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Abstract

The Xenopus cardiac myosin light chain 2 gene (XMLC2) encodes a 

contractile protein localised exclusively to the heart of the embryo. To identify the 

regulatory sequences responsible for cardiac muscle-specific expression of XMLC2,1 

investigated the sequences immediately upstream of the gene. Characterisation of a 

3 kb XMLC2 promoter fragment reveals the presence of four MEF2 and four GAT A 

transcription factor binding sites. Transgenic frog technology indicates that the 3kb 5’ 

proximal promoter fragment can direct cardiac muscle-specific reporter expression 

during Xenopus embryogenesis, reproducing the normal expression pattern of the 

endogenous gene. Moreover, a 3kb XMLC2 transgene directs heart restricted 

expression during murine embryogenesis, and is active in cultured cardiomyocytes, 

but not in a skeletal muscle cell line. Deletion mapping of the 3kb XMLC2 promoter 

by Xenopus transgenesis defines the most proximal 708bp as the minimal promoter 

fragment sufficient to confer high level reporter expression in the embryonic heart. 

Further 5’ or 3’ truncations attenuate the transcriptional activity of the XMLC2 

promoter, whilst sequences contained between -217bp and -86bp are critical for 

myocardial-specific activity. Mutation of the MEF2 elements indicate that they might 

play redundant roles in XMLC2 regulation.

Gel shift experiments reveal that the four consensus MEF2 sites in the 5’ 

flanking region of the XMLC2 gene bind Xenopus MEF2D protein. The ability of 

MEF2 factors to activate transcription from the XMLC2 promoter is assayed usimg



microinjection of oocytes. Expression of a 3kb XMLC2 promoter-CAT reporter gene 

introduced into the oocyte germinal vesicle is only detected in oocytes previously 

injected with MEF2D RNA, but not MEF2A. This suggests that XMLC2 is a direct 

target for activation by MEF2D and indicates that functional differences exist 

between MEF2 family members to activate the XMLC2 gene.

The cardiac a-actin gene is a contractile protein expressed concomitantly in 

the somitic and cardiac muscle during Xenopus embryogenesis. Using transgenic frog 

technology I demonstrate that a 580bp cardiac a-actin promoter fragment drives high 

level expression of a GFP reporter in the heart and skeletal muscle of Xenopus 

embryos. An SRF binding site (CArG box 1) in the 580bp cardiac a-actin promoter is 

necessary but not sufficient for high level muscle-specific expression. In contrast, 

deletion of the E-box elements from the 580bp cardiac a-actin promoter had no effect 

on transcription of the transgene. Mutation of an 8bp sequence just downstream of 

CArG box 1, results in the abolition of reporter expression in the heart, yet somitic 

expression is unaffected. This 8bp sequence does not conform to any known 

transcription factor binding site involved in contractile isoform regulation, therefore, 

might represent a novel control element required for cardiac muscle-specific 

activation of the cardiac a-actin gene.
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Chapter 1. 
Introduction



Vertebrate cardiogenesis

In vertebrates, cardiac progenitor cells originate from paired regions of dorso

lateral mesoderm in the gastrula embryo (Mohun and Sparrow, 1997). The precardiac 

cells migrate medially as part of the lateral plate mesoderm and fuse at the anterior- 

ventral midline. Fusion of the bilateral heart primordia gives rise to a single linear 

heart tube consisting of two epithelial layers: an outer myocardium expressing 

muscle contractile genes, and an inner endocardium. This simple contractile vessel is 

patterned along the anterior-posterior axis into atrial and ventricular portions, and is 

then transformed by looping and regionally distinct patterns of differentiation into the 

mature multi-chambered heart that is characteristic of each vertebrate species.

The origin of cardiac precursors

Historically, studies of heart formation have largely been restricted to 

amphibian and chick embryos because of their convenience for manipulation. Fate 

maps of the 32 cell stage Xenopus embryo indicate that the blastomeres of the dorsal 

marginal zone most commonly give rise to heart (Dale and Slack, 1987) (Figure 1 

HI). At mid-gastrula stages, fate mapping has established that the pair of heart 

precursors lie at the anterior edge of involuted mesoderm, one either side of the 

Spemann organiser (Keller, 1975). They are flanked medially by the 

chordamesoderm of the organiser (presumptive notochord), and laterally by the 

paraxial mesoderm (presumptive axial skeleton, dermis, and skeletal muscle). A 

similar location for precardiac mesoderm is suggested by explant studies in which
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Figure 1. A common origin of heart precursors in vertebrate embryos

Fate maps of similar stage frog, chick and mouse embryos. In each instance the cells 

fated to form cardiac tissue lie adjacent and lateral to the presumptive notochord. (I) 

An early primitive streak stage mouse embryo showing the approximate region from 

which structures morphologically identifiable at the early somite stage are derived. 

Ant: anterior, Post: posterior, Not + end: notochord and endoderm (Lawson et al,

1991). (II) Ventral view of a stage 6 chick embryo in which the precardiac cells have 

ingressed through the primitive streak (ps) and migrated anteriolaterally to form part 

of the lateral plate mesoderm. The left and right heart forming areas (lhfa and rhfa) lie 

on either side of the prospective notochord (n) and Hensons node (hn). (Ill) Fate map 

of a stage 6 Xenopus embryo indicating the approximate areas from which various 

cell types will form. AP (animal pole), VP (vegetal pole), D (dorsal) and V (ventral) 

(Slack, 1991).
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regions of marginal zone were tested for their ability to give heart differentiation in 

culture (Sater and Jacobsen, 1989; Nascone and Mercola, 1995).

In chick, the cells destined to form the heart arise in the mesoderm just lateral 

to the anterior tip of the primitive streak at early gastrula stages (Garcia-Martinez and 

Schoenwolf, 1993) (Figure 1 II). Within this region of heart precursors, anterior- 

posterior information leading to atrial and ventricular diversification is acquired 

when cardiac precursors become specified. After gastrulation, future cardiomyocytes 

migrate as a coherent sheet (retaining their positional information) anteriorally and 

laterally to form the precardiac mesoderm, onto which different regions of the future 

heart tube can be projected (Garcia-Martinez and Schoenwolf, 1993; Yutzey et al., 

1995). Recent fate mapping studies in mouse have identified future cardiac cells in 

two small patches in the lateral region of the epiblast (Lawson et al., 1991) (Figure 1 

I). These precardiac cells contribute to myocardium and endocardium, indicating that 

they maybe derived from a common progenitor (Tam et al., 1997). Retroviral 

labelling studies in chick (Cohen-Gould and Mikawa, 1996) and cell lineage tracing 

in zebrafish embryos (Lee et al., 1994), however, both indicate that myocardial and 

endocardial lineages are distinct prior to gastrulation.

Formation of a linear heart tube.

During gastrulation stages in Xenopus, the two heart primordia migrate at the 

leading edge of the chordamesoderm to an anterior-dorsal position (Gerhart and 

Keller, 1986) (Figure 2 I). At early neurulation (stage 13-14) (Nieuwkoop and Faber,



1956), prospective heart rudiments move laterally to occupy the anterior-lateral edge 

of the mesodermal mantle between the neural plate and ventral midline (Figure 2 II). 

The regions of heart mesoderm then move ventrally, and at stage 16, begin to fuse.

By early tailbud (stage 20, Figure 2 III), fusion is completed to form a single heart 

anlage at the ventral midline, just caudal to the cement gland. Differentiation of the 

anlage starts several hours later at 27, signalled by the activation of contractile 

isoforms in the myocardium (Logan and Mohun, 1993; Chambers et al., 1994; 

Drysdale et al., 1994). Around stage 28 the endocardial component of the heart is 

bordered ventrally by laterally by a thick layer of myocardium. This myocardial layer 

bends dorsally round the endocardial cells by stage 29/30 and forms a short linear 

tube (Nieuwkoop and Faber, 1956).

In mouse, precardiac cells of the dorso-lateral epiblast ingress through the 

primitive streak just posterior to the node, and migrate to a proximal anterior position 

where the heart tube is formed (Parameswaran and Tam, 1995). The prospective 

myocardium is first identifiable around 7.5 days post coitus (p.c.), presomite stage, 

when cells of the anterior splanchnic mesoderm assume a cuboidal morphology 

(Ruiter et al., 1992). These cells constitute the cardiogenic plate which fuses to form 

a horseshoe shaped region spanning the ventral midline between the headfold and 

foregut diverticulum. Endocardial cells proliferate subjacent to the cardiogenic plate 

across the ventral midline. In embryos with 3-5 somites (8 days p.c.), a rostral to 

caudal fusion of the two cardiogenic rudiments takes place giving rise to a single 

midline structure. Heart muscle markers such as myosin and a-actin isoforms are
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Figure 2. The relative position of heart and skeletal muscle mesoderm during 

Xenopus embryogenesis

Diagrams showing the heart forming regions (dark hatching) and somitic muscle 

forming regions (light hatching) at various stages of Xenopus development, from 

gastrula stage (10) until tadpole stage (33). (I) At early gastrula a pair of heart 

primordia lie at the anterior edge of the involuted mesoderm, flanked laterally by the 

paraxial mesoderm. (II) At the early neurula, the somitic mesoderm is beginning to 

differentiate in two strips either side of the dorsal midline, whereas, the cardiac 

mesoderm has migrated to lie in the head region. The heart precursors then move 

ventrally, and at stage 16, fuse on the ventral midline just caudal into the cement 

gland. (Ill) Fusion is completed by stage 20 to form a single cardiac anlage. (IV) At 

stage 33, looping begins in the primitive heart tube and the somitic muscle has 

matured into myotomal blocks along the dorsal axis of the tadpole.
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detected in cardiogenic plate cells prior to the fusion of the heart tube (Sassoon e t«/., 

1988; Lyons, 1994).

In chick, the precardiac mesoderm lateral to the primitive streak invaginates 

through the streak and migrates rostro-laterally to form part of the lateral plate 

(Garcia-Martinez and Schoenwolf, 1993) (Figure 1 II). As the primitive streak 

regresses, the precardiac mesoderm migrates medially, and by HH stage 7 

(Hamburger and Hamilton, 1951) fuses at the midline to form a crescent analogous to 

the horseshoe shaped region described in the mouse. The embryo folds ventrally 

bringing the cardiac rudiments together to fuse at the ventral midline by HH stage 10. 

This fusion begins rostrally and proceeds caudally. Myocardial gene expression 

begins in the rostral regions of the cardiogenic plate at HH stage 8, prior to fusion 

and proceeds caudally (Bisaha and Bader, 1991; Yutzey and Bader, 1995).

Heart development

Until the looping stage, the processes of heart formation in all vertebrates 

studied are very similar (Fishman and Chien, 1997). The presumptive cardiac 

compartments; outflow tract, ventricles, atrium and inflow tract, are aligned along he 

anterior-posterior axis of the linear heart tube. In chick, it has been shown that the 

compartments arise from separate cardiac cell lineages specified prior to linear heat 

tube formation (Garcia-Martinez and Schoenwolf, 1993) (Figure 3 I). Looping cccirs 

first in a rightward and rostro-caudal direction, assigning a characteristic S-shap^ 

morphology on the heart tube (Figure 3 II and III). During cardiac looping the add
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Figure 3. The main anatomical events of cardiac looping morphogenesis and 

chamber formation in higher vertebrates

(I) Cells in the anterior-lateral mesoderm cluster in a region known as the cardiogenic 

plate. In chick, distinct populations within the cardiogenic plate are specified along 

the anterior-posterior axis to form particular regions of the linear heart tube. A 

(atrium), V (ventricle) and CT (conotruncus). (II) Cardiogenic cells then proliferate 

and condense into a simple muscular heart tube on the ventral midline. AS (aortic 

sac), RV (right ventricle) and LV (left ventricle). The conotruncus and aortic sac 

constitute the proximal and distal portions of the outflow tract respectively. (Ill) This 

symmetrical structure loops to bring the future cardiac compartments into their final 

conformation in the multi-chambered heart. (IV) Valve formation, septation of the 

atria and ventricles, and division of the distal outflow tract into the aorta (Ao) and 

pulmonary artery (PA) is required before the heart can properly function the foetal 

circulatory system.
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and ventricular chambers and outflow tract become morphologically identifiable, and 

a complex series of morphogenetic movements brings them into the correct 

apposition for later heart function. Arterial flow is directed from the ventricle at the 

anterior end of the heart tube through the outflow tract, consisting of the conotruncus 

and aortic sac. Blood returns to the heart through the venous system through the 

inflow tract (sinus venosus) into the atrial chambers (Figure 3 II). With the advent of 

lungs comes the need to separate deoxygenated blood and oxygenated blood during 

its passage through the heart. In mammals and birds, this is achieved by the 

development of the pulmonary artery and aorta following the division of the outflow 

tract, and by the development of structural septa between ventricles and atrium 

(Figure 3 IV). In Xenopus, there is a single ventricle, but the passage of blood 

through the ventricle occurs such that deoxygenated and oxygenated blood flow 

through it in separate streams.

In Xenopus, cardiac looping begins at stage 33/34, so the heart tube shows the 

characteristic S-shape at stage 35/36 (Nieuwkoop and Faber, 1956). By this stage the 

heart has started beating and the tadpole is free swimming. Around stage 38 the 

cardiac chambers become morphologically distinct, with the common atrium linked 

posteriorly to the sinus venosus, and lying dorsally to the ventricle. At stage 41 the 

myocardium of the conotruncus and ventricle becomes thickened and trabeculae 

develop in the ventricle. During the next day of embryogenesis, the heart valves form 

and a partition in the atrium develops. The interatrial septa is completed by stage 45,



with the result that the sinus venosus opens into the right atrium and the vena 

pulmonosis into the left one.

In higher vertebrates, later heart development has been most extensively 

studied in the mouse (Kaufman, 1992). Soon after the formation of the linear heart 

tube, the heart begins to beat and the rightward loop commences. In embryos with 8- 

10 pairs of somites (8.5 days p.c.), the primitive heart is clearly S-shaped with an 

enlarged ventricular loop in direct continuity with the outflow tract. Concomitant 

with the division of the outflow tract into the pulmonary artery and aorta (Figure 3 

IV) beginning in embryos with 30-34 somites (10 days p.c.), the sinus venosus and 

common atrial chamber become clearly visible. Interventricular and interatrial septa 

and the heart valves are formed in the next two days of development, such that the 

foetal circulatory system is complete and functioning in embryos with 52-55 pairs of 

somites (12.5 days p.c.).

Skeletal muscle development

During embryogenesis cardiac and skeletal myocytes have different 

mesodermal origins from the earliest point identifiable, with skeletal muscle situated 

more laterally than the heart in the paraxial mesoderm (Figure 1). Skeletal muscle of 

the vertebrate body is derived from segmental blocks of paraxial mesoderm (somites) 

which form either side of the neural tube. In the mouse somitogenesis begins from 8 

days p.c. and proceeds in a rostral-caudal gradient. The newly formed somites rapidly 

differentiate dorsally into dermomyotome, and ventrally into sclerotome (the
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presumptive vertebral column). The dermomyotome is subsequently subdivided 

further into the dermatome, (the presumptive dermis of the back), and the myotome 

which contains the skeletal muscle precursors. Somitogenesis is completed around 13 

days p.c. when the mouse embryo has 65 pairs of somites (50 in chick). In 

comparison with the heart, skeletal muscle differentiation is initiated later in murine 

embryogenesis. Skeletal muscle contractile genes are expressed in the myotome 

beginning from 8.5 days p.c., when the embryo has 8-10 somites (Buckingham,

1992).

In Xenopus, paraxial mesoderm is derived from the lateral portion of the 

marginal zone in early gastrula embryos (Figure 2 I). Presomitic cells become 

histologically distinct from neighbouring notochordal and lateral mesoderm toward 

the end of gastrulation by a change in cell shape and orientation (Youn et al., 1980). 

Segmentation of the somitic plate to form the somites begins shortly after during 

early neurulation (Figure 2 II). Segregation of somites occurs sequentially in an 

rostral-caudal direction, such that by stage 33 the skeletal muscle is arranged in 

segmented blocks along the length of the tadpole (Figure 2 IV). Somitogenesis in 

organisms with free-swimming embryonic forms, such as Xenopus and zebrafish, is 

unusual compared with other vertebrates, because virtually the entire somite develops 

as myotome. This difference between Xenopus and birds and mammals appears to 

accelerate the development of functional skeletal muscle, such that expression of 

contractile genes precedes the formation of the first somite, for example, the Xenopus 

muscle a-actins are detected in the paraxial mesoderm toward the end of gastrulation

- 11 -



(Mohun et al., 1984). Therefore, there is approximately a day between the onset of 

dorsally located skeletal muscle differentiation and cardiac muscle differentiation on 

the ventral midline during Xenopus embryogenesis.

