficiently to identify
conserved regulatory elements in large genomic regions. More than 60% of nucleotide
sequence were excluded from the Myf-5 introns in this way, demonstrating that the
conserved regions of both introns and the 3' UTR are sufficient to drive reporter gene

expression to the correct anatomical domains.
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8. Separate Elements Appear to Control Intensity and Spatial
Distribution of Transgene Expression.

Although pairwise sequence comparisons between mouse and human were employed
successfully in the identification of conserved functional regions in the Myf-5 introns, a
similar strategy was not possible to delimit the opposite end of the regulatory region in
the 3' UTR. The degree of sequence homology in the 3' UTR was uniformly low
despite the fact that the 3' UTR had been shown to be essential for the somitic
expression pattern (see above). Therefore arbitrary deletions from the 3' end of the UTR
were tested until the somitic expression pattern was lost.

Deletion of 467bp of sequence from the 3' UTR up to a HindIlI site (pCFH) did not
compromise the expression pattern in the ventral posterior domain of the thoracic
somites. In contrast, digestion at the upstream Asel site, which deleted nearly 700bp
from the 3' UTR (pCFA) resulted in drastically reduced levels of expression.
Nevertheless some residual LacZ expression was still found in the ventral posterior
domain of the somites, indicating that elements influencing the level of transgene
expression are located in the terminal 700bp fragment between the Asel and HindIlI site
that had been deleted. This is supported by similar results (pCFAA) following deletion
of the same 700bp from the 3' UTR of pCFHA , suggesting that indeed separate
regulatory elements control the intensity and spatial distribution of transgene expression,
the former located in the 700bp region upstream of the HindIll site in the 3' UTR, the
latter most likely in the introns of the Myf-5 gene. Surprisingly, when the terminal
700bp fragment of the 3' UTR was combined with the conserved intron regions it was
not sufficient to drive the reporter gene (pAAH) at wild type levels. Several reasons
might account for this observation. First: the putative enhancer element in the 3' UTR
may have been disrupted by Asel digestion. Second: both the 5' and 3' halves of the
untranslated region may be required for the expression of the transgene. However, these
both seem unlikely because in sequence comparisons between the mouse and bovine the
region around the Asel site is poorly conserved compared with the region upstream and
downstream from the Asel site. The most likely explanation is therefore that the spacing
between the 3' UTR elements in the 700 bp region and the Myf-5 introns is critical for
the function of the 3' UTR ' element. However, none of these possibilities was explored
further as the focus of additional experiments was directed at the conserved intron
elements.
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9. Fragments D, F and G, but not C, are Involved in Ventral
Somitic Expression of Myf-5.
As mentioned above, the full ventral posterior somite pattern was retained in transgenic
mice following successive deletion of the nonconserved intron fragments A, B and E
from reporter constructs. Unexpectedly further deletion, this time of the conserved
fragment C (pACPH) from pCFHA did not abolish the ventral expression of the reporter
gene either. This meant that despite the evolutionary conservation of fragment C in
mouse and human and the bandshift data, this region appeared not to be required for the
somite pattern nor the other expression domains in the branchial arches and the
trigeminal ganglion which were all unaffected. It is possible that fragment C may have
other regulatory functions possibly unrelated to the Myf-5 gene. Indeed, such long range
effects of elements in the MRF4 gene have been shown to affect expression of Myf-5 in
cis (Floss et al., 1996; Yoon, et al., 1997) and a cis-regulatory mechanism has also been
implicated in the regulation of MRF4 since one of the Myf-5 mutations abolished
myotomal MRF4 expression, suggesting that this interaction may be reciprocal (Yoon et
al., 1997). Alternatively, fragment C may be involved in controlling aspects of temporal
expression of the Myf-5 gene, although no firm conclusions can be made without a more
detailed analysis of multiple lines from this construct. However, similar deletions of
fragment F (pAFPH) and fragment G (pAGPH) completely abolished the ventral
posterior expression in the dermomyotome showing staining only in the ventral neural
tube in both cases. Together with the data showing that elements of both introns and the
3' UTR are required for correct transgene expression, at least one of the necessary
elements must be located in the only remaining part of intron 1 corresponding to
fragment D at the 3' end. In addition, both fragments F and G of the second intron are
likely to harbour essential regulatory elements. The proximity of fragments F and G
might suggest that the binding activities in these fragments are overlapping or belong to a
larger complex. The identification of a potential NFY binding site in fragment G has
been described above, but the identities of the remaining binding activities are presently
unknown, although more detailed bandshift analysis of fragment D indicated that its
putative binding site(s) is located in the 110bp at the 5' end, and more detailed analysis
in vitro and in vivo combined with mutation of the candidate target sites will help to

resolve this issue.

10. A 'Branchial Arch Element' in the Myf-5 Gene?

Interestingly, aside from the somitic expression pattern, pl2UTR and the majority of
deletion constructs derived from it also showed reporter gene expression in the branchial
arches which was unexpected since elements required for arch expression had
previously been mapped to the intergenic region (our observations, unpublished;
Patapoutian et al., 1993). Since separate p12UTR lines and other deletion constructs
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(including p2UTR, pCFUTRR, pCFH, pCFHA, pACAH and pACPH) showed the
same arch expression, this is unlikely to be a position effect. In situ hybridisations on
Myf-5 by our laboratory showed that branchial arch expression is normally confined to
the core of the second and third arch at about E9 and similar results have been obtained
with both the intergenic arch element and in Myf-5 LacZ knock-in mice (our
observation, Patapoutian et al., 1993; Tajbakhsh et al., 1996). In contrast, although
topologically correct, in this study the expression from the various deletion constructs
mentioned above was delayed by about 24 hours and depending on the construct
showed variable intensity, suggesting that elements in the Myf-5 introns are unlikely to
be responsible for the normal expression of Myf-5 in the branchial arches. Sequence
comparisons with the putative arch element from the intergenic region produced no
significant matches that would explain the duplicate expression pattern. Interestingly
Pax-3, which appears to be involved in the ventral posterior expression domain
characterised in this study, is also expressed in the branchial arches (Natoli et al., 1997).
However, expression of Myf-5 in the arches of Splotch mice that lack Pax-3 indicates
that the arch expression of Myf-5 is independent of Pax-3 and of the elements required
for the ventral posterior somitic expression (Tajbakhsh et al., 1997). Conversely, it is
not clear at present, if Pax-3 expression in the arches is influenced by Myf-5.

11. The 3' UTR of the Fugu Myf-5 Gene Drives Expression in the
Somites and the Presomitic Mesoderm.
Evidence from MRF4 null mutations and transgenic analysis in the mouse indicates that
regulatory elements controlling Myf-5 are located in the intergenic region and in the
MRF4 and Myf-5 genes themselves (Yoon et al., 1997). Since synteny between both
Fugu genes has been conserved over nearly the entire period of vertebrate evolution, it
seems that regulatory mechanisms should also be conserved. However, sequence
comparisons between Fugu and higher vertebrates may not necessarily identify
regulatory elements since the binding sites may have adapted to the transcriptional
machinery of Fugu. Furthermore, several observations suggest that the distribution of
regulatory elements is different between Fugu and mouse. First, the size of introns in
Fugu differs remarkably from the mouse, this applys particularly to the extremely short
second intron of Fugu Myf-5. Second, pairwise sequence comparisons between the
mouse and Fugu failed to identify conserved sequences in the introns or the UTR.
Finally, transgenic analysis of the Fugu Myf-5 gene showed that the 3' UTR alone is
responsible for the somitic expression pattern observed in transgenic mice. Both
pl12UTR and pUTR directed expression to the ventral dermomyotome of the caudal
somites similar to its mouse counterpart. However, the expression was not confined to
\1 the caudal edge of the somites and the Fugu transgene was expressed both in the

: - dermomyotome and in the myotome of the caudal somites, whereas myotomal staining
{
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in the mouse was only observed anterior from and including the thoracic somites. This
may be a reflection of the fact that in teleost fish the myotome forms the major
component of the somites and the process of somite maturation differs greatly from that
of mammals. The most striking feature of these Fugu constructs, however, was the
intense expression seen throughout the presomitic mesoderm of the tail in transgenic
mice, a feature that is not shared with the equivalent mouse p12UTR construct.
Although this may be the result of missing or non-functional negative control elements in
the Fugu Myf-5 gene, several lines of evidence argue against that. In amphibia MyoD
and Myf-5 are first expressed in the presomitic mesoderm where they initiate myogenic
differentiation prior to somite formation (Hopwood et al., 1992). It is therefore tempting
to speculate that the presomitic expression seen with the Fugu transgene may reflect the
native expression domain of the Myf-5 gene in teleosts rather than that expected for the
mouse, but does the pattern of Myf-5 expression in teleosts support this view?
Comparative studies conducted here in zebrafish, at least in part, support the idea. There
are some striking similarities in the pattern of ZMyf-5 expression in zebrafish and the
Fugu Myf-5 transgenics. In zebrafish ZMyf-5 (but not ZMyoD) is expressed in the
lateral presomitic cells of the unsegmented paraxial mesoderm reminiscent of the
expression of the Fugu Myf-5 gene in the presomitic mesoderm of transgenic mice. Like
the Fugu transgene, ZMyf-5 is observed in bands of cells in the caudal somites
supporting the idea that the transgene, rather than mimicking the equivalent mouse
construct, shows characteristics of its native expression pattern in fish. Such a scenario
would imply that the transcription factors in the mouse can activate the Myf-5 gene in the
presomitic mesoderm, which in light of the limited sequence conservation seems
unlikely. An alternative model would suggest that before amniotes evolved the myogenic
factors were expressed in a presomitic phase possibly involved in both, myogenic and
somitogenic functions and that their exclusion from the presomitic phase is a recent
evolutionary event that requires active repression. Interestingly, for the Pax-3 gene
positive and negative elements have been identified that suppress expression in the
caudal somites and the tail while activating Pax-3 dorsally in the trunk and ventrally in
the migratory myoblasts (Natoli et al., 1997). If similar mechanisms operate on Myf-5
or MyoD remains to be seen, although in the absence of further evidence it is equally
possible that the signals upstream of Myf-5 and MyoD might simply be delayed until
after myogenesis. However, low levels of Myf-5 transcripts have been detected in the
presomitic mesoderm of E8.5 -10.5 mouse embryos using reverse transcription
polymerase chain reaction (RT-PCR) (Rupp and Weintraub, 1991, Kopan and
Weintraub, 1994) and in LacZ-Myf-5 knock-in mice at E9 (Cossu et al., 1996b) but not
by in situ hybridisation (Ott et al., 1991). This would argue in favour of a repressive
mechanism since signals exist, at least to activate basal levels of Myf-5 in amniotes prior