Summary

Taken together, cardiogenesis in mammals, birds and amphibians is 

remarkably similar (Figure 1). In each vertebrate the developmental fate of the heart 

precursors is specified early during gastrulation in the dorso-lateral portion of the 

embryo. The precardiac cells then migrate to the ventral midline where myogenesis 

and heart development ensues. During early gastrula stages, the developmental fate 

of heart progenitor cells is not fixed, such that if the cells were placed into 

presumptive paraxial mesoderm they would develop as skeletal muscle. They are 

only later determined or committed to a cardiac fate as the result of inductive 

interactions during the course of gastrulation. The embryological studies which 

elucidated the nature of these inductive interactions, and the candidate molecular 

signals responsible for cardiac commitment are now considered.

Commitment to a cardiac cell fate

The critical events in heart commitment in Xenopus and chick embryos occur 

during gastrulation (Sater and Jacobsen, 1989; Montgomery et al., 1994). Two of the 

tissues that neighbour the precardiac mesoderm have been proposed as the source of 

cardiomyogenic signals. The first is the organiser (node in chick), which lies 

medially to the cardiac primordia during early gastrula stages. The second is the

- 1 2 -



underlying anterior endoderm, which lies in close contact with the mesoderm fated to 

give rise to heart from gastrulation until terminal differentiation on the ventral 

midline. In mouse, the timing of cardiac commitment has not been established, 

however, heterochronic transplantation studies show that non-cardiac portions of the 

mouse epiblast will contribute to the heart when transplanted directly to the site of 

linear heart tube formation (Tam et al., 1997). This unexpected result demonstrates 

that ingression through the primitive streak during gastrulation is not essential for 

cells to be committed to a cardiac fate, but suggests that cardiac fate can result from 

the influence of adjacent tissues.

Influence of the organiser and anterior endoderm

Xenopus embryos lacking the organiser region of the dorsal marginal zone 

during early gastrula stages fail to form heart tissue, despite the presence of 

presumptive cardiac mesoderm (Sater and Jacobson, 1990). Transplantation of the 

organiser into ventral marginal zone of host embryos results in the formation of a 

secondary axis. In many cases this secondary axis includes a heart derived from the 

host mesoderm (Sater and Jacobson, 1990). The organiser in Xenopus appears to 

provide only a weak or partial cardiogenic signal, because removal of the anterior 

endoderm from cardiac primordia dissected at gastrula stages dramatically reduces 

the frequency of heart formation in the explants (Nascone and Mercola, 1995). 

Moreover, respecification of the host ventral mesoderm to induce heart formation by 

an organiser graft is only successful if the graft contains anterior endoderm in 

conjunction with the organiser. This suggests a multistep process of heart induction
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in Xenopus, in which mesoderm dorsalised by the organiser responds to direct heart 

inducing signal(s) from the anterior endoderm.

Explant studies in chick cardiogenesis point to an instructive role for anterior 

endoderm in heart formation. Schultheiss and co-workers found that tissue from the 

posterior primitive streak (PPS), which normally will give rise to blood islands, will 

differentiate into beating cardiac myocytes when co-cultured with anterior lateral or 

anterior central endoderm (Schultheiss et al., 1995). Placement of a filter between the 

inducing (anterior endoderm) and responding (PPS) tissues did not block induction, 

indicating that the inductive interaction does not require cell-cell contact. In addition 

to an instructive role in heart development, anterior endoderm has also been 

suggested to exert a formative effect on heart morphogenesis after its initial 

induction. Experiments performed in chick and Xenopus demonstrate a role for 

anterior endoderm in enhancing cardiomyocyte differentiation and the degree of heart 

tube morphogenesis in committed cardiac mesodermal explants (Antin et al., 1994; 

Tonegawa et al., 1996).

Signalling molecules regulating cardiac differentiation

Despite the considerable differences in their anatomy and complexity, there is 

mounting evidence that the hearts of insects and vertebrates share a common 

evolutionary origin. The Drosophila heart (dorsal vessel) closely resembles the linear 

heart tube of early vertebrate embryos before it undergoes looping morphogenesis. 

Furthermore, it has recently become apparent that the similarities extend to the
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mechanisms that regulate early cardiac development, which involve related signalling 

molecules and transcription factors. This insight has established Drosophila as a 

valuable model system for early cardiogenesis.

Decapentaplegic {Dpp), a member of the TGFp superfamily of signalling 

molecules has been shown to be required for the formation of heart progenitors in the 

fruitfly, Drosophila menalogaster. After gastrulation, Dpp is expressed in the dorsal 

ectoderm, and induces the underlying mesoderm to form heart, visceral and somatic 

(body wall) musculature (Frasch, 1995). Tinman, a homeobox gene of the NK 

transcription factor family is a pivotal effector gene downstream of Dpp in dorsal 

mesoderm induction. Similar to Dpp, tinman is critically required for the formation 

of dorsal mesodermal derivatives, including the heart, visceral and somatic muscles 

(Azpiazu and Frasch, 1993; Bodmer, 1993).

Dpp signals to the mesoderm by activating a type I TGFp receptor {thick 

veins) present on the surface of dorsal mesodermal cells, which in turn 

phosphorylates cytoplasmic SMAD proteins called Mad and Medea. This triggers 

translocation of a SMAD complex to the nucleus, which ultimately leads to the 

transcriptional activation of target genes in the dorsal mesoderm. Functional 

dissection of the tinman gene control regions identified a 350bp Dpp response 

element that is active in the dorsal mesoderm encompassing the heart precursors (Yin 

et al., 1997). This element contains several binding sites for the Drosophila SMAD
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protein, Medea, which are essential but not sufficient for induction by Dpp (Xu et al., 

1998).

A number of Dpp-related proteins, the bone morphogenetic proteins (BMPs) 

have been isolated in vertebrates. During chick development precardiac mesoderm is 

in contact with BMP-expressing tissue during the period when it becomes committed 

to a cardiac fate. Ectoderm overlying the presumptive heart mesoderm first expresses 

Bmp4 transcripts, then Bmp2 and Bmp7 are present in the endoderm which underlies 

the precardiac mesoderm (Schultheiss et a l, 1997). Placement of BMP2 or BMP4 

laden beads in the anterior medial mesoderm of embryos induced ectopic expression 

of a chick tinman homolog, Nkx2-5, an NK family transcription factor which marks 

early vertebrate cardiac lineages. Whilst soluble BMP2 or BMP4 induced full cardiac 

myogenic differentiation of non-cardiac (anterior medial) mesoderm in explant 

culture (Schultheiss et al., 1997). The localisation of Bmp2 to tissues adjacent to the 

heart-forming regions in Xenopus (Clement et al., 1995) and mouse (Lyons et al., 

1995c) suggests that the cardiogenic role of BMPs maybe conserved in other 

vertebrates.

BMP signalling can induce heart formation only in the anterior and not the 

posterior mesoderm, either by implantation of BMP soaked beads or by the culture of 

explants in the presence of soluble BMP protein. In contrast, anterior endoderm can 

induce cardiogenesis in cells from the posterior tissues whose normal fate is blood 

(Schultheiss et al., 1995). This suggests that anterior endoderm contains an additional
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activity that specifies an anterior mesodermal domain, and that cardiac commitment 

occurs where the anterior activity and BMP signalling overlaps, in the anterior lateral 

region (Schultheiss et al., 1997). A candidate for this second signal is fibroblast 

growth factor (FGF4), expressed in the endoderm of gastrula stage chick embryos 

(Sugi and Lough, 1995). FGF4 in combination with BMP2 can induce cardiac 

differentiation in explanted HH stage 6 chick lateral plate tissue, which does not 

normally form heart (Lough et al., 1996).

Summary

The initial steps in committing heart precursors to a cardiomyocyte fate occur 

during gastrulation. First, dorso-lateral cells of the newly formed mesoderm are 

patterned by signals from the organiser and/or adjacent anterior endoderm. Molecular 

candidates for this signal include FGF4 along with several other proteins expressed in 

the early gastrula embryo that have mesodermal patterning ability. Subsequent 

exposure of these mesodermal cells to a BMP signal then results in the formation of 

presumptive heart tissue. The signalling molecules, Dpp!BMPs , act on mesoderm 

through an inductive interaction and their spatial restriction serves to define the area 

of cardiac commitment. The downstream targets of such signalling molecules are 

transcription factors, such as tinman/Nkx2-5, expressed in the precardiac mesoderm, 

which direct terminal differentiation into cardiac muscle.
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The contractile apparatus of striated muscle

Striated muscle can be divided into two groups; mononucleated cardiac 

muscle, composed of atrial (A) and ventricular (V) cardiomyocytes, and 

multinucleate skeletal muscle, which contains fast twitch (F) and slow twitch (S) 

fibres. At the subcellular level the dominant feature of striated muscle is the 

sarcomere. Thick and thin filaments within the sarcomere combine with strict 

stoichiometry to provide the building block of the contractile apparatus. Thick 

filaments are composed of myosin, which consists of two myosin heavy chains 

(MHC), and four light chains; two myosin regulatory light chains (MLC2) and two 

alkali light chains (MLC1 and MLC3). The major components of the thin filament 

are actin, tropomyosin, and the troponin complex, which consists of three subunits; 

troponin C (TnC), troponin T (TnT), and troponin I (Tnl). Cardiac and skeletal 

muscles also contain numerous other proteins required for their metabolic and 

electrophysiological functions. These include enzymes, such as the enzyme muscle 

creatine kinase (MCK), and the structural protein, desmin, which together with 

contractile genes act as markers for the terminal differentiation of striated muscle.

Contractile protein isoforms

Almost all of the contractile proteins that comprise the sarcomere exist as 

multiple isoforms that derive from multigene families. Additional isoforms can be 

generated from a single gene through alternative spilicing or the use of alternative 

promoters. Different striated muscles, are composed of cells that express a range of 

isoforms, some common, and some unique to that muscle type. This isoform diversity
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is thought to underlie the unique physiological characteristics of different striated 

muscle cell types.

Regulation of isoform expression

One isoform in a gene family usually predominates in a particular type of 

adult muscle, for example, skeletal a-actin is the main isoform in adult skeletal 

muscle, as cardiac a-actin is in the heart (Mohun et al., 1984; Lyons, 1994).

However, such restricted patterns of expression are not usually found in embryonic 

stages of development. Skeletal a-actin and cardiac a-actin are co-expressed in the 

embryonic somites and heart. Recent studies have identified some embryonic muscle 

type specific isoforms. In Xenopus, these include an MLC2 isoform (Chambers et al.,

1994), an MHCa isoform (Logan and Mohun, 1993), and a Tnl isoform (Drysdale et 

al., 1994), all of which are restricted to cardiac muscle. Embryonic somite-specific 

contractile isoforms have also been identified, for instance, MLC1/3F (Theze et al.,

1995).

The appearance of contractile gene transcripts in the newly formed cardiac 

tube of the mouse embryo correlates well with the early onset of function. At 8 days 

p.c., mRNAs for the sarcomeric genes, MHCa, MHCB, MLC1A, MLC1V, cardiac a - 

actin and skeletal a-actin are all detected in the murine myocardium (Lyons, 1994). 

Most contractile genes are detected in all myocytes as the heart begins to contract, 

but at least two genes appear to be expressed only in a subset of cardiomyocytes in 

the mouse embryo. MLC2V transcripts are restricted to ventricular myocytes at 8
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days p.c. (Chien et al., 1993), representing the earliest known marker of the 

ventricular myocyte lineage in mouse. Atrial natriuretic factor (ANF) transcripts, a 

protein secreted from cardiomyocytes, are also detected in a subpopulation of 

myocardial cells at this time (Zeller et al., 1987). As cardiac development proceeds, 

further regional specialisation of gene expression within the myocardium is seen. For 

example, the MLC2A gene is expressed throughout the primitive heart tube at 8 days 

p.c., but becomes localised to the atrial chambers from 12 days p.c. (Kubalck et al.,

1994).

Transcriptional control in muscle

Multiple families of myogenic transcription factors have been identified 

whose expression is associated with the specification of striated muscle lineages prior 

to terminal differentiation. Three classes of transcription factors important in one but 

not the other striated muscle type have been characterised at present, namely, the 

MyoD family in skeletal muscle, and the Nkx and GATA families in cardiac muscle. 

Whilst members of the MADS box family of transcriptional regulators (Myocyte 

Enhancer Factor (MEF2)) are found in both muscle cell types. The relative 

contributions of these proteins to myocyte commitment and differentiation is now 

examined.

Regulation of skeletal muscle differentiation

Four myogenic basic helix loop helix (bHLH) proteins, MyoD, Myogenin, 

Myf5 and Mrf4, can each activate the complete program for skeletal muscle
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differentiation when introduced into non-muscle types (Weintraub et al., 1991). The 

bHLH motif mediates dimerisation of the myogenic factors with ubiquitous bHLH 

proteins known as E proteins, resulting in heterodimeric complexes that bind to the 

E-box consensus sequence (CANNTG) (Murre et al., 1989) which are present in the 

control regions of most, but not all skeletal muscle-specific genes. During 

embryogenesis, the myogenic bHLH factors show overlapping but distinct expression 

patterns in the skeletal muscle lineages. Myf5 is the first member to be expressed in 

the mouse, appearing in the dorso-medial part of the dermomyotome beginning at 8 

days p.c.. Myogenin is expressed in the myotome about half a day later, and Mrf4 

and MyoD are expressed beginning at 9.5 days p.c. and 10.5 days p.c. respectively 

(Buckingham et al., 1992). Gene knockouts have shown that MyoD and Myf5 play 

redundant roles in the generation of myoblasts, the double mutant not only lacks 

skeletal muscle, but the precursor myoblast population is also absent (Rudnicki et al., 

1993). Myogenin appears to direct myoblast differentiation (Hasty et al., 1993), 

whilst Mrf4, expressed late in muscle differentiation may share some functions with 

Myogenin (Zhang et al., 1995).

In Xenopus, MyoD transcripts accumulate in the mesoderm during early 

gastrulation, apart from the most dorsal cells of the marginal zone. As gastrulation 

proceeds expression of MyoD becomes higher in the dorso-lateral mesodermal cells 

of the ventral marginal zone, and in later stages is restricted to the myotome 

(Hopwood et al., 1992). A direct target for transcriptional activation by MyoD in the 

somites is cardiac a-actin (Taylor et al., 1991). Xenopus Myf5 is also expressed in
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the mesoderm prior to the formation of the somites, but unlike MyoD, is expressed 

only transiently and transcripts are largely restricted to posterior somitic mesoderm 

(Hopwood et a l , 1991). In Xenopus, transcripts of myogenin are never detected and 

Mrf4 is only activated after muscle differentiation has begun (Jennings, 1992).

Recent evidence has suggested that MEF2 proteins act as co-factors with 

myogenic bHLH heterodimers to activate skeletal muscle-specific expression 

(Molkentin et a l, 1995; Black et a l, 1998). Synergistic activation of transcription by 

these two factors requires that only one of the two types of proteins is bound to DNA. 

The bound factor is then capable of recruiting the second factor through direct 

protein-protein interactions which requires the bHLH domain of the MyoD family 

member. These protein-DNA interactions may also occur on native promoters as both 

the Mrf4 and desmin genes appear to be synergistically activated by co-expression of 

bHLH and MEF2 factors (Li and Capetanaki, 1994; Naidu et a l, 1995). Forced 

expression of MyoD in non-muscle cells induces MEF2 factors, suggesting MEF2 

lies downstream of the myogenic bHLH proteins (Cserjesi and Olson, 1991; 

Chambers et a l, 1994). However, a MEF2 binding element within the myogenin 

promoter has been shown to be essential for transcription in cultured muscle cells and 

transgenic mouse embryos (Edmondson et a l, 1992; Yee and Rigby, 1993).

Similarly, the Xenopus MyoD gene is positivley regulated by a MEF2 site that 

overlaps the TATA box (Leibham et a l, 1994). Together, these findings suggest that 

myogenic bHLH and MEF2 factors are involved in reciprocal regulatory circuits that 

amplify and maintain the expression of both families of regulators.
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Regulation of cardiac muscle differentiation

None of the myogenic bHLH factors isolated so far are expressed in cardiac 

muscle, and despite intensive study, no equivalent factors capable of converting non

muscle cells into cardiomyocytes have been detected in the heart. However, several 

families of transcription factors, Nkx/tinman, MEF2, and GATA have been 

implicated in cardiomyocyte commitment and differentiation by two criteria; firstly, 

their expression in cardiac progenitors, and secondly, through the identification of 

functional target sites in the control sequences of contractile genes expressed in 

cardiac muscle. At least two of these families, Nkx/tinman and MEF2 are conserved 

in this role from fly to mouse (Figure 4).

Nkx/tinman

Drosophila has a primitive heart-like structure known as the dorsal vessel that 

contracts rhythmically and pumps haemolymph through an open circulatory system. 

The dorsal vessel contains cardial cells which resemble vertebrate cardiac muscle and 

pericardial cells. The pericardial cells have ultrastructural features of excretory cells 

and are thought to function in the ultrafiltration of haemolymph. Shortly after 

mesoderm formation the NK homeodomain transcription factor tinman is expressed 

throughout the prospective trunk mesoderm. Following gastrulation, tinman 

expression becomes restricted to the dorsal mesoderm (under the influence of Dpp), 

and later, tinman is expressed transiently in a portion of the visceral mesoderm and 

permanently in the cardiogenic mesoderm, remaining on in cardial and pericardial
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Figure 4. Conservation in the cell commitment and differentiation machinery in 

heart development from Drosophila to mouse.

In fruitfly and vertebrates, cardiac commitment depends upon signalling by members 

of the TGF6 family (Dpp in fly, and BMP2/4 in vertebrates). In Drosophila it has 

been shown that tinman is a direct transcriptional target for Dpp signalling. In 

vertebrates, downstream targets for BMP2/4 might include Nkx and GAT A factors, 

co-expressed in the precardiac mesoderm during gastrulation stages. MEF2 factors 

are then expressed in the precardiac mesoderm with Nkx and GAT A factors to direct 

terminal differentiation into cardiomyocytes. Loss of function mutations in the mouse 

have implicated the bHLH transcription factors dHAND and eHAND, and Nkx2-5 

and MEF2C in heart looping morphogenesis. The observation that these defects occur 

during relatively late stages of cardiac morphogenesis in vertebrates suggests that the 

early cardiogenic functions confined to single regulators in flies are distributed 

amongst several related family members in higher organisms. MEF2C and dHAND 

are critical for chamber specification, because in both null mutants the right ventricle 

is missing from the looped heart tube (Fishman and Chien, 1997).
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cells until the end of embryogenesis (Bodmer et a l , 1990). Loss of function 

mutations in tinman results in the complete absence of the dorsal vessel and its 

precursor cells, indicating that tinman provides a necessary function required for the 

formation of precardiac mesoderm prior to its terminal differentiation into 

cardiomyocytes (Figure 4) (Azpiazu and Frasch, 1993; Bodmer, 1993).

Searches for genes related to tinman in vertebrates resulted in the 

identification of the NK2 class of transcription factors. Sequence comparisons 

between tinman and the vertebrate NK2 family revealed two regions of homology, 

the DNA binding homeodomain, located in the centre of the protein, and a 

decapeptide TN domain in the N-terminal region. Vertebrate homologs have two 

additional conserved domains not found in tinman; the NK2 domain just C-terminal 

to the homeodomain, and a 5 amino acid GIRAW sequence at the C-terminus 

(Newman and Krieg, 1998). Binding site selection studies have been carried out for 

tinman (Tsao et al., 1994), mouse Nkx2-5 (Chen and Schwartz, 1995) and Xenopus 

Nkx2-3 (Mohun, 1997). In all cases the high affinity sites conform to the consensus 

T(C/T)AAGTG, from which NK2 family members can activate transcription 

(Mohun, 1997). Outside the homeodomain, the role of the other conserved regions is 

unknown, and little is known about how NK2 transcription factors function in vivo.

Out of the six NK2 genes known in mouse, only Nkx2-5 is expressed 

extensively in the heart. Transcripts of Nkx2-5 can be detected in the cardiogenic 

plate when cells of the anterior splanchnic mesoderm assume a cuboidal morphology,
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the first physical sign of the committed state (Lints et al., 1993), as well as in the 

pharyngeal endoderm. Nkx2-5 expression persists in all myocardial cells during heart 

development from the sinous venosus to the aortic sac, whereas, Nkx2-5 transcripts 

are absent from the endocardial cells. In chick, expression of Nkx2-5 is first detected 

at HH stage 5 (Schultheiss et al., 1995), and in Xenopus, Nkx2-5 transcripts 

accumulate from mid-gastrula stages (Tonissen et al., 1994). In both cases Nkx2-5 is 

expressed at a time consistent with a role in the commitment of putative cardiogenic 

cells.

Gene targeting of Nkx2-5 in mouse results in embryonic lethality at 

approximately 9.5 days p.c. as the result of abortive cardiac development (Lyons et 

al., 1995b). A linear heart tube forms in Nkx2-5-deficient embryos and most 

contractile genes are expressed except for MLC2V. The reasons for a less severe 

phenotype relative to tinman mutants in Drosophila may be accounted for by 

functional redundancy amongst closely related NK2 family members in vertebrates 

during early cardiac development. This notion is supported by the description of three 

tinman homologs, Nkx2-3, Nkx2-5 and Nkx2-9 in Xenopus (Tonissen et al., 1994; 

Evans et al., 1995; Newman and Krieg, 1998). Expression of Nkx2-3 and Nkx2-5 

begins during gastrulation, and from neurula stages becomes restricted to precardiac 

mesoderm and pharyngeal endoderm in an overlapping manner. As development 

proceeds, the region of Nkx2-3 and Nkx2-5 expression remains centred on the 

presumptive heart, but becomes smaller so that it eventually corresponds to 

differentiated heart tissue. Nkx2-9 is detected at late neurula stages and in contrast to
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Nkx2-3 and Nkx2-5 disappears from the heart near the time of contractile gene 

expression. Ectopic expression of Nkx2-3 or Nkx2-5 by mRNA injection into 

cleaving Xenopus embryos results in an enlarged heart phenotype in otherwise 

normal embryos (Cleaver et al., 1996). A similar increase in heart size by forced 

expression of Nkx2-5 has been reported in zebrafish embryos (Chen and Fishman, 

1996). Forced expression of Nkx2-5 in a zebrafish cell line induces cardiac 

differentiation markers, indicating that Nkx2-5 genes may show cardiomyogenic 

properties in certain cell lines, but these are not comparable to the potent skeletal 

myogenic activities of the MyoD transcription factor family.

One probable target for murine Nkx2-5 is the cardiac ANF gene which 

contains two NK2 binding sites in the proximal region of its promoter called NKE. 

Disruption of the NKE sequence attenuates ANF promoter activity in primary 

cardiomyocyte cultures (Durocher et al., 1996). In Drosophila, D-MEF2 is a direct 

target for tinman (Gajewski et al., 1997). Two consensus binding sites for tinman are 

included in a 237bp cardiac enhancer which drives expression in the dorsal vessel, 

located approximately 6kb upstream of the gene. Mutation of either or both tinman 

binding sites abolishes all expression from the enhancer in transgenic flies. These 

findings suggest the existence of a regulatory hierarchy amongst transcription factor 

gene expression during cardiogenesis in Drosophila (Figure 4).
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MEF2

Myocyte enhancer factor 2 (MEF2) was originally identified as a DNA 

binding activity from muscle cells recognising an A/T rich element that was 

necessary for full activity of the MCK enhancer (Gossett et al., 1989). Subsequently 

MEF2 sites have been found in the control regions of numerous muscle-specific 

genes, and have been demonstrated to be important for cardiac and skeletal muscle 

gene expression. MEF2 proteins bind the consensus DNA sequence 

(T/C)TA(A/T)4TA(G/A) as homodimers or heterodimers and function as strong 

transcriptional transactivators (Olsen et al., 1995).

The cloning of four vertebrate MEF2 genes (MEF2A-D) has revealed that the 

MEF2 proteins belong to the MADS box family of transcriptional regulators which 

includes serum response factor (SRF) (Pollock and Triesman, 1991). The MADS box 

is a 57 amino acid motif located at the extreme N-terminus that mediates DNA 

binding and dimerisation (Shore and Sharrocks, 1995). The MEF2 proteins share 

greater than 80% amino acid identity within the MADS domain and adjacent 29 

amino acid region known as the MEF2 domain, not found in other MADS box 

proteins. The divergent C-terminal region contains the transactivation domain and is 

subject to complex patterns of alternative splicing (Figure 5) (Breitbart et al., 1993). 

MEF2 proteins interact with myogenic bHLH proteins to activate skeletal muscle 

gene expression. Amino acids in the MADS and MEF2 domains appear to be the 

determinants of this protein-protein interaction (Molkentin et al., 1995).
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Figure 5. Schematic diagrams of the four vertebrate MEF2 factors.

DNA binding and dimerisation of MEF2 gene products is mediated by the conserved 

MADS box and MEF2 domain. Amino acids in the MADS/MEF2 region are also 

important for interactions with accessory factors, for example, heterodimerisation 

with myogenic bHLH proteins in the skeletal muscle lineage. The more divergent C- 

terminal region of MEF2 factors is the transactivation domain. Alternative exons 

within the C-terminal region are indicated, along with the number of amino acids 

present in the larger form of each MEF2 protein (Black and Olsen, 1998).
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The role of MEF2 in myogenesis has been demonstrated most clearly in 

Drosophila which contains a single MEF2 gene, D-MEF2. The MADS and MEF2 

domains of the D-MEF2 protein share greater than 85% amino acid identity with the 

corresponding regions of the vertebrate MEF2 factors. During embryogenesis, D- 

MEF2 expression is initiated during gastrulation within the striated myogenic 

precursor cells and continues to be expressed in the differentiated somatic and 

cardiac muscle lineages. Inactivation of D-MEF2 results in embryos with skeletal and 

cardiac muscle cells correctly specified and positioned, but unable to express muscle 

differentiation genes (Lilly et a l, 1995). In the cardiac lineage, the dorsal vessel is 

formed, yet the myosin subunit genes, including MLC2, are not detected 

(Ranganayakulu et al., 1996). Consistent with the notion that myogenic bHLH 

factors depend on MEF2 for muscle differentiation, nautilus , the Drosophila MyoD 

homolog, is expressed normally in somatic precursor cells of D-MEF2 mutant 

embryos, but is unable to initiate the myogenic program. These results indicate that 

D-MEF2, despite early expression in muscle precursors, acts at a relatively late stage 

in different myogenic lineages to control contractile isoform expression (Figure 4).

During vertebrate embryogenesis the MEF2 genes are expressed in the 

precursors of striated muscle and their descendants. MEF2B and MEF2C are the first 

members of the family to be expressed in the mouse, with transcripts appearing in the 

precardiac mesoderm at 7.5 days p.c. (Edmonson et al., 1994; Molkentin et al.,

1996), prior to contractile gene expression. By heart looping stages MEF2A and
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MEF2D are observed, co-expressed with MEF2B and MEF2C throughout the 

myocardium. Concomitant with heart expression, MEF2 factors are also expressed 

within the somitic myotome beginning with MEF2C at 9 days p.c., with MEF2A, 

MEF2B, and MEF2D expressed half a day later. Null MEF2C embryos appear 

normal until 9 days p.c., when growth is retarded indicative of cardiac insufficiency. 

In contrast to normal embryos where the heart tube initiates rightward looping to 

form the right ventricular chamber at 8.5 days p.c., the heart tubes of mutant embryos 

do not loop and the future right ventricle fails to form (Lin et al., 1997). MEF2C 

mutants also fail to express a panel of cardiac-specific genes including ANF, 

cardiac a-actin, and MHCa, whilst others, such as MLC2V and MLC2A are 

expressed at normal levels and correctly localised.

In addition to their expression in muscle cells, members of the MEF2 family 

are expressed at high levels in the developing central nervous system. In vertebrates, 

each MEF2 gene shows a unique expression pattern in different regions of brain 

(Leifer et al., 1993; Leifer et al., 1994; Lyons et a l, 1995a). In Drosophila, D-MEF2 

is also expressed in neurons within the mushroom bodies, which function as the 

learning centre, as well as in optic neurons (Schulz et al., 1996). Embryos which lack 

MEF2 die from muscle defects prior to the development of the nervous system, 

therefore, the functions of MEF2 in neural development in Drosophila or any other 

organism has not been determined.
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Two MEF2 family members, MEF2D (also called SRF-Hke SL1) and MEF2A 

(SL2) are expressed during early development in Xenopus. Zygotic expression of 

MEF2D is first detected in mid-gastrulation (stage 11.5), before detection of any 

skeletal muscle differentiation markers such as cardiac a-actin (Mohun et al., 1984). 

Whereas, zygotic MEF2A transcripts do not accumulate until neurulation (stage 14), 

several hours after terminal differentiation of somitic muscle has commenced 

(Chambers et al., 1992). In addition to expression in the dorsally localised somitic 

mesoderm, MEF2D transcription begins in the anterior-ventral region of the neurula 

embryo as early as stage 21. This region encompasses the prospective cardiac 

mesoderm which differentiates during late tailbud stages to express contractile 

proteins such as cardiac a-actin, MHCa, and MLC2 several hours later. Indeed, the 

MLC2 gene is activated in cultured animal pole explants by overexpression of 

MEF2D mRNA, but not MEF2A mRNA, injected into fertilised Xenopus eggs. 

XMLC2 activation is not the result of cardiomyogenic conversion of the explant 

tissue because neither cardiac a-actin or MHCa are expressed in the explants. This 

specificity suggesting that MLC2 is a transcriptional target for activation by MEF2D, 

and provides evidence that individual MEF2 family members have distinct regulatory 

function in vivo (Chambers et al., 1994).

GATA

GAT A transcription factors are zinc finger proteins known to bind DNA and 

transactivate target genes through the GATA binding site, (A/T)GATA(A/G) (Ko and 

Engel, 1993). Based on their expression patterns, the GATA proteins have been
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divided into two subfamilies: GATA 1/2/3 which are expressed in haematopoietic 

progenitors (Pevny et al., 1991), and GATA4/5/6 which are expressed in the 

mesodermal precursors that give rise to the heart as well as in the endoderm of the 

gut epithelium (Arceci et al., 1993). In the mouse, transcripts of GATA4/5/6 

accumulate in the precardiac splanchnic mesoderm at 7.5 days p.c.. Thereafter, 

GATA4/5/6 are detected in the myocardium throughout the atria and ventricles and 

outflow tract. GATA5 can be distinguished from GATA4 and GATA6 at this stage 

by expression in endocardial cells of the atrial chambers (Morrisey et al., 1996; 

Morrisey et al., 1997).

GATA4 has been implicated in cardiac development by its ability to regulate 

a number of cardiac-specific genes including MHCa, cardiac TnC and ANF (Grepin 

et al., 1994; Ip et al., 1994; Molkentin et al., 1994). Furthermore, stabily transfected 

P19 embryonic carcinoma cells that express antisense GATA4 transcripts have been 

shown to be deficient in their ability to differentiate into cardiomyocytes in the 

presence of DMSO (Grepin et al., 1995). However, targeted disruption of mouse 

GATA4 does not support a role for this gene in cardiac differentiation. Homozygous 

GATA4 deficient mice die between 8.5 and 10.5 days p.c. lacking a ventrally located 

heart tube (Kuo et al., 1997; Molkentin et al., 1997), which instead develops as two 

lateral unfused heart tubes which express a range of cardiac restricted genes, 

including Nkx2.5, GATA6, MHCa, MLC2V, cardiac Tnl and ANF. Thus, 

demonstrating that GATA4 null embryos contain differentiated cardiomyocytes. One 

explanation of these results is functional redundancy amongst the GATA factors in
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cardiac development. They also indicate an additional role for GATA4 in the 

completion of rostral-to-caudal and lateral-to-ventral folding of the mouse embryo.

In chick and Xenopus, the genes encoding GATA4/5/6 are expressed from 

gastrula stages in overlapping but distinct patterns in the heart and gut progenitors 

(Laverriere et al., 1994; Jiang and Evans, 1996; Gove et al., 1997). Injection of 

GATA4 and GATA5 RNA into developing Xenopus embryos activates cardiac- 

specific transcription prior to the normal time of heart differentiation (Jiang and 

Evans, 1996). In contrast, injection of GATA6 in Xenopus embryos appears to delay 

the terminal differentiation in the myocardium (Gove et al., 1997). This result is 

consistent with expression data showing transcripts for GATA4 and GATA5 

accumulating throughout heart tube development, whilst levels of GATA6 transcripts 

decline prior to contractile isoform expression in the cardiac anlage. On the basis of 

this, it has been proposed that GATA4 and GATA5 act to drive cardiomyocyte 

differentiation, whereas, GATA6 may function to maintain heart cells in a precursor 

state (Gove etal., 1997).