to somitogenesis. Since amniotes develop in a relatively protected environment, the need
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for rapid myogenic differentiation is much less important than for amphibia. This
combined with the increasing complexity of somite anatomy and patterning might
explain why in amniotes myogenic differentiation is delayed until after somite formation
and perhaps actively repressed in the presomitic mesoderm. Conceivably, by delaying
the expression of the myogenic factors until after somite formation it might be possible
to cope with increasing complexity of regulatory functions perhaps associated with the
establishment of distinct myogenic lineages arising from the medial and lateral somite
compartments (Brand-Saberi ef al., 1996; Cossu et al., 1996a; Pourquie et al., 1996)
and increasing complexity of muscle specific structural genes required to make the
complete set of skeletal muscle fibres. Although there is no firm evidence for a
repressive mechanism, several candidate molecules could potentially fulfil such a role. In
Drosophila notch activation inhibits differentiation of muscle cells by down regulating
the only myogenic factor nautilus (MyoD) (Michelson et al., 1990). The mouse
homologue mnotchl when constitutively activated has been shown to suppress
expression of MyoD and Myf-5 in tissue culture (Kopan et al., 1994). Since mnotch is
expressed in the presomitic mesoderm of mouse embryos (Conlon et al., 1995) it could
be involved in suppressing myogenesis upon activation by homologues of the delta
family in the segmental plate (Bettenhausen et al., 1995). This fits well with suggestions
that Wnt members from the neural tube and dorsal ectoderm could block the notch
receptor and relieve repression to activate myogenesis as in Drosophila ( Cossu et al.,
1996b; Ranganayakulu et al., 1996). According to this model, presomitic expression of
Myf-5 in the lateral paraxial mesoderm of zebrafish embryos might most easily be
explained by an absence of the regulatory sites for notch mediated repression in the fish
gene. As in the mouse, notch is strongly expressed in the paraxial mesoderm of
zebrafish and a putative notch mutant white-tail (wit) appeared to express Myf-5
normally (Jiang et al., 1996). However, there is no evidence of specificity in zebrafish
for the anti- human Myf-5 antibody (Santa Cruz) used in these studies. Although
myogenesis is normal in wit mutants, the formation of somite boundaries in wit mutants
appears to be affected, suggesting that notch may be involved in aspects of
somitogenesis in mice and teleosts. Since several notch receptors have already been
found in the mouse (Williams et al., 1995), the regulatory mechanisms may be more
complicated and functional redundancy can not be excluded. In any case, failure to
respond to repressive signals that might involve notch could account for the pattern

observed with the Fugu gene in transgenic mice.
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12. Conserved Element in Intron 1

Although the 3' UTR of the Fugu Myf-5 gene appears to reproduce aspects of the
endogenous Myf-5 expression pattern in transgenic mice, there is surprisingly little
sequence homology between the equivalent regions of the mouse and Fugu genes. Even
more surprising, there was no significant sequence homology between the 3' UTR of
zebrafish and Fugu either but a conserved region of 119bp with 85% homology near the
3' end of the first intron was identified. The remarkable conservation would suggest
that some regulatory function is associated with the Myf-5 introns in fish too. That
function might be specific to teleost fish and could depend on transcription factors that
are either not present or are too divergent in mice. However, in transgenic assays, the
zebrafish introns combined with the Fugu UTR (pZFF) failed to contribute to the
expression pattern which was indistinguishable from that of the Fugu UTR alone. When
combined with the mouse UTR (pZFM), ectopic nonsomitic expression was obtained,
indicating the conserved intron regions could not activate the reporter gene in the
somites. Whether the fish introns are involved in the regulation of Myf-5 in teleosts
remains to be seen in a different context. It would therefore be interesting to compare the
outcome of bandshift assays on this region using zebrafish and mouse embryonic
extracts or examine the functional role of this region in transgenic zebrafish. Considering
the broad distribution of regulatory elements involved in the somitic expression of Myf-5
in the mouse, it is also possible that the conserved region in intron 1 of Fugu Myf-5
requires additional elements outside of the region tested thus far, and that a larger
construct that also includes the intron element might thus be able to reproduce a more
comprehensive somitic pattern. To address the issue of incompatibility between the Fugu
transgene and the transcriptional machinery in the mouse, it might be of interest to see
how the Fugu or zebrafish gene would behave in more closely related amphibian
embryos. A suitable GFP reporter construct is currently being tested in Xenopus
embryos. Ultimate results can however only be reached in the context of the native
environment in transgenic zebrafish and are unlikely to be obtained from amphibian
models.

13. Myf-5 is Expressed in Lateral Presomitic Cells

To investigate the role of the myogenic factor Myf-5 in teleost fish, the zebrafish
homologue of this gene was cloned and its expression pattern was studied by
wholemount in situ hybridisation on zebrafish embryos. The expression pattern of
ZMyoD and ZMyf-5 in the somites and the presomitic mesoderm is consistent with a
role in muscle fate specification in zebrafish. Both MRF are expressed in the medial
muscle precursors adjacent to the notochord (adaxial cells), and in laterally extending

stripes of the first somites and at the anterior margin of the presomitic mesoderm just

174



Chapter 7 - Discussion

prior to somite formation (Weinberg et al., 1996; and this study). Interestingly, ZMyoD
and ZMyf-5 show marked differences in their expression during the presomitic phase,
suggesting that they serve distinct functions in myogenesis. Unlike ZMyoD, which is
initially expressed in the adaxial cells flanking the notochord, ZMyf-5 expression
extends to nonadaxial lateral presomitic cells (LPS) (Devoto et al., 1996). The pattern of
ZMyf-5 expression reported by Jiang et al. (1996) using anti-human Myf-5 antibodies
(Santa Cruz) was similar to the pattern described here, however, there is no evidence
for specificity of this antibody in zebrafish or mice.

Most of the paraxial somitic mesoderm is thought to originate from the posterior tail bud
(Kanki and Ho, 1997%). It was shown here that tailbud cells express both ZMyoD and
ZMyf-5. It is interesting, however, that the axial tailbud cells do not express detectable
levels of either myogenic factor. Axial posterior tailbud cells could represent
uncommitted muscle precursors that are recruited to the paraxial mesoderm by migration
to lateral paraxial regions as described by Kanki and Ho (1997) and initiate expression
of ZMyf-5 after they have escaped the repressive influence of the axial structures. The
possibility that axial signals are repressing MRF expression is consistent with the
observation that zebrafish floating head (flh) mutant embryos, which lack notochord,
express ZMyoD in the axial midline during gastrulation (Halpern et al., 1995*). The
same signal may also be responsible for repression of ZMyf-5 in the axial cells.

As the cells of the paraxial mesoderm migrate to the anterior margin of the segmental
plate, both ZMyf-5 and ZMyoD positive cells become incorporated into the newly
formed somites. In both, zebrafish and amniotes, the first differentiating muscle cells are
the most medial cells of the developing myotome (Felsenfeld et al., 1991%). In zebrafish
these are the ZMyoD expressing adaxial cells. 1-2 h after somite formation the adaxial
cells elongate to span the length of the somite and then migrate radially through the
somite to give rise to a superficial monolayer of cells that differentiates into slow muscle
fibres. Expression of ZMyoD in the adaxial cells has recently been shown to be
dependent on Shh signals from the notochord (Concordet et al., 1996; Odenthal et al.,
1996; Weinberg et al., 1996; Blagden et al., 1997, Schier et al., 1997*). After initiation
of ZMyoD expression, subsequent exposure to Shh is not required for the adaxial cells
to differentiate into slow muscle fibres suggesting that these cells are already committed
to slow myoblast fate. At least one function of ZMyoD could therefore be to maintain
cells that have been exposed to Shh in a committed state to form slow muscle until
muscle differentiation is initiated. In their model, Blagden et al., (1997) suggested that
the decision whether to become a fast or slow myoblast is made concurrently with
commitment to myoblast fate. This is in contrast with traditional models in which somitic

* see additional references on page 203
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cells become committed first to become myoblasts and subsequently to fibre type
specific subclasses.

Since fast muscle formation is independent of Shh expression (Blagden et al., 1997) and
ZMyf-5 is expressed throughout the paraxial mesoderm, it is conceivable that ZMyf-5
might play a role similar to Shh in the lateral presomitic cells and keep these cells
committed to myoblast fate. The question remains however, how fast muscle
differentiation is subsequently initiated.

Dye labelling experiments have shown, that unlike the adaxial cells, lateral presomitic
cells do not migrate but develop in situ into deep muscle cells that give rise to fast muscle
fibres (Devoto et al., 1996). In contrast with ZMyoD which persists for some time after
the onset of terminal differentiation of the myoblasts, the rapid decline of ZMyf-5 in the
newly formed somites makes it unlikely that ZMyf-5 plays an analogous role to ZMyoD
in fast muscle fibre differentiation. However, the decision whether to form a fast muscle
fibre might be linked to the earlier phase of ZMyf-5 expression or alternatively depend
on additional extracellular signals. Interestingly expression of zebrafish myogenin
appears to follow ZMyoD but is restricted to already formed somites (Weinberg et al.,
1996). ZMyogenin transcripts persist longer and are found in more anterior somites.
ZMyoD and ZMyogenin may therefore have roles in early and late somite differentiation,
respectively. Other genes like snaill (Hammerschmidt and Nuesslein-Vollhard, 1993,
Thisse et al., 1993*) show a similar pattern of expression as ZMyf-5 in the paraxial
mesoderm and the developing somites and may be involved in the process of
mesodermal segmentation (Thisse et al., 1993). It will be important to study the
interaction of ZMyf-5 with these genes to gain a better understanding of these processes
in vertebrate development.