Subprograms of gene regulation in cardiac muscle

During looping stages the heart tube is subdivided along its anterior-posterior 

axis into atrial and ventricular cardiomyocytes, which express distinct sets of muscle- 

specific genes. In addition, experiments in transgenic mice carrying the regulatory 

sequences of a number of contractile genes have been reported to show unanticipated 

left-right differences in expression in the heart. For instance, 250bp of the MLC2V
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gene drives LacZ expression in the right ventricle and outflow tract, but not in the left 

ventricle (Ross et al., 1996). Whilst a LacZ transgene under the control of the 

MLC3F promoter and 3’ enhancer is expressed in the left ventricle and atria but not 

in the right ventricle, outflow tract or sinus venosus, which contrasts with the 

endogenous gene, expressed uniformly throughout the myocardium (Kelly et al.,

1995).

The regulatory factors which support that support specification and 

maturation of atrial versus ventricular chambers, or novel left-right programs of 

contractile gene expression in the myocardium are unknown. Candidate factors in 

mouse include the bHLH transcription factors dHAND and eHAND which are 

expressed in the right and left ventricles respectively (Cserjesi et al., 1995; Srivastava 

et al., 1995). Consistent with a role in left-right patterning of the heart, dHAND null 

embryos lack a future right ventricle and show spatial distortions in cardiac gene 

expression within the developing heart tube (Srivastava et al., 1997). Interestingly, 

the morphogenic defects in the heart of dHAND mutant embryos are similar to those 

seen in mice lacking MEF2C (Lin et al., 1997). Whether the partial phenocopies of 

cardiac defects in dHAND and MEF2C mutants reflect co-operative interactions 

between the products of these genes, as occurs between myogenic bHLH factors and 

MEF2, is under investigation. Prior to heart looping, eHAND transcripts are detected 

predominantly on the left side of the murine myocardium (Biben and Harvey, 1997), 

and this distribution is conserved in the linear heart tube of Xenopus embryos
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(Sparrow et al., 1998). In the eHAND mutant mouse, heart development is perturbed 

and does not progress beyond the looping stage (Firulli et al., 1998).

Combinatorial regulation of cardiac differentiation

An important question is how MEF2 genes can regulate muscle gene 

expression in multiple myogenic lineages which express overlapping but distinct 

subsets of muscle specific genes. A model has been proposed (Olsen et al., 1995) in 

which MEF2 provides a function that is necessary for myogenesis with the additional 

specificity arising from a combinatorial interaction between MEF2 and other 

regulators which are restricted to each myogenic lineage. For example, a desmin 

transgene contain approximately lkb of proximal promoter is expressed in embryonic 

skeletal and cardiac cells (Li et al., 1993). Mutation of a single MEF2 site abolishes 

expression of the transgene in both skeletal muscle and the heart. In contrast, 

mutation of an E-box element in the promoter fragment eliminates expression only in 

skeletal muscle (Kuisk et al., 1996). This suggests that myogenic bHLH proteins 

cooperate to activate desmin transcription in the skeletal muscle lineage, whereas in 

the cardiac lineage MEF2 cooperates with factors that bind other regulatory elements.

In skeletal myocytes MEF2 cooperates with bHLH proteins to activate 

skeletal muscle gene expression via protein-protein interactions between their DNA 

binding domains (Molkentin et al., 1995). Whether MEF2 proteins directly interact 

with Nkx or GAT A factors remains to be determined. However, an investigation into 

the developmental regulation of the ANF gene has suggested a combined role for
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Nkx2-5 and GATA4 proteins. The proximal promoter of the ANF gene contains two 

Nkx2-5 binding sites (the NKE) separated by 20bp from a consensus GAT A binding 

site. Both elements must be intact for maximal promoter activity in primary 

cardiomyocyte culture (Durocher et al., 1996). Furthermore, co-expression of Nkx2-5 

and GATA4 results in the synergistic activation of the ANF promoter in heterologous 

cells (Durocher et a l, 1997). The results from the later study indicate that the synergy 

between Nkx2-5 and GATA4 requires physical interaction of the two proteins 

(Durocher et al., 1997).

Summary

A genetic approach in flies and mouse suggests that heart development is a 

multistep process, initiated by a TGFp signal required to segregate the heart 

progenitors in the nascent mesoderm. Activation of NkxJ tinman and GAT A factors in 

the heart progenitor cells represent the first molecular markers of cardiac 

commitment. MEF2 is subsequently expressed in the precardiac mesoderm, and acts 

in conjunction with Nkx and GAT A proteins to form a regulatory program 

responsible for directing terminal differentiation into cardiac muscle. Downstream 

targets of the cardiomyogenic program are the contractile genes. Ultimately the 

expression of a given contractile gene depends on the combinatorial interactions 

amongst the transcription factors that bind its cis-regulatory promoter and/or 

enhancer regions. An additional level of complexity can arise with the subdivision of 

the cardiac lineage into atrial and ventricular myocytes. Therefore, individual cardiac
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muscle-specific genes must respond to multiple cues in the embryo, integrating the 

cardiomyogenic program with positional information.

Aim of this thesis

The initial goal of this study was to characterise the cis-regulatory system of 

the cardiac MLC2 gene (XMLC2) in Xenopus, leading to an understanding of the 

mechanism by which XMLC2 expression is heart-restricted during embryogenesis. 

Cardiogenesis in Xenopus probably involves a regulatory network of MEF2, Nkx and 

GAT A proteins, yet few direct targets of these transcription factors have been 

described to date. Given the demonstrated role of MEF2D, but not MEF2A, in 

XMLC2 activation, an understanding of XMLC2 regulation may also prove useful in 

identifying the basis for specificity of MEF2 function in Xenopus muscle 

development. A second molecular marker of embryonic heart muscle in Xenopus is 

the cardiac a-actin gene, also expressed in the somites concomitant with cardiac 

differentiation. This expression pattern raises an intriguing problem concerning the 

regulation of the cardiac a-actin gene. Namely, how is cardiac a-actin co-expressed 

in distinct muscle cells that give rise to different striated muscle cell types?
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Chapter 2. 
Materials and Methods
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Sequencing of the XMLC2 promoter

The XMLC2 promoter was obtained as a 3057 base pair (bp) Xbal-Hindlll 

fragment from a Xenopus genomic library isolate. This fragment was cloned into the 

pKS- cloning vector and a series of unidirectional deletions was generated in the 

fragment using Exonuclease III digestion (Henikoff, 1987). Sequence was 

determined using the dideoxy method (Zhang et a l, 1988) with T7 DNA polymerase 

and a35S dCTP (lOmCi/ml). To confirm existing sequence, and fill in any gaps, the 

3057 bp DNA fragment was sonicated to produce random fragments. Size selected 

fragments (200-500bp) were cloned into a M13mpl8 vector digested with Smal 

using standard methods (Sambrook et al., 1989), and sequenced using oc-[32-P]- 

dATP (800Ci/mol) (Sanger et al., 1977). All sequences were read using a digitiser 

and the data was compiled and analysed using the DBAUTO and ANALSEQ 

(Staden, 1984) programs.

Plasmid construction

DNA fragments were ligated into vectors with T4 DNA Ligase (New England 

Biolabs). DNA constructs were introduced into bacterial cells as previously described 

(Hanahan, 1985). Colonies containing recombinant plasmids were selected using 

antibiotic resistance cassettes, and the resultant plasmid clones were propagated in 

DH5a cells grown in 2XTY broth containing ampicillin. DNA from clones was 

isolated by the CTAB boiling method (Del Sal et al., 1988) and screened by 

restriction analysis and/or sequencing. Large scale preparations of plasmid DNA 

were purified by alkaline lysis and precipitation with polyethylene glycol, or by
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equilibrium centrifugation in caesium chloride/ethidium bromide gradients 

(Sambrook et al., 1989).

Reporter constructs

In order to obtain a promoter fragment suitable for use in reporter constructs 

the translational initiation codon (ATG) of the XMLC2 gene had to be removed. This 

was achieved by an exonuclease III digestion (Henikoff, 1987) with samples taken at 

early time points. Following SI nuclease and Klenow treatment, promoter fragments 

were released from pKS- with SacI digestion, and cloned as Sacl-blunt fragments 

into the cloning vector pSp73 (Promega) digested with SacI and EcoRV. The 3’ 

termini of truncated clones were identified by DNA sequencing. One clone 

(pSp73XMLC2p; Figure 6) was digested to 16 nucleotides upstream of the ATG 

codon, reducing the length of the promoter fragment to 3kilobases (kb) exactly. This 

fragment was used in the subsequent construction of XMLC2 promoter-driven 

reporter plasmids.

XMLC2 promoter-GFP fusion gene constructs

A synthetic GFP reporter gene containing the GFP open reading frame and 

SV40 polyadenylation (pA) signal was excised from pCS2+ using Asp718. After 

addition of Bglll linkers, this fragment was cloned into the Bglll site downstream of 

the 3kb XMLC2 promoter in pSp73 (Figure 6).

A series of 5' deletions of the XMLC2-GFP construct were made utilising 

restriction enzyme sites within the 3kb XMLC2 promoter sequence. They included
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pSp73XMLC2p
5467bp

S t u l

Xhol

Xbal

SacI

N otl

Xbal

Figure 6. The 3kb XMLC2 promoter in pSp73

pSp73XMLC2p contains the 3kb XMLC2 promoter fragment deleted at the 3’ end to 

16bp upstream of the ATG codon, reducing its length to 3kb exactly. The restriction 

enzyme sites in pSp73 used in the construction of XMLC2-reporter fusion gene 

plasmids are shown. Additionally, restriction enzyme sites within the XMLC2 

promoter utilised for 5’ and 3’ truncations are highlighted. Their position in the 3kb 

XMLC2 promoter is Stul (-1509bp), BamHI (-1050bp), Ncol (-821bp), EcoRV 

(-708bp), Dral (-486bp), SspI (-265bp) and Stul#2 (-86bp).

4 2



—1513bp (Stul), -1050bp (BamHI), and -708bp (EcoRV) (Figure 6). Three 

additional 5’ deleted XMLC2 promoter fragments were generated by PCR using the 

3kb reporter plasmid in pSP73 as a template. The primer sequences were designed to 

contain an EcoRI site, and in a PCR reaction with the T7 primer using Pfu 

polymerase, amplified the 3’ end of the XMLC2 promoter and GFP. Digestion of 

these PCR fragments with EcoRI and Bglll purified the desired XMLC2 promoter 

inserts, which were cloned against GFP in the plasmid pKS+. The following PCR 

primers were used for the XMLC2 promoter deletions : -570bp 5’ deletion,

GG A A AGAATTC.C A AG A AT AT AGG A AGGCCG; -302bp 5’ deletion, 

GACTATCGAAT1CCTCTGACCTG; and-258bp 5’ deletion, GCTAGAATTCG 

AAGTGGAGGCAATGAGC (EcoRI sites are underlined).

A 3’ deletion which removes XMLC2 promoter nucleotides - lb p  to -86bp 

was generated by inserting a minimal thymidine kinase (TK) promoter 16lbp Smal- 

Bglll fragment (Nordeen, 1988) between position -86bp (Stul#2) and the 3’ Bglll 

site of the 1509bp XMLC2 promoter fragment cloned upstream of GFP. An 

additional 3’ deletion clone in w'hich XMLC2 promoter nucleotides between - lb p  

and -217bp were deleted and replaced by the TK minimal promoter was made by 

PCR. Using the 1509bp XMLC2 promoter-GFP plasmid as template and Pfu 

polymerase, an XMLC2 3’ primer containing a Kpnl site, and the T3 primer, were 

used to amplify an XMLC2 promoter fragment from -217bp to -1509bp. This PCR 

product was digested with Kpnl and EcoRI and cloned above the minimal TK
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promoter fused to GFP. The sequence of the 3’ oligonucleotide was CCGTTACTCG 

A A A AGGTCGGT CCCC ATGG A A AG (the Kpnl site is underlined).

The MEF2 sites (Ml, M2, and M3) and a GAT A consensus site (G2) in the 

3kb XMLC2 promoter were mutated by PCR using standard methods (Kammann et 

al., 1989). The following oligonucleotides were used: Ml (EcoRI), TTGCT£AAT 

T£AGAAGTGGAGGCAATGAGCTT; M2 (Hindlll), GTTCTAAGCTTAAGGT 

TTGTTTGCTTTTGCTAATAT; M3 (Xhol), CAATGTTCTGAGGAGGAAAAA 

ATGCCAAGAAT for the MEF2 mutants, and G2, GGGTACTTTCCTGAGCTCT 

GAAGTATCCAGTG for the GAT A mutant. The MEF2 mutated sequences (mutated 

bases are indicated by underlining) were previously shown not to bind to MEF2 

protein (Adolph et al., 1993). The GATA site was mutated at bases essential for high- 

affinity binding of GATA factors (Ko and Engel, 1993). Double and triple MEF2 

mutations in the 3kb XMLC2 promoter fragment were made by utilising the unique 

restriction sequences (bold text) associated with each site-specific MEF2 mutation 

and cloned in front of GFP in pKS+.

Cardiac a-actin promoter-GFP fusion gene constructs

The GFP reporter, pA signal and Notl site were cloned downstream of the 

580bp Xenopus cardiac a-actin promoter (Mohun et al., 1986), in pUC18. A second 

Notl site was added upstream of the cardiac a-actin promoter fragment by cloning 

the promoter-driven GFP cassette into pKS+. In addition, a number of characterised 

cardiac a-actin promoter Kpnl linker scan (LS) deletion/mutation clones were ligated
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as EcoRI-BamHI fragments in front of GFP in pKS+. These fragments included 

AM3, ABal (-216bp), AScaI-LSl-28, LS10-13, LS10-13Boxl+, LS29, LS30, LS13 

and LS25 (see chapter 7) (Mohun et al., 1989; Taylor et al., 1991). A reporter 

plasmid containing only the most proximal -104bp of the cardiac a-actin promoter 

was constructed by digesting the AScaI-LSl-28 promoter-GFP clone with Kpnl and 

recircularising the resultant Kpnl fragment.

An XMLC2 promoter-B-galactosidase fusion gene construct

The 3kb Hindll-Bglll XMLC2 promoter fragment from pSp73XMLC2p was 

fused upstream of the 8-galactosidase reporter from plasmid pPD 16.43 digested with 

Hindlll and BamHI (Fire et al., 1990). This plasmid contains the 6-galactosidase 

translational initiation region fused in frame with a nuclear localisation sequence 

(NLS) and a synthetic intron.

XMLC2 promoter-luciferase fusion gene constructs

The 3kb Sacl-Bglll XMLC2 promoter fragment from pSp73XMLC2p was 

cloned upstream of the luciferase reporter from pGL2Basic, (Promega), digested with 

SacI and Bglll. In addition, a series of 5' deletions utilising restriction enzyme sites 

within the XMLC2 promoter (Figure 6) were fused upstream of the same reporter. 

These deletions comprised Stul (—1513bp), Ncol (-821bp), Dral (-486bp), SspI (- 

265bp), and Stul#2 (-86bp). The Stul#2 deletion was created from the 3kb 

pGL2BasicXMLC2p plasmid propagated in Dam- bacterial cells.
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An XMLC2 promoter-CAT fusion gene construct

The 3kb Xbal-Bglll XMLC2 promoter fragment from pSp73XMLC2p was 

fused upstream of chloramphenicol acetyl transferase (CAT) reporter gene in 

pBLCAT3T digested with Xbal and Bglll. pBLCAT3T was constructed in order to 

minimise readthrough transcription from cryptic promoters (Principand and Spohr,

1991).