14. Outlook

Using a combination of interspecies sequence comparisons, EMSA assays and
transgenic analysis on the mouse Myf-5 gene, I have identified separate regulatory
regions involved in the activation of Myf-5 in the ventral posterior somite compartment.
Interestingly the regulatory regions that were identified in this study appear to have
distinct functions. Elements within the 3' UTR of the Myf-5 gene seem to act as
‘enablers’, whereas regulatory elements in the introns of Myf-5 direct expression to the
ventral posterior somite compartment. The transcription factors involved are presently
unknown, but by defining their target sites more closely it will be possible to reveal their
identity. The regulatory region within the introns was mapped to separate conserved
elements located in intron 1 between nts 461 to 645 (fragment D) and intron 2 between

* see additional referencs on page 203
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nts 127 to 407 (fragments F and G) which are necessary for ventral posterior somitic
expression in transgenic mice. Analysis of fragment D in EMSA identified the 84bp
region at the 5' end as the most likely target site of transcription factors and additional
EMSA analysis with overlapping oligonucleotide probes should delimit the binding sites
further. Considering the relatively small size of fragment D, footprinting may be used to
reveal the exact binding sites at nucleotide resolution.

Any putative binding site should be tested by mutation analysis. Mutation of the
identified sites should abolish the binding activity in vitro and the expression in in vivo
in transgenic mice. This would confirm the target site as an essential regulatory element.
Because in the transgenic assays one might expected a negative result, a suitable assay
system would be one where additional independent expression domains can be observed
regardless of the introduced mutation. Mutation of the candidate region, in the context of
HMZ17, for example, should leave the dorsal somitic expression domain and branchial
arch expression unaffected, which could serve as a positive control.

If the analysis revealed a hitherto unknown transcription factor it would ultimately be
necessary to embark on biochemical purification of that factor from embryonic protein
extracts, determine its amino acid sequence and clone its gene. It would then be of
interest to identify the expression pattern in the mouse, especially in relation to
myogenesis, and perhaps to introduce null mutations into the gene.

A separate task is the characterisation of the enhancer elements in the 3' UTR between
the Asel and HindIlI sites, involved in the regulation of the efficiency of expression of
Myf-5 . It will be of interest to examine more closely the role of spacing between the
somite elements in the introns and the enhancer element in the Asel/HindIll fragment, by
replacing the region extending from exon 3 to the Asel site in the UTR by an
independent inert DNA fragment of similar size in the context of pACPH.

Analysis of the Fugu and zebrafish Myf-5 genes suggested that the distribution of the
regulatory elements in the teleosts is different from that of the mouse. Transgenic
analysis showed that in Fugu the somitic expression pattern is directed by the 3' UTR,
while the function of the conserved region in intron 1 between Fugu and zebrafish is not
clear. It is possible this region has important regulatory functions in teleost fish but is
not functional in transgenic mice because of the large evolutionary distance between
teleosts and higher vertebrates. In this regard it would be interesting to carry out EMSA
analysis on this fragment with zebrafish embryonic extracts. Also, to address the issue
of incompatibility between the Fugu transgene and the transcriptional machinery in the
mouse, it might be of interest to see how the Fugu or zebrafish gene would behave in
more closely related amphibian embryos. A suitable GFP reporter construct is currently
being tested in Xenopus embryos. Ultimate results can however only be reached in the
context of the native environment in transgenic zebrafish and are unlikely to be obtained
from amphibian models.
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Since conservation of synteny is observed in Fugu it is possible that other regulatory
elements are shared between the mouse and Fugu genes. One possibility is that the
conserved region depends on interactions with additional elements, for example from the
intergenic region, that have so far not been tested, or that a different transgenic model is
required to activate the conserved regulatory elements in the intron. It would therefore be
interesting to examine if the intergenic region of Fugu could activate dorsal somitic
expression as in the mouse, or if elements in the intergenic region could interact with
elements in the 3' UTR and alter other aspects of the somitic expression pattern.

With the help of the ZMyf-5 probe, it should be possible to study the expression pattern
of the different myogenic factors in teleost fish using double labelling in situ
hybridisations. It will also be of interest to examine the role of putative upstream signals
like sonic hedgehog in the regulation of ZMyf-5. A collaboration to adress this question

has been initiated.
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Oligonucleotides Appendix |

Bandshift PCR primers for Mouse Myf-5 intron fragments

Fragment A: In1 for CTGAGGGAACAGGTGGAGAAC

Ar TTTACTGCCATCTCCATGC
Fragment B: Bf GCAGTAAAAGCTTGGCTTGCC

Br GCCCTCTGAAAACAGTGTATC
Fragment C: Cf GATACACTGTTTTCAGAGGGC

Cr AGAGAAACCCCGCAGCAATGCG
Fragment D: Df GCATTGCTGCGGGGTTTCTCTC

Inl rev CTGTTCTTTCGGGACCAGACAG
Fragment E: In2 for GAAAGAACAGCAGCTTTGAC

Er TCTGGAGCACAAAACGGTCC
Fragment F: Ff CGTTTTGTGCTCCAGATTACC

Fr TAGGTCAGGTGATCACAG
Fragment G: Gf ATCACCTGGACCACCTATGC

In2 rev CAAGCTGGACACGGAGCTTTTATC

Bandshift Mouse MyoD HoxTF oligonucleotides
HOX-TF-for TGCAGCAACCAGGGACTGGCGTGTGTC
HOX-TF-rev GACACACGCCAGTCCCTGGTTGCTGCA

HLH probe amplification:
HLH For AATCAACGAAGCCTTTGAG
HLH Rev CGGCCACGTCGTCCAGGAC

Mouse Mvf-5 primer in 3' UTR used for transgenic construct generation:

UTR-R CATGCTGTATAATTGCACCT
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Fugu Myf-5 cDNA amplification:

nested forward set:

MC-A AACGCCATCCAGTACATCGAG

MC-B AGCAGGTGGAGAGCTACTACG
reverse primer:

MC-R AGCCGGCGGTCTTATCGGTC

Fugu MRF4 cDNA amplification:
nested forward set:

HC-A GCCTGCAAGATCTGCAAGC

HC-B CCAGAGGCTGCCCAAGGT
Ieverse primer:

HC-R CTGGAGGTCGCCGACGACT

Zebrafish Myf-5 cDNA amplification:

nested forward set:

Zebral GGNMAYTGYYNMYNTGGGC
Zebra2 MYNTGGGCNTGYAATGCNTG
reverse primer:
Fugu Myf-5 Rev CACCTGTTCCCGAGCAGCTCCTG

(Note: M=A or C, Y=C or T, N= A, C, G or T, degeneracy: Zebral: 4096 Zebra2: 512,
the underlined G in Fugu Myf-5 Rev is a mismatch of the Fugu and zebrafish sequence)

Zebrafish Myf-5 intron amplification:

nested forward set:

ZM1 CAATCACGCCTTTGAGGCACTACG

ZM2 TAGCCAACGCCTCCCCAAGGTAGA
mested reverse set:

ZMI1R GTACAAGGAGTAAGGGCGTCCTAG

ZM2R TCCTGTCAGACAGGTGCTACGACC

reamplificaton set:
taill TGCGCATGCA/TAGCCAACGCCTCCCAAGGTAG
tail2 TCGCGATGCA/TAGGACAGTCTGTCCACGATGCTGG

(MVsil restriction site is underlined and the cleavage site indicated by ' /')
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Fugu MRF4 and Myf-5 genes: complete coding sequence Appendix I

HinD Il syl

AAGCTTTTATTCAAAACCGTGGGGGATGGTGGGGGGTGGTAAGGGGCATCCATGGGGTAAAAATATAGCACGAGCAGCAACGGCTGCCGCACAAAAATAG

GAATCCCTCACATTCCTGCCATTAAGTTTCCAAATGTAGTCCTTTCAAGGTTGCGGGGGGAAATGCCGCGGGCAATGCATCTCCTCCTCCGAGGCCTTTA

TCTATTTTATGAATCTGCTATGAAGAAGCCGTGCAGCTATTTTTAACCCCCCCCCCCCCATGCAGCAGCTCCAAAGCTGTTTTGACTCTGCACATTCCGA

CGTGTCTATGTTGGGATTCCTATGGAAGTTACGGCAGATCGGAGCGCTCCTCGTGTCCAAAACGGGAGCCGGAATCTGAGCTTTCACAGCTCTTCAANCT

ATGNAGCTAACGCACCGTGATGCTACAGGTACAACTGTGGCATTACCGTCTCACCTGGGAGAACTTCCTCATGAAGCGCCTTCATTCCCACATTTGAAAA

AGGCCGCGGCCTAACGTGGGGGGTGAAATTGTACCCAAAAGAATTCTGATTTTTGAGGAACCGCATTTAATGAATCCTGATGAGAGCTAACGACATAAAA

TGCCCCCACAAATTAATTCTATTTCCTGTTACATGTTCCACCTTTTCAATAGAGATCCTAATCTCACATTTATCCTAATCATGGAATAAGTCATTTTGTT

GCCACTTGGAGACTGTAACAACAGGAACACACAAGTCGCCGTNCGAATCCAGTCGTAACTATAGCCACAAGAGGACATTAGCATTCCTACATTAGCATGC

ATCTAAACCCAAATTGTTGCATGTTTGAAATAAAATTTCAATCAATTAAAACCAAATTAAATGTTTTTAAAAGTAAAGCCTGGTAATTCAAGAATACCCA

AATCTATTTGACCTTCCCAGGCTTCTGTAGAAACGCCAAATTAACCAAATTAGTCCTGTTATTTTACAGTTTCCAAACCTATTTTTGTTCTAAATTCGAT

TCTACCACCTGTTCTCAGAATATTCGATTCGAAAGTCACGTTTAGAGGGACCGGACGTGCCTCTAATGGAACATGGGGGACAATATCAGTATTATCTGTG

ACACTTTTTCAACACTCATGTGGGGAAATATTCCCGTGTTGCCACTTTGTTCCGAGCAGATATGCGAAGCACCTGTTGTGAAAAGCCGGGGTGACGTTTL

CATbox TATA box
AATAGTCTTAATGCACGAAGTCAGTCGAGGGGGAAAAAAAAACATGTTTGATGCCGTGTGGCAGCCGAAGTGTTGGATAGAGTTTCACATTCIATATTTA

Start
AGCCTGGTCACTTGTGTGTCTGCTGTTTAAATGCCACAGTCCCGCTGTCAAAACAGAGAGAGGGGCGCAACAATATGATGGACCTTTTTGAGACCAACAC

M M DL F E T NT
L MRF4 Exont
TTATCTTTTTAATGATTTGGGCTATTTGGAGGAAGGGGATCATGGACCACTACAGCACTTGGACATGTCGGGGGTGTCTCCCCTTTACAACGGGAATGAC