Xenopus transgenesis

The protocol for Xenopus transgenesis involves the following steps; (1) 

Sperm nuclei are incubated with linearised plasmid DNA. (2) After a short 

incubation, a high-speed interphase egg extract and a small amount of the restriction 

enzyme used for plasmid linearisation are added to the sperm nuclei and plasmid 

mixture. The extract partially decondenses the sperm chromatin, allowing the 

restriction enzyme to lightly cleave the sperm DNA. Integration of the plasmid can 

occur, but the extract does not promote replication. (3) After the plasmid-treated 

nuclei are incubated for a brief period in the interphase extract, the mixture is diluted 

50-100 fold to ensure that approximately one nucleus is transplanted into an 

unfertilised egg in a 5nl volume. This results in a normal diploid embryo containing 

the integrated transgene with the potential to be expressed in all cells of the embryo 

(Amaya and Kroll, 1996).
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Sperm nuclear preparation

A male Xenopus laevis was anaesthetised in a litre of 0.1% Tricaine (MS222, 

aminobenzoic acid ethyl ester) for 20 minutes and then decapitated and pithed. The 

testes were removed, washed three times with ice cold Marks Modified Ringers 

(MMR: lOOmM NaCl, 2mM KC1, ImM MgCl2, 2mM CaCl2, 5mM HEPES pH 7.5), 

and two times in ice cold Nuclear Preparation Buffer (NPB: 250mM sucrose, 15mM 

HEPES, ImM EDTA, 0.5mM Spermidine trihydrochloride, 0.5mM Spermine 

tetrahydrochoride, O.lmM Dithiothreitol) containing protease inhibitors (lOpg/ml 

leupeptin and 0.3mM phenylmethylsulphonyl fluoride (Boehringer)). The cleaned 

testes were then macerated with watchmakers forceps, resuspended in 10ml of ice 

cold NPB, and forced through four layers of cheesecloth into a 15ml Falcon tube. To 

wash the sperm, they were centrifuged at 3000rpm for 10 minutes at 4°C, and then 

resuspended in fresh NPB (ice cold). The sperm were repelleted by a further 

3000rpm spin for 10 minutes at 4°C, then resuspended in 1ml of NPB at room 

temperature, mixed with 50pl lOmg/ml lysolecithin (Sigma), and incubated on the 

bench for 5 minutes. The lysolecithin removes the outer membrane from the sperm 

but leaves the nucleus intact. After 5 minutes, 9mls of ice cold NPB supplemented 

with 3% BSA and protease inhibitors was added and the sperm nuclear suspension 

was spun down (3000rpm for 10 minutes at 4°C). The nuclei were then resuspended 

in 5ml of ice cold NPB containing 0.3% BSA (no protease inhibitors), and repelleted 

as before. Finally, the sperm nuclei were resuspended in 500pl of Sperm Storage 

Buffer (SSB: NPB, 0.3% BSA containing 30% glycerol). The concentration of the 

sperm stock in SSB was determined by Hoechst staining and counted in a
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haemocytometer. From one male, I typically obtained 500pl of 1X108 sperm/ml 

stock. Sperm nuclei were stored in SSB at 4°C and used for transplantations for up to 

48 hours.

Transgenic DNA

For incubation with sperm nuclei, all GFP reporter constructs were designed 

to be digested with Notl at a site 3' to the GFP cassette. Transgenic plasmids cut with 

Notl were then isolated by agarose gel electrophoresis and purified by the QiexII kit 

(Qiagen) and diluted to 250ng/pl in distilled water. For the 3kb XMLC2 promoter- 

GFP and the 580bp cardiac a-actin promoter-GFP constructs, additional transgenic 

plasmids were made with a second Notl site just 5' to the muscle promoter fragment. 

This second 5' Notl site serves to isolate the promoter-GFP fragment from bacterial 

propagation sequences in the cloning vector. Over the course of several experiments 

with these constructs, I found that inclusion of cloning vector sequences with the 

reporter made no discemable difference to the frequency of transgenesis or the 

resultant GFP expression driven by the promoter. The cloning steps involved in 

producing several of the mutated and deleted XMLC2- and cardiac a-actin- promoter 

constructs necessitated removal of the 5' Notl site, so these plasmids were simply 

linearised for transgenesis.

Interphase egg extract preparation

The night before extract preparation, twelve female Xenopus laevis were 

placed into separate buckets containing lxMMR and injected with 500U of Chorulon
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(Sigma) to induce egg production. Next morning the eggs laid by each frog were 

screened for quality and dejellied in 2% L-cysteine HC1 in XB salts (lOOmM KC1, 

O.lmM CaCl2, ImM MgCl2). The eggs were washed four times in XB salts 

containing lOmM HEPES and 50mM sucrose, at which time any lysing or activated 

eggs were removed. Eggs were then washed twice in CSF XB (XB salts modified to 

include lOmM potassium HEPES pH 7.7, 50mM Sucrose, 5mM EGTA pH7.7, final 

MgCl2 concentration of 2mM). Protease inhibitors (lOmg/ml leupeptin and 

pepstatin), were also added to the CSF XB. Using a wide bore pipette, eggs were 

transferred to 14 X 95mm ultraclear centrifuge tubes (Beckman). As much CSF XB 

as possible was removed from the top of the tubes and replaced with 1ml of 

Versilube F-50. The tubes were then spun for 60 seconds at lOOOrpm and 30 seconds 

at 2000rpm. This spin displaces the remaining CSF XB surrounding the eggs, which 

was replaced with Versilube. The tubes were then spun at lOOOOrpm for 10 minutes 

(2°C) in a swinging bucket rotor to crush the eggs and separate them into three layers; 

lipid (top), cytoplasm (middle), and yolk (bottom). The cytoplasmic layer was 

collected with an 18 gauge needle and syringe. Protease inhibitors were added and 

the cytoplasm was recentrifuged (10 min, lOOOOrpm at 2°C) to remove any traces of 

yolk. CaCl2 was added to a final concentration of 0.4mM and the extract was 

incubated at room temperature for 15 minutes. The CaCl2 releases the CSF XB- 

mediated cell cycle arrest and allows the extract to progress into interphase. Next, the 

extract was centrifuged at 70000rpm for 90 minutes at 4°C using a TL-100.3 rotor 

and a Beckman tabletop TL-100 ultracentrifuge. The cytosolic layer was collected 

through the top of the tube, transferred to fresh TL-100 tubes and spun for an
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additional 20 minutes. Aliquots of 25pi were frozen in liquid nitrogen and stored at - 

80°C until use. From 12 female frogs I typically achieved l-2mls of high speed 

interphase extract.

Transplantation needles

Needles used for nuclear transplantations were made from 30pl borosillate 

micropipettes (Drummond) and pulled on a Campden Instruments needle puller 

(model 763). The micropipettes were pulled in low heat to produce a gently sloping 

needle tip. Needles were clipped with watchmakers forceps to produce a beveled tip 

of 60-75pm diameter using the ocular micrometer of a dissecting microscope for 

measurement. Prior to use in transplantations, needles were coated with Sigmacote 

(Sigma SL-2), then rinsed with distilled water.

Transplantation apparatus

An oil filled infusion syringe pump (Harvard Model 22) was used with most 

success for nuclear transplantations. Using two gas tight 2.5ml syringes (Hamilton), 

the pump was set to flow at lOnl/second, with the transplantation needle kept inside 

the egg for approximately half a second. In addition to an infusion system, I also used 

a Drummond Nanoject injector (3-00-203X7), which can deliver 5nl of sperm 

solution by a positive displacement mechanism. The advantage of positive 

displacement was that eggs could be injected quicker than the rate of one per half 

second. However, over many experiments the number of normally developing
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embryos produced by this method was often substantially lower than that obtained 

with the infusion pump.

Nuclear transplantations

To obtain a supply of unfertilised eggs four female Xenopus laevis were 

injected with 500U of Chorulon and incubated at 18°C for 12-16 hours before 

transplantations. For the reaction, 4pl of sperm stock in SSB was mixed with 5pi of 

transgenic DNA (250ng/pl, cut with Notl) and incubated at room temperature for 5 

minutes. 1U of Notl in 0.5pl was added along with 2pl of lOOmM MgCl2 to aid Notl 

enzyme action. To swell the sperm, and allow transgene integration, 25pl of high 

speed interphase extract was added, and the reaction mixed by pipetting. While the 

sperm were swelling, about 1000 eggs were collected and dejellied in 2.5% L- 

cysteine-HCl (pH 8 in MMR). Eggs were then transferred into agarose-coated 

injection dishes containing 0.4 X MMR containing 6% ficoll. After incubating the 

sperm with egg extract for 10-15 minutes, they were diluted with 200pl Sperm 

Dilution Buffer (SDB: 250mM sucrose, 75mM KC1, 0.5mM Spermidine 

trihydrochloride, 0.5mM Spermine tetrahydrochloride, 0.1N NaOH per 20mls to pH 

7.3-7.5), yielding a final concentration of approximately 1.5 sperm nuclei / 5nl. Using 

a piece of Tygon tubing attached to a 200pl tip, the sperm solution was gently mixed 

by pipetting and then backloaded into a needle. The needle was attached to the 

injection apparatus and the eggs were each injected with a 5nl volume.
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Transgenic embryo selections

When cleaving transplantation embryos reached the 4-cell stage they were 

separated from uncleaved eggs and moved to a separate dish containing 0.1 X MMR 

containing 6% ficoll and 50pg/ml gentomycin. Normally cleaving embryos represent 

those which have been injected with a single nucleus from the diluted sperm solution, 

whilst uncleaved embryos have only received buffer. Eggs injected with more than 

one sperm nucleus divide at the first time of cleavage abnormally into three or more 

cells. These polyspermic eggs were discarded along with the uncleaved eggs at this 

stage. The selected embryos were then stored overnight in batches of 4-6 in agarose- 

coated 12-well tissue culture dishes at 15°C. When the embryos reached stage 14, all 

the embryos from a single transgenic DNA injected were pooled and the media was 

replaced with 0.1 X MMR containing 50pg/ml gentomycin . Typically, 

approximately 50% of transplanted embryos died during gastrulation stages. This 

death most likely representing those eggs receiving a damaged sperm nucleus, and 

polyspermic eggs, incorrectly selected at the 4-cell stage. To obtain good post- 

gastrula development of Xenopus embryos following sperm nuclear transplantations, 

the unfertilised eggs must be generally healthy (Amaya and Kroll, 1996). In my 

experiments I was often unable to collect good quality eggs for nuclear 

transplantations. Therefore, the number of living gastrula embryos developing 

normally to tailbud stages was often substantially lower than expected (Kroll and 

Amaya, 1996). Because of this, each transgenic reporter construct was used in several 

experiments, and the results pooled for analysis.
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To select GFP-expressing embryos from their non-transgenic siblings, 

embryos were periodically examined from mid-neurula stages under a Zeiss 

Axiophot microscope using a flourescein band pass filter to detect wild type GFP. 

Images of live embryos were recorded using a camera linked to the Zeiss Axiophot 

microscope and Ektachrome P I600 film. GFP expression levels achieved for a given 

transgenic construct differ from embryo to embryo due to varying copy number 

and/or site of integration within the genome. Often living transgenic tadpoles were 

difficult to photograph clearly, either because of their tendency to twitch (even after 

treatment with low doses of Tricane), or GFP expression levels were low. Therefore, 

all embryo batches generated by transgenic methods were fixed at defined stages, and 

GFP mRNA expression was determined using whole mount in situ hybridisation.

Embryo fixation

In addition to transgenesis, Xenopus laevis embryos were also obtained by 

artificial fertilisation (Smith and Slack, 1983), dejellied in 2% L-Cysteine-HCl (pH 8) 

and cultured in 0.1 X MMR + 50pg/ml gentomycin. At various developmental 

stages, from early neurula, embryos had their viteline membranes removed and were 

fixed for RNA whole mount in situ hybridisation. For fixation, embryo batches were 

transferred to 2ml Eppendorf tubes containing MEMFA (0.1M formaldehyde (37%), 

2mM EGTA, 0.1M MOPS pH 7.5, ImM MgSOJ and mixed on a rocking platform 

for 1 hour at room temperature. Embryos were washed twice in 100% ethanol, and 

then stored in 100% ethanol at -20°C.
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Whole mount in situ hybridisation

Digoxygenin probes were prepared in a standard RNA synthesis reaction as 

previously described (Harland, 1991). Plasmid pCS2+GFP was linearised was 

linearised with Ncol and transcribed with T7 RNA polymerase to produce a 450bp 

antisense GFP probe. The XMLC2 probe spanning nucleotides 1-309 of XMLC2 

cDNA sequence was prepared from pXMLC2 (Chambers et al., 1994), and 

synthesized using EcoRI linearised template and T7 RNA polymerase. For assays of 

endogenous cardiac a-actin expression, pSpal (Mohun et al., 1988), containing a 

328bp fragment of Xenopus cardiac a-actin cDNA cloned into pSp64, was 

transcribed using SP6 RNA polymerase following linearisation of the pSp64 template 

by EcoRI.

Fixed embryo batches in 2ml Eppendorfs were rehydrated at room 

temperature by 5 minute washes on a rocking platform in 75%, 50% and 25% ethanol 

and three 5 minute washes in TTw (TBS containing 0.1% Tween 20; TBS is 200mM 

NaCl, 50mM Tris pH 7.4). To aid probe penetration, the specimens were then treated 

for 15 minutes with proteinase K at lOpg/ml in TTw. Embryos were washed three 

times for 5 minutes in 0.1M triethanolamine pH 7-8. In the third wash 5pi of acetic 

anhydride was added per 2ml of triethanolamine. After 5 minutes, a further 5pl of 

acetic anhydride was added and the tubes were rocked for 5 minutes more. Samples 

were washed twice in TTw for 5 minutes and then fixed for 20 minutes in MEMFA. 

To remove all traces of MEMFA, embryos were then washed five times in TTw 

(each wash 5 minutes). At this point the specimens were put in 1ml of TTw and
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transferred into fresh 2ml Eppendorf tubes. As much of the TTw as possible was 

removed and replaced with 250pl of RNA hybridisation buffer (50% formamide, 5 X 

SSC, lmg/ml Torula RNA (Sigma), Denharts, 0.1% Tween 20, 5mM EDTA) at room 

temperature. Once the embryos had settled in the viscous hybridisation buffer, the 

solution was replaced with 2mls of fresh hybridisation buffer and the embryos 

incubated at 60°C for 10 minutes. To maintain the constant mixing of embryos and 

buffer inside the Eppendorfs the rocking platform was placed inside the 60°C 

incubator. Hybridisation buffer was then replaced and the specimens prehybridised 

for at least 6 hours at 60°C.

The hybridisation solution was then replaced with the probe solution, 

(hybridisation buffer with lpg/ml RNA probe) for 18-24 hours. The following day, 

the probe was replaced with hybridisation buffer (hyb) for 10 minutes at 60°C, then 

50% hyb/ 50% 2 X SSC, 25% hyb/ 75% 2 times SSC (all at 60°C for 10 minutes). 

The rocking platform was next moved to the 37°C hot room and embryos were 

placed in 2 X SSC for two 20 minute washes. For reactions involving probes 

hybridising to endogenous Xenopus genes (XMLC2 and cardiac a-actin), the 

embryos were then treated for 30 minutes in 2 X SSC with RNAase mixture 

(RNAase A at 20pl/ml and RNAase T1 at 10 U/ml) at 37°C. The RNAase mixture 

was replaced for 10 minutes with 2 X SSC at room temperature. The embryos were 

then transferred to the 60°C incubator for two one hour washes in 0.2 X SSC. In 

preparation for the antibody incubation, samples were returned to TTw for a 10 

minute wash, first at 60°C, then room temperature. The TTw was replaced with TBT
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(TBS containing 2mg/ml BSA and 0.1% Triton X-100) for 15 minutes and the 

embryos incubated for 1 hour in TBT supplemented with 20% heat treated lamb 

serum (room temperature). The solution was replaced with 500pl of TBT / 20% lamb 

serum containing a 1/2000 dilution of alkaline phosphatase conjugated anti- 

digoxygenin antibody. 2ml Eppendorfs were rocked overnight at 4°C. Excess 

antibody was removed the following day by at least five successive 60 minute washes 

with TBT at room temperature.