Y L F NDLGYLEEGHDHTG®PLOHTULDMSSGV S P L Y NGNTD

MRF4 Exont
AGACCGCTGTCTCCCGGTCAAGACAACGTTCCCTCCGAGACCGGGGGCGAGAGCAGCGGGGATGAGCACGTCCTGGCGCCCCCGGGTCTCCGTTCGCACT

R PLSPGODWNWYZPSETS GG GES S GDEMHV L APPGILRSH

e < MRF4 Exoni

GCGAGGGCCAGTGCCTCATGTGGEEETGCAAGATCTGCAAGCECAAATCGGCGCCCACGGACCGGCGCAAGGCCGCCACGCTGCGGGAGAGGAGGAGGCI

C E G O0OCLMWATZCI KT CIKWR RIKSAPTDI RIR RIKAATILR RERIR RR RIL

MRF4 Exon1
Mscl Styl
CAAGAAGATCAACGAGGCCTTCGACGCGCTCAAGAGGAAGACCGTGGCCAACCCCAACCAGAGGCTGCCCAAGGTGGAGATTTTACGCAGCGCCATCAGC

K K I N E A F D A L KR K TV ANWPNUOORIULWPIKV E 1l L R S A 1S

MRF4 Exon1
TACATCGAGCGGCTGCAGGACCTGCTGCAGACGCTGGACGAGCAGGAGAGGAGCCAGAGCGGAGCCTCCGACACCCGAAACGACAAAGAACAGAACGTAA

Yy I E R L 0DBLLQTULDEOQEW RSOOSTGASDTRNDIKE QN

v

MRF4 Exon1
Pwul

GCGATCGTCAGGGGGCAGATTTAAAACTTCCCGGCGTGATTCCCGGGAACCTGCGCGCGTTTTATTCGCAGGGACTCCTAAACATGCATATTTATGAATA

ATGAACAAGTCATTCTTCTACATTTATGATGGTTTTTATCACGTGTTCGGGCTCCTCGGGCTTCATCTTATTATCCCCACCCCACGTGTTCCTCTAAATA

TATTCACATTAGCAGTGTGTAAAAATTATGTCGTTTTTTTTTCTCTCGACGTAGAAATTTCGCTGTCACTTTCTCCCCTTTTCCATTTATTTTTTCATAT

TTAATAAATCTAATGCTTTGCTAACAACCTTCGGAAATAGCGCATGAAAAAAATCGGATTATTTGATATTATTCATTTGATGTTGCTTGAAGACGTAATC

ACACATGTAGATCTAATCAGATTAATGTAATGAGATTAAGTGTGGCAACCCAAGATCAACCCTCCTTTATATCATATCTCCTAACCTAAACCCACATTTT
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L
ACCAGAGAGACGGTACGTGAGCAAACATTTCCCGCCAAAGCTACAGCGGCAAATGTGCGAGCAGCTCTGAGTCGGTGTTGTTTTCAGGAAACTGCGAGTC

G N C E S
~—MRF4 Exon2 —J

N @ R D —————
} L MRF4 Exon3 —
GTCGGCGACCTCCAGCCTCCTCTGCCTCTCCTCCATCGTCAGCAGCATCAGTGACGACAAGACGAACCTCAGACAGGGCGTCCAGGAGAACTGAGCTTCC
SATSSLLCLSSIVSSISDDKTNLROGVOENS.mD‘
L4
MRF4 Exon3 !

Nhe

CAGAGAAGAGCGTCTCTGTGAAGGTTCGTTTATGCTCTACAGATCTGGCTAGCATTTGGCTAATGCTGAGACTCCGCCACCTCGTCCGCCAATCCCTGTG

:Cla §

ATCGATTCCACGCCCAGCACTACCCCTTGTGGTCTAAAGTGGTACTGCAGCACCATTAATCATGGATGAACAGAGCATAAACGAACCTCAAGAGCCTGAA

Cll

GACACGTCAGTTTTGATGTTTAAATCTTCCATCATCGATCTTTAAATTATTTCCATTGTACGGTTTTTTGTTTTGTTCACAGCAGCAGCAACAAACGTGT

ACATATTTTTTAAAATTGCAGAGTTTGGATTTTATTTATTTTGTATGCAGGAGCACCGGAGCTCTTTAAGCTAAAATCGTCTGTATGTATTTGTATATAA

polyA
CTGACCAAGTAAATAAAAAGGCTTCTTTTGCATCACTCCTGTTAGAGTTCAAGATCAACCGATAATTCCAGCGAGCTGCTTACGTGCCGCTTTAGCTACT

ATCTGCTCTTCTAACGTCGGTAACCCGAGTCCCCCCTCCAGCCGCCCCCGTGTCCTGTCCTATCTGGAAACTCAAAGCCAGAGCGTGGGGCTCAATTCGT

Scal

CTCGCCGGGCTTGTTCATCGCACGCTTACCCGCCAGCTATCAAGCGCACGATGCTAATGGCATGGAAATCCTTTGAGTACTGTTTGTCACGTGTTGACAC

GAGGGGGGGCGTAGGGGCTGTTTGTCCGTGGTGTCAGTCCCGGGGTGACCTTTATGGGTCTTTATCCAAAAGGAGATGGACTGTGTTTGTTAGCATGAAA

CACTGACATCTATGACTGTCCAGTAATAAAAAGAATTAAGGCGGTATACTGAACATACGCTGAAGGTTCCGTAACGAACCATGTTGCATTCAGACCTTTC

TTCTAAAATGGGACCATTTAACAAGCTGATTTACAAAAATAGTTTCTTCAAAATGGTCCTGGTGGGAACCCTTCAAAGATCCCACCATTTCTATGGGTGT

TTATTATTAATAATAATGCTGCAATGAGACAATTGTGGGCATTCATGCTGGACAAAAATAGAAATATGAAGTAAAAAGTGAAGACGTGTGAGACCCCAGA

CTCCTCAGGGTCTTTCCTACAGGACCAGATTGAGATCGTCCACCGAAAGACCCCCAATTTCATCAGAAACCTGATATCTCTGAACAATAATGTGACTTT%

ATGGGGCTCCTGCTCCCCTTTTCCATCTGATAGCACAGTCGCCAACGTCTCTGCTGATCCAGGGTCTGCTGAGAGTCCCGTTCCTGCAT@AAGAAGAACe

GATTGTGGGCAGTTTTTTGTGCTCTGCGGCGACCCGGCAGCGTTAGAATCAGAGCTTGATGAAAGTTGAGCCGGGGGTGGGATGGTGGTGGGGGGGGGGG

TTAAGTCTCCTCTCCTGTTCGGACGAGGGTTCCAGAGCTGCAGGCTCCGGCTCTGTGCCGCGNTCTKCTTCCAAACAAATGGCTCTGCCACTCAAAACG?

Clal

GGTTTATTTGGCTAATTCTTGCGGGGAATATGGAATGTGCTGGAAAAAAAGTTGTGAAGGGGGGGGGCTGTAACTTTACCCTTCAGAATtGATGGGGCTC

AAAACACCCAGAGAAGGCAGAGAAAGGGCAGGAAATGTTGGGACTGCTCTGGATCATCAGAAGAAATAACCCCGTCTCCCCCAGGGGAGGGTTAAAGATA

GGGAGGGAGGGGCATTGACCCCCCACTACCAAGCCTGGGGTTTGGAGCCAATCTGGCGCGATTATACCTTCAAAAAGCGACTTATCTGAATTTGCTTTGG

sy!
AAGAGAAACCTAAAAGAAAAGAGGGGGGTCTTGGGGCCTGGTGATTAATTGCCCCTTTGATTGCCCbAAGGATGAGCTCATTAAGTCAAAGCTGAAGAAA

TAAGGGTTTGAGACGTGAGGCCGGAGGATGTCAGCGCTCACCTCCTGCCCCTCACTTAACTCTGCCTCTGACCCCTGAGAACAACAACAACAACATGAGA

AACCATCGTTCCCAGGAGAGCACCACAGCTCCCAGCAGCGCCGCGCCGCTCTGACCCCCAGACGTCTGCGCGTCGGGGTGGGGGGGGTCCGCCGTTCCCA

Kpnl
GCCTCCCGGGGGGAGCGATGCGTTCCTCAGCTGTGGACCATTCAGGTACCCGCTGCTGTTTTCTTAGGTGTCACCCAAAGAGGAGGGTCGCCAAACGCT?