For the colour reaction, samples were first washed twice for 15 minutes with 

alkaline phosphatase buffer (lOOmM Tris pH 9.5, 50mM MgCl2, lOOmM NaCl, 0.1% 

Tween 20, 2mM levasimol) and then transferred to 2cm culture dishes containing 

NBT/BCIP staining solution and kept in the dark for the duration of the colour 

reaction (Boehringer). Staining was visible within 15 minutes for XMLC2 and 

cardiac a-actin probes. Using the GFP probe, optimal staining times were variable, 

depending on the transgenic construct tested. There was also variation within a batch 

of embryos from a single transplantation, presumably due to the different copy 

number and/or site of integration of the GFP reporter in each transgenic embryo. In 

most cases, GFP staining was satisfactory within one to two hours. Background 

staining, particularly in the somites and head of tadpole embryos, begins to 

accumulate after 3-4 hours at which time the reaction was stopped. After staining, 

embryos were transferred back into 2ml Eppendorf tubes and dehydrated to stop the 

colour reaction with 5 minute washes in an ethanol series (25%, 50%, 75% and 

100%). These washes also served to reduce any background staining in the ectoderm.
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Embryos were transferred back down the ethanol series (75%, 50% and 25%) and 

placed in MEMFA for 60 minutes to fix the stain. Embryos were stored at -20°C in 

75% ethanol and photographed with a Zeiss (Stami SVII) dissecting microscope 

using Ektachrome 64T film.

Generation and identification of transgenic mice

pPD16.43.XMLC2p was digested with Xbal and Notl and an approximately 

6500bp fragment consisting of the 3kb XMLC2 promoter-B-galactosidase cassette 

was purified from bacterial sequences in low melting agarose by gel electrophoresis. 

Transgenic mice were generated by microinjecting the isolated DNA fragment into 

fertilised oocytes by standard methods (Hogan et al., 1994). At four weeks of age all 

potential founder animals had a 0.5cm portion of tail removed for DNA analysis. 

Genomic DNA was obtained from tail sections by adding 0.5ml of extraction buffer 

(50mM KC1, 10-20mM Tris pH 8.8, 2.5mM MgCl2, 0.5-2% Tween 20), and then 

digesting the tail sections overnight at 55°C with proteinase K (100pg/ml).

PCR analysis was used to detect transgenic mice. Two unique 20bp 

oligonucleotide primers specific for sequences inside the B-galactosidase coding 

region were synthesized. One lies at the 3' end of the B-galactosidase coding region, 

GGACAAACACAACTAGAATGC, the other in the SV40 termination sequence, 

GTTTTTTCCCGATTTGGCTAC. 1/500th of digested tail section was added to a 

mixture containing PCR reaction buffer (50mM Tris pH 8.8, lOmM MgCl2, 200mM 

KC1, 0.2mM of each of the four deoxynucleotide triphosphates and lpM of each 

oligo nucleotide primer). 1.5U of Taq polymerase was added to each reaction mixture
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in a total volume of 20pl and overlaid with 30j l i 1 of mineral oil. The samples were 

subjected to 30 cycles of amplification in a thermocycler according to the following 

program: denaturation at 92°for lmin, annealing at 57°C for lmin, polymerisation at 

72°C for 2min, and an extension period of 5min at 72°C at the end of the 30th cycle. 

After amplification, lOpl of reaction mixture was electrophoresed on a 1% agarose 

gel. Mice positive for the transgene were identified for the presence of a PCR product 

of 500bp on the gel.

Histochemical staining for B-galactosidase

Whole embryos were fixed for 30 minutes in Mirskys fixative (2mM MgCl2, 

5mM EGTA, 4% Paraformaldehyde) at room temperature. After rinsing in wash 

solution (0.02% NP40 in PBS), the embryos were stained in solution containing 

1 mg/ml X-gal, 5mM K3Fe(CN)6, 5mM K4Fe(CN)6 and 2mM MgCl2, at 37°C in the 

dark, until colour development was satisfactory. The embryos were then rinsed with 

wash solution and post-fixed in Mirskys overnight at 4°C. Next day the embryos 

were rinsed three times in wash solution, then received one wash each of PBS, 50% 

PBS /50% ethanol, and 70% ethanol. Embryos were stored in 70% ethanol at 4°C and 

photographed with a Zeiss (Stami SVII) dissecting microscope and Ektachrome 64T 

slide film.

Embryo embedding and sectioning

After whole mount in situ hybridisation of Xenopus embryos and 8- 

galactosidase staining of mouse embryos, specimens were post-fixed in the MEMFA
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for one hour and then dehydrated through an ethanol series of 50%, 70%, 85%, 95%, 

100% ethanol solutions, (10 minutes each wash). Embryos were washed in a 1:1 mix 

of ethanol/histoclear for 10 minutes and then transferred into histoclear for 30 

minutes. At this stage embryos were moved into 2ml glass vials and the histoclear 

was replaced with wax at 56°C. Samples were washed extensively in molten wax 

(three times at 56°C for 30 minutes each). Embryos were orientated in the molten 

wax using a warm needle, and after cooling, the wax blocks were stored at 4°C 

overnight. Embedded specimens were mounted on wooden blocks and 10 micron 

sections cut on a Reichert Jung 2035 microtome. Section ribbons were floated in a 

45°C water bath and transferred to Superfrost (BDH) slides. The slides were then 

incubated at 45°C overnight to evaporate moisture from the section ribbons. In some 

instances eosin (pink) was used to counterstain the unlabelled cells. DPX mountant 

(Fluka) was dripped over the slides and a coverslip was added. Embryo sections were 

examined using a Zeiss Axiophot microscope and photographed with Ektachrome 

64T film.

Cardiomyocyte transfections

Transfections of primary rat neonatal myocardial cells with XMLC2 promoter 

driven luciferase constructs was carried out by Sylvia Evans (UCSD) as previously 

described (Henderson et al., 1989). Relative promoter activity was assayed in 

neonatal rat cardiomyocytes, murine IOTi/2 fibroblasts, and C2C12 murine skeletal 

muscle cells. A B-galactosidase expression vector under the control of the human 

cytomegalovirus promoter was co-transfected in a 1:5 ratio with the luciferase
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plasmid for normalisation of the data. After 48 hours culture, cell extracts were 

prepared for luciferase and B-galactosidase measurement. The luciferase activity 

from each batch was counted in duplicate using a luminometer. The results are 

presented as an average of the two values and corrected for transfection efficiency 

with B-galactosidase expression.

Oocyte assays

Templates for RNA synthesis were prepared from pMEF2D.64T and 

pMEF2A.64T (Chambers et al., 1994) containing the entire MEF2D and MEF2A 

coding regions by linearisation with BamHI. Capped RNA for injection into oocytes 

was synthesized in vitro, (Krieg and Melton, 1984), with SP6 polymerase. Several 

different preparations of each synthetic RNA were used for oocyte injection 

experiments.

To collect oocytes, adult Xenopus ovaries were teased into fragments and 

digested in OR2- medium (82.5mM NaCl, 2.5mM KC1, ImM Na2HP04, 5mM 

HEPES and 0.5g/l PVP) containing 2mg/ml collagenase (Sigma) for 1-2 hours. After 

extensive washing in OR2- to remove collagenase, oocytes were transferred into 

OR2+ medium (OR2- supplemented with ImM CaCl2 and ImM MgCl2). Injections 

were carried out in OR2+ containing 4% ficoll. 5nl of MEF2 RNA (0.2mg/ml) was 

injected into the vegetal pole and the oocytes were incubated at 21°C overnight. Next 

day, 5nl of plasmid DNA (0.1 mg/ml) encoding the 3kb XMLC2-CAT construct was 

injected into the germinal vesicle. After the a further 24 hour incubation at 21°C, the 

oocytes were harvested in batches by freezing on dry ice.
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In each experiment at least 70 oocytes were injected for each RNA- DNA 

construct combination. Each group was divided into two pools of 20-30 oocytes and 

homogenised in lOpl of 0.25M Tris (pH8) /oocyte for assaying CAT activity. To 

confirm the biological activity of RNA injected in every experiment a 3 X MEF2 site 

reporter driving CAT was injected for each MEF2 RNA into separate pools of 

oocytes. CAT assays were carried out as previously described (Gorman etal., 1982). 

Reactions were separated by thin layer chromatography on TLC plastic-backed silica 

plates (Sigma), and visualised by 1-24 hour exposure with Biomax MR (Kodak) 

imaging film. In order to quantitate CAT activity, 20pl of the homogenised oocyte 

extract was used in a standard CAT reaction (total volume 50pl) for lhour at 37°C. 

The reaction was terminated by adding 300pl of mixed xylenes (Sigma), mixed for 

30 seconds, and spun down in a benchtop centrifuge for 1 minute. A fixed volume of 

the upper xylene phase was then transferred to a scintillation vial with 1ml of 

scintillation fluid, and the samples were counted in a liquid scintillation counter.

Gel shift reactions

Full length Xenopus MEF2D and MEF2A translate poorly using the TNT- 

coupled reticular lysate system (Promega), producing a smear in gel shift assays. 

Therefore, plasmid pT7TS.MEF2DA316-339 (Sparrow, unpublished) containing the 

full length MEF2D cDNA with a small deletion in the transactivation domain was 

translated using T7 RNA polymerase and the TNT-coupled reticular lysate kit.
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The 22-mer MEF2 probe and competitor oligonucleotides (see below) were 

annealed at high concentration by standard methods (Sambrook et al., 1989). The 

double stranded probe, (a consensus MEF2 binding site from the MCK enhancer), 

containing Xbal compatible 5’ overhangs was endlabelled with [32P] ATP using 

Klenow and purified on a Sephadex G-50 spin column. 20,000 counts per minute 

(cpm) of labeled probe (lng of DNA) in a lpl volume was used in per lane. For DNA 

binding assays lpl of in vitro translated MEF2D was incubated with lOpl of binding 

buffer [5pl of embryo extract buffer (50mM Tris pH8, 25% glycerol, 50mM KC1, 

O.lmM EDTA), 2pl Mg-EDTA mix (15mM MgCl2, 7.5mM EDTA), 2pl 15mM 

spermidine and lpl 1 mg/ml poly dldC], and 10 or 100 fold molar excess of 

competitor oligonucleotide from the MEF2 sites of the XMLC2 promoter (M l-4) 

(where appropriate), in a total volume of 19pl on ice for 15 minutes. After 15 

minutes, 20000cpm of probe was added, and the binding mixture was incubated on 

ice for a further 15 minutes. In the supershift reaction, lpl of Xenopus MEF2 

antibody (T. Mohun, unpublished) was added 10 minutes after the probe. Gel shift 

reactions were performed on 6% native polyacrylamide gels containing 0.5 X TBE 

for approximately 3 hours. Gels were dried and exposed to XOMAT LS (Kodak) film 

at -80°C overnight.

The top strands of the oligonucleotides had the following sequences: MCK 

enhancer MEF2 probe, CTAGCGCTCTAAAAATAACCCT; M l, CTAGTGTTCT 

A A A ATT A AGGTT; M2, CT AGTTTGCT A AT ATT AGA AGT; M3, CTAGAATG 

TT ATT A AT AGG A A A; M4, CT AG AC ATGT ATTTTT AG AGCG. A DNA sequence
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derived from the XMLC2 promoter which does not conform to a MEF2 motif was 

used as non-specific competitor ; M5, CTAGCCTTTGATAAATAGGCCT.
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Chapter 3. 
Characterisation of the XMLC2

promoter
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Introduction

The regulatory myosin light chain genes (MLC2s) are encoded by three 

unique genes in mammals. One is expressed in cardiac ventricle and slow skeletal 

muscle (MLC2V), another in cardiac atria (MLC2A), and a third expressed in fast 

skeletal muscle (MLC2F) (Whalen et al., 1982). Murine MLC2V transcripts are 

detected in the ventricular region at 8 days p.c. (O'Brien et al., 1993), with no 

expression seen in the atrial or inflow regions. The outflow tract of the heart 

expresses MLC2V transcripts at minimally detectable levels, but by 11 days p.c., 

prior to the completion of septation, MLC2V expression becomes restricted to the 

ventricular chambers. Expression of MLC2V in slow skeletal muscle is not detected 

until after birth (Lee et al., 1992). Transgenic mice harbouring a 250bp MLC2V 5' 

proximal promoter fragment fused to 6-galactosidase demonstrate reporter gene 

activity from 8 days p.c.. While the endogenous gene is expressed uniformly 

throughout both ventricles, the transgene is expressed only in the right ventricle 

(Ross et al., 1996), suggesting that it contains sequences required to direct ventricular 

specification, but lacks other elements which respond to positional information in the 

developing heart tube.

Murine MLC2A is expressed exclusively in heart muscle during both 

embryonic and adult development. MLC2A is expressed throughout the cardiac tube 

from 8 days p.c., then becomes localised to the atria from 12 days p.c.. (Kubalck et 

al., 1994). 2kb of MLC2A 5' proximal promoter sequence directs heart expression 

(Chien, unpublished), but the elements which required for atrial-specific transcription
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remain to be identified. In chick, a cardiac MLC2 isoform has been identified that is 

restricted to heart cells, at least in late embryonic to adult stages (Arnold et al., 1988), 

but co-expressed in cardiac and skeletal tissues during early foetal cell development 

(Uetsuki et al., 1990). Approximately 250bp of upstream sequence from the chick 

cardiac MLC2 gene contains elements sufficient for transcription in cultured cardiac 

muscle cells (Braun et al., 1989).

A single Xenopus MLC2 gene (XMLC2), has been cloned (Chambers et al., 

1994), which shows 60-70% amino-acid identity with other vertebrate MLC2 

proteins, and is most closely related to the human MLC2A isoform (Hailstones et al.,

1992). Embryonic expression of XMLC2 is first detected by RNAase protection 

exclusively in the cardiogenic region of the embryo beginning at stage 28 with levels 

steadily increasing until stage 35. XMLC2 transcripts are highly abundant in total 

RNA from adult heart, but undetectable in total RNA from adult skeletal muscle 

(Chambers et al., 1994). Given the role of proximal promoter sequences in cardiac- 

specific transcription of MLC2 genes in mouse and chick embryos, I attempted to 

characterise the 5' flanking region of the XMLC2 gene. Identification of the cis- 

acting sequences which direct heart-specific expression of the XMLC2 gene, could 

be used to investigate the molecular events which govern cardiac commitment and 

differentiation during Xenopus embryogenesis.

Xenopus MEF2D and MEF2A differ in only 8 of 91 residues across their 

DNA binding domains, and their consensus binding sites in vitro are virtually
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identical (Pollock and Triesman, 1991; Chambers et al., 1992). Expression of 

MEF2D and MEF2A is initially restricted to newly forming somites of the Xenopus 

embryo, and subsequently marks the myotomal muscle of the tadpole (Chambers et 

al., 1994). Zygotic expression of MEF2D commences at stage 10.5, before skeletal 

muscle differentiation markers can be detected, whereas, MEF2A is activated at stage 

14, after the onset of myotomal muscle differentiation. Transcripts of MEF2D are 

also localised in the presumptive heart region from stage 21, prior to cardiac muscle 

differentiation. Xenopus MEF2D and MEF2A can also be distinguished in a 

functional sense by their ability to activate the cardiac muscle-specific contractile 

isoform XMLC2. Ectopic expression of MEF2D, but not MEF2A, in explants of 

presumptive ectoderm induces the expression of XMLC2 (Chambers et a l, 1994). I 

have used the XMLC2 5’ flanking region to investigate the nature of this functional 

difference using DNA binding assays and an oocyte transcription system.

The expression profile of XMLC2 during embryogenesis

A detailed analysis of the expression of XMLC2 during embryonic 

development was carried out using in situ hybridisation and sectioning from stage 28 

to 42 (Nieuwkoop and Faber, 1956) (Figure 7). XMLC2 mRNA was first detected by 

in situ hybridisation at stage 28 in two symmetrical patches either side of the ventral 

midline, but absent from the ventral-most cells (Figure 7 A). The ventral-most 

mesodermal cells at stage 28 will contribute to the myocardium, therefore, it is 

puzzling that they do not express XMLC2 at this time. Sectioning revealed that
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Figure 7. Distribution of XMLC2 mRNA in Xenopus embryos

Wholemount in situ hybridisation and sectioning was used to examine the spatial 

distribution of XMLC2 transcripts in tailbud and tadpole embryos. (A) Ventral view 

of a stage 28 albino embryo. XMLC2 expression is restricted to two patches of cells 

either side of the ventral midline. (B and C) Sectioning confirms this expression 

pattern and reveals that XMLC2 transcripts mark the mesodermal component of the 

heart anlage prior to linear tube formation. (D) By stage 35, a linear heart tube has 

formed and looping has commenced. XMLC2 transcripts are highly expressed in the 

myocardial layer, but absent from the inner endocardial cells (E). (F) By stage 40, the 

outflow tract ventricle and atrium become delineated. This is represented by a 3 

dimensional reconstruction in H; A (anterior), P (posterior), yellow and orange 

represent the inner and outer surface of the myocardium respectively. (F). Sectioning 

of this embryo confirms that XMLC2 transcripts are equally expressed throughout the 

heart; from anterior to posterior, in the outflow tract and ventricle (G) and the 

common atrial chamber (data not shown).
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XMLC2 transcripts were present exclusively in the mesodermal layer of the 

cardiogenic region, lying ventrally to endodermal cells (Figure 7 B and C).

By stage 32, a linear heart tube forms, comprising an outer myocardial layer 

and inner endocardial layer enclosed within the pericardium. Cardiac looping begins 

at stage 34/35 as the heart tube begins to form a spiral, then adopts a tight S-shape. 

As expected for a contractile isoform, XMLC2 transcripts were highly expressed in 

the myocardium but absent from the endocardium at this time (Figure 7 D and E). In 

chick embryos, lineage labelling studies have shown that ventricular and atrial 

precursors lie in distinct regions of the lateral plate mesoderm, and their anterior- 

posterior pattern corresponds to that of the linear heart tube (Garcia-Martinez and 

Schoenwolf, 1993). An equivalent prepatteming of the precardiac cells of the 

bilateral primordia prior to fusion has not been demonstrated in Xenopus. However, 

around stage 38, the future chambers start to become morphologically distinct, with 

the future ventricle arising anteriorly to the common atrial region. By stage 40, the 

most anterior structure of the heart is the outflow tract, and as the result of looping, 

the common atrial chamber now sits posteriorly and largely dorsal to the ventricle. A 

3 dimensional reconstruction of a stage 40 Xenopus heart based on serial wax 

sections is shown in Figure 7 H (Mohun, unpublished). XMLC2 transcripts were 

equally well detected throughout the length of the heart tube, in the outflow tract, 

ventricle and common atrial chamber (Figure 7 F). Figure 7 G shows the section 

represented in Figure 7 H, with expression in the outflow tract and ventricle (atrial
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expression not shown). At all stages examined, XMLC2 transcripts were absent from 

the somites and head muscles.

Sequence analysis of the XMLC2 promoter

By sequencing, a 3057bp Xbal-Hindlll fragment was identified as containing 

the 5' flanking region, TATA box, translational initiation codon (ATG), and a portion 

of the first intron of the XMLC2 gene (Figure 8). The Editseq program (DNA Star) 

was used to identify known regulatory sequences important for muscle-specific 

transcription contained in the XMLC2 promoter fragment. Additional putative 

transcriptional factor binding sites were searched for using Matlnspector on the 

Baylor College of Medicine (BCM) search launcher homepage: 

[http://www.hgsc.bcm.tmc. edu/SearchLauncher/] The XMLC2 promoter sequence 

was compared with published promoter sequences of cardiac expressed MLC2 

isoforms by BLAST Sequence Similarity Searching on the National Centre for 

Biotechnology Information (NCIB) homepage [http://www.ncbi.nlm.nih.gov/BLA 

ST/].

MEF2 binding sites

MEF2 factors belong to the MADS-box family of transcriptional regulators, 

which have been shown to play a pivotal role in the differentiation of cardiac and 

skeletal muscle cells (Olsen et al., 1995). The MEF2 DNA binding site has been 

identified in muscle-specific promoters/enhancers, including MCK, MHCa,

MLC1/3 and TnC (Black and Olson, 1998). Deletion of the MEF2 element from the
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1  T C T A G A A T C A T A T T C A G T G T T T C T A G T T T A T A T A A A C A T T T G A G G A G T A A T T A T T G T T G G A T T T C A C G C T G A C T T T G G C T C A G G T C A A A A A A T T G C C T A C  

1 0 1  T A T T C C T  C A G A C A C A G C C T A C A G A T  G G A A G A G A C A C G G G A G C A A T A T T T A C A A T  A A A A G A C A A T  G T A A A C T  A T T  C T A C T T  G C A G A C A G A A A A A A C A G T T  C 

2 0 1  T G A A C T T G A A G C T G G A C A T T A T A A T G A G T A G C C A G A A A G T G A T G A A G T A A C T G G A A A A T G T T T G C A G T C A G G G G T T A T A G G A A C A A G T G A T T T A A T G C T A  

3 0 1  A A G T  C T G C A G T A T  C A A T A C A A A A A A A G G A T T T A C A T T A A T  A T T  C C A C A A T T T T A C C A G T  A A T  A T  GT GAT A T C A C A A T  G A C A A T T T G C T  G T T  G G T G G T  GT C 

4 0 1  T C C G A T T C T G C T A T G T T T T C T A T T T T T C G T A A A A A A A G A G C T G C T G A A G G T T G T C T T A A A T G C A A C A C T G T G C A A A A A A A A A C A T T A T C T A G G T T T A T T G  

5 0 1  A A A T C A C A G C C A C A G A A A A G C C T A A G G A G T T C C T A G G A A C T A A G A G A G A A T A T T A G G A A G G A A A T A T A T G G C A G C T T G C A A A G G A T T T A T T T C T T C T G G A  

6 0 1  T C C G T A T T T G T T T G A C C G A T G T C A C A A T G G T G A T C G A G T G T T A T T A C A T G C A A T G C A T C T C T T T C C A T T A G C A T G G A C A G C G G T T T G G C T A T T T C A C T T T  

7 0 1  C A T T T A A G C C T C A A A A A C A T T G A G A A A T C A T A A C A C A A C A T C C A C A T G A T T A T A A A A T A G A C A G A G T T T T C T G A T G G A T G G A A A C T G T A T T A A A G A C T G A  

8 0 1  A T A C A A T C C A G G C T C A T T T C A G T G G G T C C C T A T G T A A A C T C T T C T T A T A T T G T T A A A G G T A T A C A T G C A G A C C A T G G A T C T C T T A A T A C T G T A T C T A C C A  

9 0 1  G C A T T C C T G T G T G G G A A A T A T A C T C A T C C A C T T T T A A A G T T A C T A A G G G G C C A A G T G T C C C A G A A C T A A A T A G A A C T T G G T C C C T T C C A G A A T T T C A T G T  

1 0 0 1  C A T G C T G G T T T A A T G G C A T C A T T T T T T G T C T A G T T T T G T A A G A T G C T T T T G T G T A T G A A A T T A G C A G A A T T A T A C T T A T C T G T T T T G T T T T A T T G C T A T G  

1 1 0 1  T T T T C C T G A T T G A A T C C T A C A A G T T A C A G A G T A T T T G T T C A A T A G A T T T A C T G A T A T C A G T T T G T T T G T T G G A A A C A A T A A A T A T A A C A T C T T G C C A G G T  

1 2 0 1  T T G C T T T A T G T C A C A T T G T G A T G T C C A A T G G A A A G C A C A T G G T G G G G C T T A T G T A T T A A A A G A T C A C T A A T C A C T A A C A T C A G A A G G C A G C A T T T A A T G T  

1 3 0 1  T T A A A T T C A G A C A T C T T A T A G G T T G C T A T G G G T T A C T G C A C C T G G G C A A A C T C T A T A G G G G T A C A T T T A T  C A A A G A G T G A A G T T C C C C C A C T A G A G T G A A  

1 4 0 1  A T T  C C A C A A C T  C A C A A T T  C A T T T  CT A T  G G G A T T T T  G A A A G G C C T  A T T T A T  C A A T  GGGT G A A A G T  G A A A G T T  C A C C C T T T  G A T  A A A T A G G C C T T T A A A A A T

1 5 0 1  C C C A T A G A A A T G A A T G G A A A T T T C A C T C T A G T G G C G G A A C T T C A C T A T T A A C T T C A C T C T T T G A T A a A T A T A C C C C T A T G C C T T T T A T T G C A T A T G G G A C
C G 4 )

1 6 0 1  T A A T T A T T A A A A T T A T T A A C A T G T  A T TT T  A G A G C G C C A A C A T A T T  GT G C A G C G C T  C T T T G T  A T A C T A T T A T  A C T  G T T T  GG T  C A G G T T T T  G A T T  G A A C T  C
(  M 4 )

1 7 0 1  T A A A T  G AGT A G G T T  CT G A A A A T  G A A T T T  GAT C G C C C T  C T T  GT A T  GGT C A C T  C C A A A G A T  G G T A G G C A A A A A C A A A A G G A C C A A T  C A T T A G T  A C T T  CT GCT

1 8 0 1  G G A G C A T T A A C T G C T C T G r A G C T G T G C A G G C T T G C A C T G C T G T C T A G T G G T A T G C C G G A C C C T G T T A G A A A A C A T C A A T A C T A A T G G T A A A A A A A C A T C A

1 9 0 1  G T G T T C A T A T A T A C T G T A T A T A T A T T T T A G G C A A T T G T C C A T T A G C C T T T G G A T C C A C A G G G G A A A T T C T G G G T C T G G T G C T G C C T G A A G C T A T C T G A T T

2 0 0 1  A A A T  A A G G T A A T A A A A A A A C A A A T  C A G G T  GAT G T T  C T G C C T G T  G A C A G C A A T T G C A T  G A A A G T T  A T T A A T  C A C A A A T A G C A T T  G A C T  GT C A C C C A T T  GAT

2 1 0 1  A T T G T C A G A T A C A T A C A G A G A T A T T A T C G T T A G C A A A C A G A A A T C T T C T A A C C T G T C C G A T C C A C T A A A C G A C C A A T T G C C A T G G T A C G A A A A A T G T T G G

2 2 0 1  G G C G A T  C C A C A C A T  G G T C C A A A A A T  C G T  A A G A A A C T T T  G A T  CT GT A C G A C T  A T  A T  C T T T  G C GT  C G A T  G G C C A G C T T T  A G A A A G G A G A G C A G G G A T  A T  CAG

2 3 0 1  T T T T A C C T C T C C T C A C C T A C T G T T A T C A A C T G A A A A T G T C G A A T G T G G C C A A G G A T A T T A G A A G T A G G G T T G C C A G C C A G G G T G G C C T G G C C A G T A A A A A

2 4 0 1  T T  A T A C T T  GAT G C C A A T  G r , U  A A . A G G A A A A A A T  G C C A A G A A T A T A G G A A G G C C G G T A T T T T T T T T C C A G A A A A G G T  G G C A A C C T T A A T T  GG A A G T C G  
( M 3 )  C A r G

2 5 0 1  T A G T T C A A A T A T A A T T T A A A C A G A G A A G C T G A G A A A T G G T C T C C T T C A G A G A T T C T G A A A C A G T G G T C T T C T G C A T A C A G T A T T A T T A T A C A T T T T G T A G

2 6 0 1  G A T G C T G A G A A T C A A A A T G T T C A G T A T G C T G G A A G A T A C C A A T T C A G C A A T A G A C A G G G G T G C A C A G C T T T C A G C C A A C A A C A T A G A C T a T C C T C T T C C T
C G 3 )

2 7 0 1  C T G A C C C T G T T  : 7 A A A A  F T A a G G T T T G C T T T T G C T A A T A T T A G A A G T G G A G G C A A T G A G C T T T T C C A G C C A G G G G G T A C T T T C C T G A T A m A T G A A G T A T C  
C M 2 )  ( M l )  ( G 2 )

2 8 0 1  C A G T  GT C T A T A G A A G G A T  GGT GGGAT A T T T T A C T  G A A C A C A A T  G A G A A T  G G A A T  G T T A G C C C T T  GT G C T  C T T A T  C T  C T T C C G T  C T  C T  CT CT A G C C A T  C T T

2 9 0 1  T G G T T C T C T G C C T G A G G C C T G G A G C T A T T T T A G C T A T G C C T G A G A T A m G A A G G A G T A T A A A A T G A T C A A G A G A A C T T T C C A T T A G G T G G C A C A G G A C G A A
( G l )

3001 g g aa g a ca c c a g a g a a c a t c j g t a a gt ga a t t a t g t g tg t gg t g t ga g t g tg c a a a g c t

Figure 8. Sequence of the Xenopus XMLC2 promoter fragment

Nucleotide sequence of the 3057bp XMLC2 promoter fragment. The 57 characters in 

lower case represent those bases deleted, including the atg codon, to allow the 

construction of reporter fusion genes. The TATA box, TATAAAT, is underlined. 

Putative transcription factor binding sites are denoted by different colours; four 

MEF2 sites, M1-M4, (T/C)TA(AT)4TA(G/A) (green), four GATA sites, G1-G4, 

(T/A)GATA(A/G) (blue), and a single SRF site or CArG box CC(A/T)6GG (red).
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control regions of these genes causes a drastic reduction in their transcription in 

cardiac muscle cells (Gossett et al., 1989; Molkentin and Markham, 1993; Parmacek 

et al., 1994; McGrew et al., 1996). Binding site selection studies were carried out for 

Xenopus MEF2D, which was discovered to bind the sequence CTA(A/T)4TA(A/G) 

(Chambers et al., 1992). Searches of the 3kb XMLC2 promoter fragment with the 

MEF2D target sequence revealed the presence of four sites (Figure 8). These sites 

were located at -260bp (Ml), -284bp (M2), -576 (M3), and -1373bp (M4).

GAT A binding sites

In vertebrate embryos, the zinc finger transcription factors GATA4/5/6 are 

expressed in the cardiac lineage, prior to terminal differentiation of cardiomyocytes. 

By analogy to the well characterised erthyroid transcription factor GATAl(Ko and 

Engel, 1993), it was predicted that GATA4/5/6 would interact with 

(A/T)GATA(A/G) regulatory elements of cardiac-specific genes (Arceci et al.,

1993). Several such regulatory elements have been characterised, including those in 

the ANF promoter (Grepin et al., 1994), the rat MHCa promoter (Molkentin et al.,

1994), the mouse MLC1/3 enhancer (McGrew et al., 1996), and the mouse cardiac 

TnC promoter (Ip et al., 1994). In each instance the GAT A factor binding element(s) 

have been critical for cardiac expression of these genes. Four consensus GAT A factor 

binding sites (A/T)GATA(A/G) were identified in the 3kb XMLC2 promoter 

fragment (Figure 8), situated at -54bp (Gl), -213bp (G2), -310bp (G3), and -1435bp 

(G4).
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Interestingly, functional GATA and MEF2 sites are found together in the 

control regions of three contractile isoforms expressed in cardiac muscle (MLC1/3, 

cardiac TnC, and MHCa). A single MEF2 and two GATA sites have been identified 

around 200bp upstream of the MLC1/3 gene. Mutation of either the MEF2 site or 

both GATA sites attenuated transcription from an MLC1/3 promoter construct in the 

heart of transgenic mouse embryos (McGrew et al., 1996). The rat MHCa gene 

requires intact MEF2 and GATA sites in its promoter for maximal activity in rat 

adult heart (Molkentin and Markham, 1993; Molkentin et al., 1994). Co-injection of 

a GATA4 expression vector with an MHCa promoter transgene in rat adult skeletal 

muscle results in an induction of MHCa promoter activity (Molkentin et al., 1994). 

This indicates that the lack of MHCa gene expression in skeletal muscle may be due, 

in part, to a lack of GATA4 protein. During Xenopus embryogenesis MEF2D and 

GATA4/5/6 are co-expressed in the heart progenitors prior to the detection of 

XMLC2 in the myocardium. Together with the finding that four GATA and four 

MEF2 sites are clustered within 1500bp upstream of the XMLC2 gene, these results 

suggest that XMLC2 may be regulated by MEF2 and GATA factors.

Other regulatory elements

From mid-gastrula stage onwards in Xenopus, the paired regions of precardiac 

mesoderm express the genes Nkx2-3 and Nkx2-5 (Tonissen et al., 1994; Evans et al.,

1995), and by stage 27, transcripts of these genes are confined largely to the heart 

anlage. Nkx2-3 and Nkx2-5 have the same optimal binding site, T(C/T)AAGTG 

(Mohun, 1997), however, no sequences conforming to this site were present on the
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3kb XMLC2 promoter fragment. Ectopic expression of dominant negative Nkx2-3 or 

Nkx2-5 in Xenopus embryos blocks the expression of a panel of heart muscle 

differentiation markers, including XMLC2 (Fu et a l, 1998). This might suggest a 

model, similar to Drosophila, where the NK factor tinman functions to directly 

activate MEF2 expression in heart progenitor cells (Gajewski et a l,  1997). Injection 

of Xenopus embryos with dominant negative Nkx2-3 or Nkx2-5 could inhibit the 

activation of MEF2 proteins in the heart, which in turn would critically disrupt the 

completion of the cardiomyogenic program at tailbud and tadpole stages.