GGACGCCGCGTGAGAAATATCCGCATTGTATCCGCGCGAGCTGTCAACCGGCGTCATTACCCGGAACATGCGGGGGGTCACCGCAACAGCCTGTAAACCA

CGCGGAATTCAAAATAAAAGCAAAGAACCCAAGAATGGCCTCGGCGTTTTGATTTAATGAGATATCTATACCGATTAAAACTCTACGTGCGAGGACAGTT

TGAAATGTAAAAATGAACAGCTTGTTTTTTTAAAAATGTATTCATAAAGCATTTGTTTTTATTGCCAGGATGGGGGAAATAATTTTCTAATCAAGAACAT

AAAACCAGAAGTCCGCCCCTTTTCCTTTTTTCCTACCAAATGTAAAAAAAATAAAATACTTTTTCCTTCATACATTGGAAAAAGCCCGGAATTCAAGAGT

TGCTGGTTCAGACAAATGTGTCAGACATGTATTTTTAATTTTAGATAATATTAATATCATGAACCCCCCCCCCCCCCCCAAAAAAAAATGACTCAAATTT

TAAATACTCGTTACAAAAAATGTTTTTTTATGTGGACTTTTACAGTTTTCATGCTCTCAGACTGTGTTTGTCAGGATGGAATCTGCAGTTGACCATCTGC

CTGCATCTCCCCTGACCGACTTAACGGTTAAAGTTTGGCCCTCCGGGGCGACGTGGCGCAGGGAGTTTGCACCCTGGTGGTAACGGCGTAATTACTGCTT

TAATGAGCTTTGGCAAACAGGCATCGGCTCATTGGCGGCACCTCCGGCGGCGAGCGTGGCCCTTCCAGAGGTGGGCTCGCCGCGCTAATGTGAACATGGA

GGGTTTGAAATGTTACACCTTCCATCGCAACTGGGCTGTATCTGCAACGCCGTCGCCTCCGCTGTAAAACTGGGCCCCGTAAACTCAGGTCGGCCTCTTT

ATTCTGCGCCGGTTGTCTCTTACGTCTTCGTCGCCGTCCCCCTCGCCGATGGNGGGACACCGGGGGAGCCGTTACCGACACACCGAACGGCGAAACAGTC
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CCAGGTATTCGTGGTGGCCTTGCGGGAGGAGGACAAGCGGCGATGAGTAGGAAAACACCACTAAGTGCAGATGTGGGAAACTCTNCAGGGTATTAAGGGT
L . s N R R 1 L A L N L 1 L 6000

Sy
GGGGGTGTGGGGGCAGTGGGCTGGGGCAGGGTGGGAGATGAGTTAACCCAANCCTGCCTTCTGCTTGGACCAATGGGCC&IEGIA&[TAGATCTGACCAA

TATA box Cap site
TGTGGNCCCTGGGCTCTGGCCTCGGGGCATAAAAGGGGGACCCGGGGCAGACCCCTCACATCACTCAGAGGTCTCCTCTCTCTCACCTCAATCCTCCACG

Drall
Stant H
CTCTTCACCTCCGTCGCGCCCATCTCTCCATTCTGTCTTCGACAAGCTATGGACGTCTTCTCGCCATCCCAGGTCTACTACGACACCGTGTGCGCCTCGT

Myt-5 Exon1
M DV F S P S Q VY Y DTV C A S
CTCCTGACAGATCCGAGTTCGGCCCCGGCGTCGAGCTCGCCGGCTCCGAGGAGGACGAGCACATCAGGGTCCCCGGGGCCCCTCACCAGCCGGGCCATTG

Myf-5 Exont
s P DR SEFGPGVY EL AGSEEDTEUHTITRVY PG APHOQQPGHTC
CCTCCCGTGGGCCTGCAAGGCCTGCAAGCGCAAGTCCAACTTCGTGGACCGCCGGCGGGCCGCCACCATGCGCGAGCGCCGGCGGCTCAAGAAGGTGAAC

Myf-5 Exon1
L P W A C K A C K R K S NJF VDRI RWRAATMREI R RRLK K VN
Styl

CACGCCTTCGACGCGCTGAGGCGCTGCACCTCGGCCAACTCCAGCCAGCGCCTGCfCAAGGTGGAGATCCTGCGCAACGCCATCCAGTACATCGAGAGCC

Myf-5 Exon1
H A F DAL RIRTE CTSANUSSORLU®PIKV ETLRNATIOQOY I E S
TGCAGGAGCTGCTGCGGGAGCAGGTGGAGAGCTACTACGGCCTGCCCGGCGAGAGCGGCTCAGAGCCGGGGAGTCCTCTGTCCAACTGCTCCGACGGGCC

Myf-5 Exon1
L @ ELL REWQVESY Y GGLPGESGSE®PSGSPL S NI CS DG P
GGTAAGAGCTTCATGTCCTCATTGGCCTGAAACAGCTTTAAAATGAGTAAACCTGTCATCGAAAATCAGAATTTGGGTTTGTTAGCGACATTCTGCCACC

-
Jd

CATTAATCACTTATTTTGGCAAGAAGAGCAGAAATGGTGCGCCTCCTCTTGCATATCAAGCTCTAACACGTCCCCATCTTTTGCTTTTTACTTCAATGCG

ACGGTCTGAAGGTGACATCAGAACTTAATCAGACACCTTCTGGCACCAGTAAACCAACTAAATCCACCTCAGAAAAGATGGCACGCTCTCCCGCATTCCA
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CCCTGGCTGCGTGTTCTGCGCTGCTGCCAGGATTTTCTGCAGCTTTACTCAGAGAAAAGTGTCATCTTGCACAAACCGGTGTTGCTTCCACTGATACAAT

CGATTCTCCACGCTGAAGGGGGACGGCGTGCACGCCGCCACTGTGGCGTTGAGCTGGAAGGGAAATGAAGGACTCTGGAATTTGGGATTTATTATCCCGT

CTCAAATGTTCTTTTTCCCCTCCCATGTTTATGCCCTTCTTCTTCTTCTICTTCTTCTTCTTCCTCTGTGGTACACAAAAGGGCAGTTCATTGTTGACAC

TCTGGAGGGTAAATCTGTTGTCTCGTTTCCTTGCAGGCTGACAGCAACAGTCCAGTGTGGCAGCAGATGAACGCAGTTTACAGCAGCGGTTACTTATATG

AD S N S P V W OOMNA AUV Y S S G Y L Y

Myt-5 Exon2
CAAAGAACGGTGAGTCCCGCCACCTTCTAAATGTCCAGTTGGCAGGATTTGTCATCACAAGCGGGTTTAATGACGTTCCAACTCCATTTCTGTAGAGATT

A K N E 1
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CTGACCGATAAGACCGCCGGCTCCTCCAGTCTGGAGTGTCTCTCCAGCATCGTGGACCGTCTGTCCTCGGTGGAGTCCAGCTGCGGCCCEECGGCLCTEA

L T DKTAGS S S LETCLS S 1T VDRLS SV ESSCG®P A AL
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GGGACGCCG?CACCTTCTC?CCTGGCAGC?CCGAGTCGC%GCCCTGCACCCCCGAGAGCCCTGGGTCCAGACCCGTCTACCACGTCCTGTGAAGCGTCAC
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TGGTTATAT?ATTTTCTGAéTTCCGACGTTAAACACAGTCTCAGATCACATCTCGGTCATTTCTGGAACCTTTAATGTGTTAACTGTGTCTGTGTGTAGT

GCTTTGATCTTTCCTGGTGTGAGCGACACCTTTGATTGACGTGTCAACACCAGCGTCGCGAACAAATGTGGCTAATTGTGTGCTGGAGGGGGAGGGGCCT

CAGGAATGTCATGACTTGAATTCTTAGAGTTTAGAAAGACAAAGAATTCAAATTAAAGTGCAAATTACACCCTAACATTAAAAAACTCTTCACTTTGAAG

TTTTAAATGATGCTGTCATCCTTCTGAAAGCTCCGCTCTCATATCAGAGCTTACTTTTGAATGTTGAATGCACTTCAAACTAGGCACTTCATGTATTTTT

polyA
TAGTTGTATAAATATTCATTTGACTTTGTAGTTGGAAAAAACTGAAAAGTTCTTCAGCTAAATGAGATTTTGGATGTTGTAAATTTGGAGCTTGTGCAGT

TTCTGCCTGTAAGACAATTTTGGGGTAAAGGTTCCTGGTAACTACATGCAGCTTAAAGAGTGAAATTGACATCGTTTCTTAAGATTAGAGGCGTGAAATG

Sty Clal

ATACAAGGAGGCAGCGTTTGAGTAAGTTTCAAAGGTTTTGAGTCCTTGGTCCCTTCAAGTCTGGCATCGATTTAAAAATATATATATTCAAGGTTTAACA

polyA
TACCATGAATAAAATATTTTATAATTCATCCTACATTTGTGTCGGGTCTCGCCTGCAGGTCTCTGTGGATGATAGGCGATATTATGAGCCGAGGCAGAAA

CAAGGACAGTGAATAAAAGTAGTGATGGCTGTTGCTGCAGTACCCACGGCGACCACAGGAGGGAGATGTTTCTTTTTAGTTCTCTTGTGTTTAACAGTCA

CACTCTAGTCCACAGGGTAACTTGTTAGCTTAGCTTTAAGCAAGGCCGCTTCTCGGGTCAAAGTGTGTCTGTGAAAGGTCAAACAGTACGAACACTCCAG

TTAGCTTACAGAGCTACATATTTTTAAATTGATTTAATCCCTTAACCTAAAATGGAGAAAADTGTTACAGACAAATTCTGTGGATTATCCCGAGACCCAG

CGCTGATGAGGACACTYTAAACATGTTTCTCGCACTGGGAGGAAAACAATTAGGATTCTTAATGAGTTTTTCAGGTTTATTTCAGGGCACAACAGTGTAA

AGCTCCCACTTTATTGCCAAAGGTATTTGACCACCCATCCAAACGATCAGAATCAGGTGTGCTAATCACTCGGCCCGGCCACAGGTGTATAAAACCAAGC

ACTTAGGCCTGGAGACTGGTTCTACAAACATTTGTGAAAGAATGGGCCGCTCTCAGGAGCTCAGTGATTTCCCATCGTGGARCGGTCATAGGATGCCGCC

TGTCCCACAAATCCAGCTGTGAAATTTCCTCACTCCTAAATATTCCAAAGTCAACTGTCGGCTTTATTATAAGAAAATGGAAGAGTTTGGGAACAACAGLC

AACTCACCCAGGAAGAGGTCGGCCAGGTAAACTGACAGAGGGGTCAGCGGATGCTGAAGCACAGTCAGGTGCTACAGACCTCCAAACATCATGTGACCTT

syl syl
CAGATGAGCCCACGTACAGTACGCAGAGACCTTCATGGGATGGTTGTCtATGGGCGATCAGCTGCTTCTCAGCCATACATCACbAAGGCCAATGCAGAGC

Xval

GTCGGGTGCAGTGGTGTAAAGCACGTCGCCACTGGACTtTAGAGCAGTGAGACGCCTTCTCTGGAGCGATGAATCACGCTTTTCCATCTTTTCCATCCTT

TCGGACTGCGTTGTGCCGAGTGTGAAATCTGGCGGAGGAGGAATTATGGTGTGGGGTTGTTTTTCAGGGGTTGGGCTTGGCCCCTTAGTTCCAGTGAAAG

GAACTTGGAATGCTCCAGGACACCAGGATTGGAGCGGCCCCTTCCTCTTCCAACATGACTGTGCACCAGTGCACAAAGCAAGGTCCATAAAGACATGATG

ACAGAGTCTGGTGTGGATGAACTGGACTGGCCTGCACAGAGTCCTGACCTGAACCCGACAGAACCCCTTTGGGATGAACTAGAGCGGAGACGGAGAGCCA

GGCCTTCTCCACCAACATCAGTGTGACCTCACCAATGCACTTTTGGAAGAATGTTTGAAGATTCCTACAAACACACTCGGCAACCTTGTGGACGGCCTTC

Nde

CCAGAAGAGCTGAAGCTGTAATACTGCCAAAGGTGGGCCGACATCATATTGAACCCTGTGGGTGAGGAATGGGATGGCACTTAAGTTCATATGTGAGTCA

pﬁscl

ACGCAGGTGGCCAAATACTTTTGTATGAAAAAGGCAGCAATAATGGGTTTAAGTGACTGGCTTGTGGCTTGAACTGGTTCAAACTTGAACAAATTCAGAA

TTTATTTCACAAAGCTGGAGGTGCTAGAATAGTTCTGTGTGTAACAGGATGGAGGTGGAGGATCTTTCACTCGCCCTCTTGTGTCACCTCGAGCTTTGAC

CCATTTGCTGCTGAGTTGTTAGAGAACACTTCTGTGCTGCTGTGGTTTAAAAGCTGTTGACAGAAAAAGCTCTTTTGTGATTTTCTCTTTGTAAAGAGGC

GAAAAAATGGGACCTGATGTTCTTCCCCCCCGTGACCTCGGGGGAACCTTCAGCGTTAGCTTTCTGTANCANAGACAGAAA
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A 10681bp Hindlll subclone of a Fugu cosmid containing the MRF4 and Myf-5 genes and flanking genomic region was
isolated and the nucleotide sequence determined. The genomic structure was derived from cDNA sequence analysis.
Exons are underlined and labelled, and the deduced amino acids are shown as one letter code, aligned with the second

nucleotide of each codon. Selected restriction sites are indicated above the sequence. Putative transcription start sites

(Start), TATA boxes, CAT boxes and polyadenylation sites (polyA) as predicted by GRAIL and labelled as indicated.



Fugu MRF4 and Myf-5: Genomic Contig Appendix Il

A 10681bp HindIllI subclone of a Fugu cosmid containing the MRF4 and Myf-5 genes
was isolated and the nucleotide sequence determined by shotgun sequencing using a
variation of the dideoxynucleotide chain termination method (Sanger et al., 1977). A
total of approximately 415 individual sequence reads (arrows) was assembled, initially
into 38 contigs. Gaps between the contigs were closed by 48 primer walks, until all
contigs merged. The average coverage was 7.4 fold. The schematic shows the name,
position, length and direction of the individual sequence reads. The positions of the
MRF4 and Myf-5 genes and their general genomic structure is illustrated underneath the
sequence reads. Exons are depicted as open boxes, and introns or intergenic sequences
are represented by a solid bar. The genomic organisation was initially deduced by
performing comparisons with the NCBI database. Matches of the Fugu sequence
obtained with entries in the database were aligned along the contig to position the genes.
The exact exon-intron structure was subsequently determined by sequencing Fugu Myf-
5 and MRF4 muscle cDNA. The organisation of the Fugu genes is very similar to that of
the mouse MRF4 and Myf-5 genes and the other myogenic regulatory genes. Both have
three exons separated by two introns. The first, and largest, exon in both genes is the
most highly conserved, owing to the characteristic basic-helix loop-helix (bpHLH)
domain shared by all of the myogenic factors. The intergenic distance between MRF-4
and Myf-5 is much larger than might be expected for the small genome of the pufferfish
and there is no significant sequence conservation outside of the coding region between
Fugu and higher vertebrates.
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Human Myf-5 gene: complete coding sequence Appendix IV

CCTCTCGCTGCCGTCCAGGTGCACCGCCTGCCTCTCAGCAGGATGGACGTGATGGATGGCTGCCAGTTCTCACCTTCTGAGTACTTCTACGACGGCTCCT 100
M D G C Q F S P S E Y F Y O G S

GCATACCGTCCCCCGAGGGTGAATTTGGGGACGAGTTTGTGCCGCGAGTGGCTGCCTTCGGAGCGCACAAAGCAGAGCTGCAGGGCTCAGATGAGGACGA 200
¢c 1 p s P E G EF G DEF VP RV A AF G AHIKAETLIGQG S D E D E

GCACGTGCGAGCGCCTACCGGCCACCACCAGGCTGGTCACTGCCTCATGTGGGCCTGCAAAGCCTGCAAGAGGAAGTCCACCACCATGGATCGGCGGAAG 300
HVRAPTGHHQAGHCLMWACKACKRKSTTMDflRKI

GCAGCCACTATGCGCGAGCGGAGGCGCCTGAAGAAGGTCAACCAGGCTTTCGAAACCCTCAAGAGGTGTACCACGACCAACCCCAACCAGAGGCTGCCCA 400
[a a7 w™ R R R L K K. V. N O A\f E T L K R-t 1757 T N 0- R L P |

AGGTGGAGATCCTCAGGAATGCCATCCGCTACATCGAGAGCCTGCAGGAGTTGCTGAGAGAGCAGGTGGAGAACTACTATAGCCTGCCGGGACAGAGCTG 500
[k "v E I L R N A I R Y I:E SVL af] E L L R E Q V E N Y Y S L P G Q S8 C

CTCGGAGCCCACCAGCCCCACCTCCAACTGCTCTGATGGCATGGTAAGCAATAGATCTGGTACCTGCTAGGCTACCCTAATCTTTTCTAAAGTCCTTACA 600
S E P T S P T S N C S D G

CCTCATTTAACCTGGTGTGGTGGGGAGAGTGGGGTGGAGGCAGATGCTGAGTTGCTTTAAAAGAAGAGAGGGGTCCACATTTAGAAAGACTCCCCAAACC 700
GCTGCTGAACAAGATTTTAGTTTAACTTTCTAGCAGGTTCTAGGTGTACACTGTAATCGAGTGTTGACATGGAAGATGGGTGGCTGTGAATGATCACTCA 800
GATGTTTTCTCCATTCCTGAATTTATTTTCAAAATATGCCATCTGTGGATCATGCCCTACGCTAATATCTAAAGGCACCGTTTCTAACTTAATGAGGAAA 900
TGGAAAGAAATACCCACACGGCCCCAGTTCCTGCTCCAATGAGGCCTGGCTGAAAGATGTTGATGCATTCTTTTTAGAGGGCGTTTGCTCCAAGGCTGCC 1000
AGGTTTTAATGTGTTTTTGCCCTGGGAAAGTGTTCTTTCCCTGAATTAGTGTGGCTTTCTTCTACTCCAATCCATTTTGCATGGTTAACCCAATGCACAT 1100
TGCTGCTGAATTCCACCCCCTCTTCCCTTTGCTGCTGCTCTCCTCTTCTTCAAGCACAGAGATTGACCTCAGTGCCCTGGGAATTTGGAGAGGGCTACCC 1200
CTTCCTAAATCAAGGCAGTGAAGGTGACTGACAGTGTTCGGTTACAGAGCTGGTGGGCAAGCACAGCCTCACCTTTGGTCAGAACATCTTTTGCCAAAAC 1300

CTGAAAACAAACTTTGTTGTGTGTCTTGTATTATAGCCCGAATGTAACAGTCCTGTCTGGTCCAGAAAGAGCAGTACTTTTGACAGCATCTACTGTCCTG 1400
P E C N S P V W S R K S S TF D S 1 Y C P

ATGTATCAAATGGTAAGAATTGATAACTTCACAGGAGTTTAAAGACCAGTTCAACCTAACAATTCAGCCTATAACATTCTGTTCTTGCTGATAGTATTGG 1500
D V S N

GGAAGGGAGAATGGAAGTGATGGTTCTTATAGGGAGGCTTTGGTAAAGCAAAATAAACACATCTTCTGCTCCAAATCCCCCTAGCAGACACGCACGCACA 1600
CATGCATACACACATGCACACACAATGTTGCTTGAAATATTATCAGGGGGCTTCCCCACTCCCCACGTCTACCCCTCAGGAATTGCCAGATATTTGTTGC 1700
AAATTTCTATGTTAGGCTTTCTGTGACCACCTGACCTCTGGGTGTCAGAGGAGCTGACCTACAATTTAAGGAGCAACATAAGCAAATCTGTCTATCTTGG 1800

GCTAATTATTTTTTAATGCTTTTCTCCTTGTATCCTTAGTATCAAATGTATATGCCACAGATAAAAACTCCTTATCCAGCTTGGATTGCTTATCCATTTA 1900
VY A TDI KNS SULS S L DO CUL S 1Y

TTTAGGATATGGATGGGACATAGTGGACCGGATCACCTCCTCAGAGCAACCTGGGTTGCCTCTCCAGGATCTGGCTTCTCTCTCTCCAGTTGCCAGCACC 2000
L G Yy G woDbDTIT VDU RTITSSEQ?PGUL?PULQDI LASTLS?PV A ST

GATTCACAGCCTCGAACTCCAGGGGCTTCTAGTTCCAGGCTTATCTATCATGTGCTATGAACTAATTTTCTGGTCTATATGACTTCTTCCAGGAGGGCCT 2100
D s Q PR TP G A S S SR L I Y H V L

AATACACAGGACGAAGAAGGCTTCAAAAAGTCCCAAACCAAGACAACATGTACATAAAGATTTCTTTTCAGTTGTAAATTTGTAAAGATTACCTTGCCAC 2200
TTTATAAGAAAGTGTATTTAACTAAAAAGTCATCATTGCAAATAATACTTTCTTCTTCTTTATTATTCTTTGCTTAGATATTAATACATAGTTCCAGTAA 2300
TACTATTTCTGATAGGGGGCCATTGATTGAGGGTAGCTTGTTCGAATGCTTAACTTATATATACATATATATATATTATAAATATTGCTCATCAAAATGT 2400
CTCTGGTGTTTAGAGCTTTATTTTTTTCTTTAAAACATTAAAACAGCTGAGAATCAGTTAAATGGAATTTTAAATATATTTAACTATTTCTTTTCTCTTT 2500
AATCCTTTAGTTATATTGTATTAAATAAAAATATAATACTGCCTAATGTATATATTTTGATCTTTTCTTGTAAGAAATGTATCTTTTAAATGTAAGCACA 2600

AAATAGTACTTTGTGGATCATTTCAAGATATAAGAAATTTTGGAAATTCCACCATAAATAAAATTTTT 2668

The nucleotide sequence of the human Myf-5 gene and deduced amino acid sequence of the Myf-5
protein. Human genomic DNA (a kind gift of Dr. Sue Chamberlain St. Mary's Hospital Medical School)
was PCR amplified with a pair of primers derived from exoni and exonS$S flanking the two introns and
exon2. PCR primers are depicted as arrows. The PCR product was sequenced and the exon intron
boundaries were determined by comparison with the published cDNA sequence. The highly
conserved HLH domain is underlined. Introns are shown in lower case letters. The deduced amino
acids are shown as one letter code, aligned with the second nucleotide of each codon. The stop codon
is marked as a dot.



Zebrafish Myf-5 gene: complete coding sequence Appendix V

TGAACCCCGGGCTGCAGGAGTTCCGCAGGGGCCCGGTCATTAGGCTGACCTGTGTGGGCCCCGACATATAAGAAGGCCGTTTGGCACCTGTGCATCCACT

s e o E [] R

CCACTCAGAAACCTTCAACACCAAACCAATCATGGACGTATTCTCCACATCCCAGATCTTCTACGACAGCACTTGCGCTTCGTCTCCTGAAGATTTAGAG
M D V F § T s Q I F Y D s T C A S S P E D L E

TTTGGAGCCAGTGGGGAACTGACCGGGTCTGAAGAAGATGAACACGTGCGGGCTCCTGGGGCCCCACATCAACCGGGCCATTGTCTCCAATGGGCCTGCA
F G A S G E L T G S E E D E H V R A P G A P H Q P G H C L Q W A C

AAGCTTGCAAGCGAAAAGCCAGTACGGTGGACCGCCGGAAAGCCGCCACCATGAGGGAACGGCGCAGGCTGAAAAAAGTCAATCACGCCTTTGAGGCACT
K A ¢C K R XK A s T V D R R K A A T M R E R R R L K K V N H A F E A L
ACGCCGCTGCACCTCGGCCAACCCTAGCCAACGCCTCCCCAAGGTAGAAATCCTGAGGAACGCCATCCAGTACATCGAGAGCCTTCAGGAGCTGCTGAGG
R R ¢ T S A N P S Q R L P K V E I L R N A I G Y I E S L Q E L L R
GAACAGGTGGAGAACTACTACAGCCTGCCGATGGAGAGCAGCTCTGAGCCCGCCAGTCCCTCCTCCAGCTGCTCAGAGAGCATGGTAAATATGACTCTCT
E Q v E N Y Y S L P M E S S S E P A S§ P S S S C S E S M

TTCTCTTATTCTATGGGGTTTAAACATGATAGACCTATAGTGAAGCTCTGCATAAACTCTTATTCCAGTGGGACTTGTCCAAAGGTCAGATAAAAGCATT
TTGAATGCAGATTTTTGAGGGTTCTCTCGTCTTCATTGTGTCTAAACAAGGCAATTGTTCTGTGTTTGGTCTTTATATTTTATCTCAATAGCACACGGGG
GATTGTATCCTGCAAATGGAGTCAGAGCTGCCTCCAGTCTCAGCATGACAACAATAAATTGCTGTCACATCTGGCTCCTCCTTTTACGCTTAGATATATA
&GCTTACTGCTGTTTﬁTCCAﬁGGAATTTAéﬁAAATTTGCAGTATGTGTGGAATATTGTGACTTG?éééGTTGCTGJAégﬁéEFAGGTAA@QTGATATAAA
CTATGATAATGTCCGTATGTTTCCATGCTAGGAAAAAATACTATTTGTGTAACCGCAGTTACATTAAAAATATGGCAAAACAAGTTTGGACCAATTCCAC
CATTGGGTTAAAAAAGTTTAATTTTTAAAACTTTTACATTTTAAATTAATATTTAAAATTTTTTTAATGGATTTAAATATCTGAAACAATCAAGCATTCC
TTTAACCACTCTAAATATATTGGGTCAAATATTAACTAAATATATGACTTAATGATGGGTTGTTCATTCACTCATTTTCTTTTCGGCTTAGTCTCTTTAT
TAATCAGGGGTTGCCACAGCGGAACAAACCGCCAACTTAATCAGCATATGTTACACACAGCAGATGCCCTTCCAGTTGGAACATGATGGGTTATTGTTGT
TGTTGTTTTTTTTAATTAAATTTAAATGACATTTTAACACTTGGGTTTGTCCTTATTTAAAACAACCCAGCAATTTTCTGAGTGAGTGTACAAATAGCAT
TGCTAAATTATGGTTCATGTACCAAAACTATGGTTATTTAATGACTACCATAATTAAATGACTACAATACTGTTGGTTTGTTTTTGTACTAAAACCATGG
TAAATTTCCATGAGGGTCTACAATCAGTATGAACATGTAATATGTCCATTTAACATATGTTTGCTTCTCAATACAAGTTTGTAAATGACACTCGGGTGAA
CTATGTTCGCGCTGCTAGCGTTTACATATTTATCCTCCTTATTTACATAAATTCTTGCATATTTTCTCTCATTTTAATCTTCACGATGTATAAAGAAGTA
ATTTAGTCTTTGATAGATTAAGATCAATTTTGGCTTGAGAGATATGGTCATTTATAGACTCTAAAAAATGCTGGATTGTTAAACCCAAATTGGGTAAAAT
ATARACGAACACTTTTGTTGGATTATATTTAGTCGTATAATAATAATTTAAAAAAAATTAGTTTAGAAATTGGCCTTTTCCATATTTTGCCCAGCATTCT
GTGTAGAGTCATTTGAGGATAATTGGAGGATTAGAGAGCGAAACAGTAAATGGCTGAACCTTCATTGAGACGAAAACTTCTTTTACAACGTCACCTCGCA
&iﬁééggpcQE?éIé;CATAAACAATGTCGATTCACAAAGCATTTATGACAAAACTCTTCAGGGTTTAAGAATTGAGGATATATAGTAGTAATGTCTTTQ'

CCTCTGGACTCTTTATAGCCCAATAAAGCCFCAGTAAATCCAGCCAAACAGACACTGGCAGGAAAGTGGCGTCCGT%CTGCATTCCTGACTGACTGCATG
i .

v
g m—— ——— s T e 1| |

AGCTGCGCTGCTGCCAGGATTTTCTGCAGATTTACTCCGAAAAAAGTGTCATCTTGCACAAACTGGTGTGGCTTCCACTGACTCAATCAATTCGCCITTGC
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CTGAAGCCCAGCATAGCGTGGGAGTCCCTGGCAAATAAGCGGCCTGTGAAAGAAAGAGATACAGAGAAGCGCACAAAATGCTCATTCACTGCCTGTGATG

CTCGAGCTGTTTTGTGTACAGCTTGTTGACTGCTTTATATGTGCGTATGCTGATGGAGTTTTTGATGTTTTGTCATTGTAGGTTGACTGCAACAGTCCTG

2
v D C N S P

TATGGCCTCAGATGAATCAAAACTATGGGAATAACTACAACTTTGACGCACAAAATGGTAAGGATCATATTCATTTTTAAAAATGAAAATTCTGCCATCA

V WP O MNUDONYGNNYNTFDATUOGN

TTTACTCACCCTTTACTTGTTCCTTTCTGATGTTAAATAAGAAAGATATTTTGAAAAATGTATAAAACCTGTAACCATTGACCTTCATAGTATTTGTTTT

TCCTACTATGGAAGTCAATGGTTACAGGTTTCCAGCTTCTTTCAAAATATCTTCTTATGTGTTCAACATAATAAAGAAACTTTAAGAAACTAATTCAAGA

2

AGTTAAAAGTTTGAGACAAGTAGGAGAGTAAATAGTTTTGATTTTTGTGTGAACTGTCCCTTTAAATGTGGAGTTCATGACATATATGAGCACAAATTGT

ATATTACTTGATTGCCTAATTTCTCTGTAAGGTTGCTTTGACAGTTTACATTGCGCAAAGCACTACAGAAAATAAAATGAGCTGACTTGAACAATAATAT

3

AATAATAATTTTCTGTTTTTGATGAGTCCAGCTAGCACAATGGAGCGAACTCCAGGAGTGTCCAGTTTGCAGTGTTTGTCCAGCATCGTGGACAGACTGT

AAS TMERTWPGVY S S LOQOCUL S 5 1V DRIL

CCTCTGTAGATCCTGCGGGAATGAGGAACATGGTCGTTCTTTCTCCAACCGGAAGTGATTCCCAGTCCAGTTCTCCAGACAGTCCAAACAACAGACCAGT

3
S S vDPAGMRNMYYV L SPTGSD S OoS s S P DS P NN RPV

TTACCACGTACTGTGAGAGCGAACGAGATGCCTAGGCCAACGCTTATTCACACTGCTTGCTCATTTGTAAATTATTTTGGATAATAATTTGATAATGCTT

Y H VvV L

TCAGAATGTTAGTAATTGATCTCCATTCAGCACAATTATAAAAACAATTGCCTTCAAAATCATGCTCTAAATTGTTGAAACAAATGTTTGATTATTTCTT

TTGGGTTCAAGGCTGATTATAGTTTGGGTTTATAGGGTTCAGACTTTAACTTTAACTCCGCTTTTAAAAAGTTCCAAACTATACAATGTTACAGAATGTT

TTTTTTTTTCCCCCAATAATGTTCTGTCCGTTGTTAGTTTCCCCCCACCTTGGACCTTGGAATTTAATTTATCCTCCTCAATAAGAAATAAATTAATTAA

TCCCCCGGTGGGTTACCTTTAATTAAATGGCCTTTTTTTTTTAATATTAGCCCTCAAATTTCTTTAAAAAAARTTTTTGAATTTTTTTTTTTGGGCTTTT

TTTTTTTTTAACCCTGACCTTTTTACTTTTT

3831

A cDNA library of post-somitogenesis zebrafish constructed by Robert Riggleman and Karthryn Helde in Lambda ZAP
Il (Stratagene), distributed by David Jonah Grunwald (Dept. of Human Genetics, University of Utah, USA), was
screened with a PCR probe derived from the hlh domain of zebrafish Myf-5 using a combination of degenerate primers
and Fugu primers (see Chapter 2, section 8 for details). A phage clone was isolated; the insert was PCR amplified and
sequenced. The intron sequence was subsequently determined by analysis of PCR products obtained from genomic
zebrafish DNA (as described in Chapter 2). The complete sequence of 3831bp comprises the entire coding region and
most of the 5' and 3' untranslated regions. The deduced amino acids are shown as one letter code, aligned with the
second nucleotide of each codon.

The organisation of the zebrafish Myf-5 gene (ZMyf-5) is similar to that of other vertebrate species and other myogenic
regulatory genes. ZMyf-5 has three exons separated by two introns. The first, and largest, exon is the most highly
conserved, owing to the characteristic basic-helix loop-helix (bHLH) domain (boxed in grey) and this motif is shared by
all of the myogenic factors. Interestingly, the length of the first intron of ZMyf-5 is significanly larger than that of any
other species examined. In fact, the ZMyf-5 intron is larger than the entire Fugu Myf-5 gene. This means that the two
teleost homologues have the greatest difference in size. Despite the size difference, sequence comparisons between
the Myf-5 genes of Fugu and zebrafish showed a highly conserved region of 119bp near the end of the first intron
(boxed). The functional signifcance of this conserved region is presently not known.
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Mouse Myf-5 gene: complete genomic sequence Appendix VI
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Scal
ATGGACATGA CGGACGGCTG CCAGTTCTCC CCTTCTGAGT ACTTCTATGA AGGCTCCTOT ATCCCCTCAC CAGRGGATGA GITTGGGGAC CAGTTIGAGC

CAAGRGTAGC AGSCTTCGGA GCACACRAAG CTGAGCTGCA GOGCTCAGAC GATGAGGAGC ACGTGOGIGC AMCTACCGGC CACCACCAGG STGGBCACTE
Hindll Neol

Nsil Hindlll

AACAAAAACG AAAACTGTCC TACAGGATTT TAGTTTGATT TCCTASCTGT TTGCAGATOC ATGGAGATGG CAGTAAAAGC TTGGCTTGOC TTTAAGIGAC
pad P >

-— AR

TAACAAAGTA TTTTCTCTGT TATTTCTTAC TTAGAGCAGC CACCCAGTGT ATATAGCTCA GTAACTAATT AGAAAGCATC CCAACTTCAT TCCAATTCCT

GCTCTGAGGC CAGGCTGGAA GGCAATGTTG ATACACTGIT TTCAGAGGEC TGIGGIGTTG GCAGGTTTCT AATGIGITTIT TGCCCTGGGA AAGCATICTC
e >

-t "

TCOCOGAATT AGTGIGGCIT CCTICTACCG CAATCCATIT TGCATGGTTA ACCCAGGACG CATTGCTGCG GAGTTTCICT GACTIGTTTIT CTICTTTGCIT
OF >
- o2}
Avrll Mscl
mmmﬂmmmmmmmwmmmmm

m%mmmmmmmm
IN1rev
IN2for -

Byl
CAGACACCTT TAAAGATCIG TTCAGICTOG TAATTCAGIC ATGGVAGTCT GICCTTCAAA GTAGTATTTA GAACAGGTAT ATAAACGATG GCTGTTGIGG
Nsil
GGGAGGCTAA GGACCGITIT GTGCTCCAGA TTACCCTGAC AGACAGACAG ACAGACCAGC ATACACGCAT GCACGTGCAT GCATCCCCCC CQCCCCCCCAC
- 53]
F -
AMACACACAC TCACTTTTIGC TTGAAATATT ACCAGAGGTC TTCCACACCT CTACCCTGGG GAATTGCTAG AWATTTACTIG CAAAGTTTTA CATCAGICCC

TCTGTGATCA CCTGACCTAT GOGGICAAAG GTKCTGACCC CGAGTTTAAA GGGCACCACA AGCAARCCIG TCTGOGIGEG GATGGTTTTC TGAAAGCACT
F e————————
R

TTTCTCCTTG GGCTGTTAGE ATGIGCTGCA GATAAAAGCT QOGTQICCAG CTTGGATTGC TTGTCCAGCA TIGTGGATOS GATCACGTCT ACAGAGOCAT
-t IN2rev sTor
}

CAGCTTOCCT ACCAGOGCCA ACTCACACCC TGCTACCOOG GGACOCTOCA GCTCCAGACT TATCTATCAC
GTATTATGAA CTCTCTCOCG ATGATCACTC CIGCTAGGAG GGOGICCTTC ATGGAGGARA AGARGCCCTG AAGCTGAAGG ARAGACAAGC TGGGCAGAAT
CGGTTGTAAA TACTGICTTG QCACTTTATG AGAAAATAGA TTTAACTGAA AGICACATTT GCAATAATGG RTTCTCCICT GCCTGTTCTT
Asel
TTTGYTTTCG GITTTTTTIT TTTTITTTIT TTTAGCTTCC AATTGCTTTA GATACATGAT TCCAGAAATA TTTTTCIGIT GGAGGCAATT AATTGACAGT
Sac
TACTTAGAGT AATTCTTAAC TTATACATAT ATATTGTAAA TATTGCACAT CAAAATAACT TTGGTATTTA GAGCTICTATA TTTTTCTTCA ARATAACATT
TTTAACAGCT TGGAATCCAT TACAGGGAAT YRAAAATATA TTTAACTTTT GCITTICICT TIRATCTTIT GITAATAGIG TATCATCAAA TGAAPATATA
ACAGTTGIGC CTAATGGTAT ATACTTTCTT AARATCTTTT AATCATATAA TCTTACATCT TTTCTTATAA GAAATACTTC TTTCAATGTA AGCTATAAAT
AATACATTGA GGGCAATTIC AAACTATTAA AAATGTAAAT TTCOCCATAA ATAAMATTGA AATAACTAAT TTGTTTCATT TGGCCTTTAA AAATAACATC
CCCAATGAAA TTASCAAACC ATGAACMCGN AACATTTAAG AATGGGTTAA ATATGATCAC ACAGTTAGCC TTGTAGATAT GTATTGAAAT AATWIATGAA
TWICTWIWAG AWITGKTGAT GTCACWIGTA AAAATATYWC AYTTCCATIG WMAGCACATT YCAAGAATGC CTGGYAAATG AAGCOCCCIT TICTTIGTIG
Hindlll
TTATTICATA CAATGICCAG TTGTATATRA ARAAAAAGGA TTGIAAAATT TTATAGGATA ATATCATTIG TTTAAGCAAA AAAAGCTTAA AAGTATTATG
Scal
TCATTTTACT ATATACAGTA CTTTGCCAAT CATGAGCCAG GITTTATTAA CAGTATTIGT ATATGCCTTA APATAACTTG ATAAATAAAT GTACTATTAT
TATCAATAAA ATATTTARAG GRGGIGGATA TTTTTCCTAT TATAGAAAAC CAGCATGAGA AATCCCACTA TATTGOGAAG CGATCCCTCA GTTTTATAGT
Ndel  Nsil
CTTTTAGAAG TTTIGTIATC CGCATTATGA TGIGIGTACA TATGCATCIG TGAGATGGAT GGGAACTTIT TATTATTCCC TAGAAGCTCA TCTGAAGAAA
TTGAGAGAAA AGCTGGATGA ATAAACAGAA AATTAAATTG AAATAATCAT CCAGACATTT TTTTGGTGAG TATTCCACCT GAGAGGGACA CAAAGAAGCC

ACCTGGGAGG TACTGAGAGG AGATGTTAAT AAGGTGCAAT TATACAGCAT GOCCTCAGCC TCTAAGGTGC TIGTITTATT TTATTITTIG ACACAGGTIT
- UTR-Rev
Nhel
TGCTGIGTAG TCCTTSCTGG CCIMAAATGC ACAGGCTAGC TGIGAGCCTG CTGTGGTCAC CCIGCCTGT

The nucleotide sequence of the mouse Myf-5 gene was compiled from the published cDNA
sequence (Buonanno et al., 1992) and genomic sequence obtained by Summerbell and Halai from
our laboratory. The Exons are bold and underlined. Primers are indicated by arrows and the position
of restriction sites is indicated.
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