SRF is a MADS box factor, related to MEF2, and expressed ubiquitously 

during Xenopus embryogenesis. Despite its uniform expression pattern, SRF binding 

sites (serum response elements or CArG boxes), have been found to be a necessary 

element in the muscle-specific expression of a subset of contractile isoforms, 

including MCK (Amacher et al., 1993), and cardiac a-actin (Mohun et al., 1986; 

Sartorelli et al., 1990). The SRF binding site has the consensus sequence 

CC(A/T)6GG (Treisman, 1987). Sequencing of the 3kb XMLC2 promoter revealed 

the presence of a single CArG box centred at -51 lbp (Figure 8). Additionally, 

numerous E boxes (CANNTG) elements were found in the 3kb XMLC2 promoter 

fragment. These form the target elements for the MyoD family of bHLH transcription 

factors critical for skeletal muscle formation (Murre etal., 1989). MyoD family 

members are not expressed in the cardiac lineage during development, precluding 

any direct role in XMLC2 regulation. A search of the XMLC2 promoter for all
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known transcription factor binding sites using Matlnspector on the BCM homepage 

yielded no interesting matches other than those previously discussed.

Conservation of vertebrate MLC2 promoters

The functional promoters of the mouse MLC2V and chick cardiac MLC2 

genes share a 28bp conserved element (HF1), approximately 50bp upstream of the 

transcriptional start site. The HF1 element alone is sufficient to direct right 

ventricular-specific expression on an MLC2V transgene during murine 

embryogenesis (Ross et al., 1996). The HF1 sequence can be subdivided into a core 

region (HFla) and a MEF2 binding site (HFlb). Point mutations in either region 

significantly reduces promoter activity in cardiomyocyte transfection assays 

(Navankasattusas et al., 1992). In cardiomyocytes, the core region is bound by the 

ubiquitous protein YB1 in conjunction with a cardiac restricted cofactor, p30 (Zou 

and Chien, 1995). Whereas, HFlb is occupied by a MEF2 factor, apparently in 

competition with a zinc finger protein (Zhu et al., 1993). Positive regulation of the 

chick cardiac MLC2 gene in chick primary cardiac muscle cells is also mediated 

through HF1. The MEF2 binding site contained within the chick HF1 element binds a 

factor termed BBF1, distinct from MEF2 protein, and present in chick cardiac muscle 

nuclear extracts but not in skeletal muscle (Ming-Dong et al., 1993). It is currently 

unclear what molecular cues restrict MLC2V expression to ventricular rather than 

atrial muscle tissue.
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The chick cardiac MLC2 gene also appears to be subject to negative 

regulation (Ruoqian-Shen et al., 1991). Expression of the cardiac MLC2 gene is 

repressed in skeletal muscle through an upstream (-360bp) negative regulatory 

element called CSS. Removal of the CSS sequence allows ectopic transcription of an 

MLC2-luciferase gene in cultured chick skeletal myocytes, without affecting the 

transcriptional activity of the promoter in cardiomyocytes (Ruoqian-Shen et al.,

1991). Protein binding to the CSS element occurs readily in nuclear extracts obtained 

from chick skeletal muscle, but not in extracts from cardiac muscle (Dhar, 1997).

The XMLC2 promoter sequence was compared against the published 5' 

flanking regions of the mouse MLC2V gene (Henderson et al., 1989) and the chick 

cardiac MLC2 gene (Zarranga et al., 1986) by a BLAST search on the NCIB 

homepage. This comparison yielded no evidence of any conserved regions between 

the mouse/chick and frog promoters. Neither the conserved HF1 module, or the 

repressor binding element in the chick promoter (CSS), were present in the 3kb 

XMLC2 promoter fragment. The XMLC2 promoter was similarly compared with 2kb 

of the mouse MLC2A gene 5' flanking region, revealing no significant similarity.

This suggests that either a novel combination of cis-regulatory elements, not 

conserved from other vertebrate cardiac-expressed MLC2 genes, might be important 

in the tissue-specific expression of the XMLC2 gene, or that conserved sequences are 

located elsewhere in the functional XMLC2 promoter.
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MEF2D complexes with four MEF2 binding sites in the promoter sequence of 

the XMLC2 gene

There are four putative MEF2 binding sites encoded within 3kb of upstream 

sequence from the XMLC2 gene (Figure 8), situated at -260bp (Ml), -284bp (M2), - 

576bp (M3) and -1373bp (M4). Further upstream there is a variant MEF2-like 

sequence (M5*; TG AT AAAT AG), with a G instead of a T at position two of the 

consensus. In order to test the ability of each XMLC2 promoter MEF2 site to bind 

MEF2 protein, oligonucleotides were synthesised containing the lObp MEF2 site 

flanked on either side by 4bp of their native XMLC2 promoter sequence. MEF2D 

and MEF2A full length cDNAs translated poorly using in vitro transcription- 

translation kits, producing a smear in gel shift experiments. To overcome this, a 

modified Xenopus MEF2D cDNA containing a mini deletion of 23bp in its C- 

terminal transactivation domain was used instead. This produced a single band in gel 

shifts (Figure 9, lane 2). An equivalent MEF2A clone was not available, and none of 

the deleted Xenopus MEF2A clones containing the DNA binding domain of the 

protein translate well enough for binding assays. Full length Xenopus MEF2 proteins 

were also produced in bacterial cells using the pGEX system, however, I was never 

able to solublise the product from the bacterial lysate for gel shift reactions.

The M1-M4 elements were all efficient in competing for MEF2D binding 

against a consensus MEF2 binding site probe derived from the MCK enhancer 

(Gossett et al., 1989) (Figure 9, lanes 3-10). M4 was the strongest competitor for 

MEF2 site binding (lane 9 and 10), and Ml the weakest (lane 3 and 4). Variation in
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Figure 9. MEF2D binds to the XMLC2 promoter

The X enopus  MEF2D protein binds four consensus MEF2 sites from the 3kb XMLC2 

promoter. End labelled probe comprising the MEF2 site from the MCK enhancer 

(Gossett et al, 1989), is incubated with in vitro translated MEF2D protein (Materials 

and Methods). Protein-DNA (MEF2D-probe) complex formation is determined by 

gel shift assay (lane 2). Competition for complex formation by 10 and 100 fold molar 

excess of unlabeled oligonucleotides, consisting of the four consensus MEF2 sites 

form the XMLC2 promoter (M1-M4), is successful (lane 3-10). Each site has a 

differing affinity for MEF2D binding, with M4 the strongest competitor, and M l the 

weakest. A MEF2 variant site (M5*), is unable to compete for MEF2D binding (lane 

11 and 12). Incubation of the MEF2D-probe complex with a X enopus  MEF2-specific 

antibody, but not with pre-immune serum (not shown), results in a supershift of the 

binding activity (lane 13).
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binding affinity has been previously reported for consensus MEF2 sites which were 

flanked by different sequences (Yu et al., 1992). In contrast, M5* was unable to 

compete for MEF2D binding at either 10 or 100 fold molar excess to the probe (lane 

11 and 12), as would be expected for a mutated MEF2 element. The binding complex 

was supershifted upon addition of a Xenopus MEF2-specific antibody (Mohun, 

unpublished) (lane 13), whereas, no supershift was detected with preimmune serum 

(results not shown). These results demonstrate that the XMLC2 gene can bind in 

vitro translated MEF2D protein to four proximal sites on its promoter.

MEF2D but not MEF2A activates the XMLC2 proximal promoter in oocyte 

injection assays

In order to determine whether MEF2 proteins could stimulate transcription 

from the 3kb XMLC2 promoter fragment, expression of an XMLC2-CAT reporter 

gene was assayed in Xenopus oocytes. Synthetic MEF2 RNA was injected into the 

cytoplasm of oocytes and incubated for 12-18 hours to allow the RNA to be 

translated and transported to the germinal vesicle. A CAT reporter, consisting the 3kb 

XMLC2 promoter sequence fused upstream of CAT was injected into the germinal 

vesicle, and CAT activity assayed after a further overnight incubation

CAT synthesis was readily detected from the 3kb XMLC2 5’ flanking region 

in oocyte batches injected with MEF2D RNA (Figure 10 A, lane 1 and 2). The same 

amount of MEF2A RNA gave much lower levels of CAT activity (lane 3 and 4), 

equivalent to batches injected with reporter plasmid alone (Figure 10 A, lane 5). This

- 7 9 -



A
£  XMLC2-CAT 

reporter
MEF2-CAT

reporter

10000

MEF2D MEF2AMEF2D MEF2A

3kb XMLC2 promoter-CAT 3xMEF2-CAT

oocyte extract 
diluted 10 fold

Figure 10. MEF2D activates transcription from the XMLC2 promoter in oocytes

(A) A 3kb XMLC2 promoter-CAT fusion gene introduced into the germinal vesicle 

of X enopus  oocytes is activated in oocytes previously injected with MEF2D RNA 

(lane 1 and 2), but not with MEF2A RNA (lanes 3 and 4). The XMLC2 promoter is 

not induced in oocytes without a prior RNA injection (lane 5). A 3xMEF2-CAT 

reporter is injected into separate oocyte batches in parallel with the XMLC2 

promoter-CAT plasmid. MEF2D and MEF2A are equally capable of directing 

transcription from the 3xMEF2 site reporter (lane 6 and 7). The 3xMEF2 site reporter

directs some transcription without an RNA injection (lane 8). The CAT assay
\

presented documents the results of a single injection experiment with oocytes 

collected from one frog. (B) Quantitation of a CAT assay similar to that in A except 

all oocyte extract for injections including the 3xMEF2-CAT reporter are diluted 10 

fold.
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result was obtained using oocytes from many frogs and with several different RNA 

preparations. In each experiment the integrity of the MEF2 RNA injected was tested 

using a CAT reporter fused upstream of three consensus MEF2 binding elements 

adjacent to a basal promoter. In each experiment, both MEF2D and MEF2A RNAs 

acted as strong transcriptional activators of this reporter, giving approximately 

equivalent levels of CAT activity (lane 6 and 7). The 3xMEF2-CAT construct 

directed some reporter expression in oocytes without a prior MEF2 RNA injection 

(Figure 10 A, lane 8), presumably due to endogenous MEF2 proteins present in the 

oocyte (Chambers et a l, 1992).

Quantitation of the oocyte experiments demonstrated that MEF2D RNA 

injection resulted in a 10 fold increase in CAT activity compared with MEF2A 

injected oocytes (Figure 10 B). Indeed, MEF2A can be considered as inactive on the 

XMLC2 promoter, driving an level of CAT transcription similar to oocytes 

uninjected with RNA. However, MEF2A RNA was equally as active as MEF2D 

RNA from consensus MEF2 binding sites, indicating that the lack of activation 

obtained with MEF2A RNA was specific to the XMLC2 promoter.

Discussion 

XMLC2 marks all compartments of the embryonic heart

The in situ hybridisation results show that expression of XMLC2 is restricted 

to the myocardium as it appears during embryonic development. XMLC2, therefore, 

provides a useful early molecular marker for investigating the events of cardiac
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muscle differentiation. Transcripts of XMLC2 were detected throughout the length of 

the embryonic heart tube, expressed equally in the atrium, ventricles and outflow 

tract. In this respect, XMLC2 differs from embryonic expression of mouse MLC2V 

and MLC2A, which become restricted to the cardiac ventricles and atria respectively. 

The function of the MLCs in striated muscle is unclear, however, one study suggests 

that phosphorylation of MLC2 may act as a modulator of the contractile activity 

(Silver et al., 1986). Presumably the chamber-specific localisation of the murine 

MLC2 genes plays an important role in conferring the unique contractile and 

electrophysiological properties of embryonic atrial and ventricular myocytes. To 

date, the three heart-restricted contractile isoforms; XMLC2, MHCa (Logan and 

Mohun, 1993), and cardiac Tnl (Drysdale et al., 1994) have been identified in 

Xenopus, none of which have been reported to be expressed in a chamber-specific 

manner. Searches for Xenopus genes which might have a chamber-specific function 

in the embryonic heart, (for example, the homolog of mouse MLC2V) have been 

unsuccessful to date (Mohun, unpublished).

XMLC2 regulation

The discovery that the XMLC2 promoter has four MEF2 elements in its 5' 

proximal promoter which bind MEF2D is consistent with the finding that forced 

expression of MEF2D in Xenopus ectoderm induces XMLC2 transcription 

(Chambers et a l, 1994). MEF2D, however, cannot be the sole regulator of the 

cardiomyogenic program in Xenopus because MHCa and cardiac a-actin are 

activated in the same explant assay system. Indeed, it is unlikely that MEF2D is the
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only regulator of XMLC2, since MEF2D is expressed at high levels in both the 

somites and cardiac muscle during embryogenesis. It is possible that the somitic 

muscle contains a negative regulator (perhaps induced by XMyoD of Xmyf5) that 

blocks XMLC2 gene activation during skeletal muscle, analogous to the CSS binding 

protein(s) on the chick cardiac MLC2 promoter. An alternative explanation is that 

cardiac-specific expression of XMLC2 requires binding of MEF2D in conjunction 

with cardiac-restricted transcription factor(s). Evidence suggestive of the later 

hypothesis includes the discovery of the multiple GATA binding sites in close 

apposition to MEF2 elements in the XMLC2 5' flanking region. Three other muscle- 

specific genes whose control regions have been studied (MHCa, cardiac TnC, and 

MLC1/3), are regulated by GATA and MEF2 sites, indicating that this arrangement 

might be a common feature required to direct cardiac restricted expression of certain 

contractile isoforms.

The three embryonic cardiac-specific markers in Xenopus described so far 

(XMLC2, MHCa, and cardiac Tnl), are first transcribed around stage 28, suggesting 

that the onset of their expression maybe coordinated. In contrast, skeletal muscle 

differentiation begins much earlier, with transcripts of cardiac a-actin identified in 

the paraxial mesoderm shortly after gastrulation (Mohun et a l, 1988). In skeletal 

muscle, terminal differentiation markers such as the cardiac a-actin gene are 

activated in the paraxial mesoderm by XMyoD soon after the XMyoD gene is itself 

activated during gastrulation stages (Taylor et a l, 1991). The key transcriptional 

regulators of cardiac muscle specific expression (Nkx, MEF2 and GATA) are also
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expressed in heart progenitors at gastrula stages, yet terminal differentiation markers 

are only detected in late tailbud embryos. Even once the bilateral heart primordia 

have fully fused at the ventral midline by stage 21, it is several hours later at stage 28 

when cardiac-specific contractile isoforms are first expressed. Therefore, it appears 

that heart muscle differentiation is somehow significantly delayed with respect to 

skeletal muscle differentiation, despite embryological evidence that both muscle 

types are committed around the same time during gastrulation. It has been suggested 

that GATA6 plays a role in blocking the progression of cardiac terminal 

differentiation in Xenopus, although the mechanism for this is unclear (Gove et al., 

1997). Functional studies of the XMLC2 promoter may provide important clues to 

the mechanism(s) controlling the onset of cardiac muscle differentiation after its 

initial commitment.

MEF2D versus MEF2A

Coupled with gel shift analysis, the oocyte injection assays demonstrate that 

MEF2D can act as a direct transcriptional regulator of the XMLC2 gene. MEF2D can 

bind to four sites on the 3kb XMLC2 promoter and activate the expression of a fused 

CAT reporter in oocytes. Importantly, MEF2A, cannot activate CAT transcription in 

an equivalent experiment, therefore, ectopic expression of MEF2D and MEF2A 

proteins in oocytes provides an assay which reveals a functional difference between 

the two MEF2 proteins. This consistent with the finding that ectopic expression of 

MEF2D, but not MEF2A, in blastula animal pole explants induces expression of 

XMLC2. In explant assays co-expression of equal amounts of MEF2D and MEF2A
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has no effect on the activity of MEF2D (Chambers et al., 1994). Given that their 

consensus binding sites are similar in vitro one might expect that MEF2A would act 

as a competitive inhibitor, blocking activation of the XMLC2 gene by MEF2D. It 

would therefore be of interest to construct a Xenopus MEF2A clone that could be 

translated for use in gel shift experiments. The prediction from binding site selection 

data would be that MEF2A could bind the MEF2 sites on the XMLC2 promoter with 

equal affinity to MEF2D (Pollock and Triesman, 1991; Chambers et al., 1992).

That MEF2A had no effect on the transcriptional activity of the XMLC2 

regulatory region suggests that the functional difference between MEF2D and 

MEF2A might be intrinsic to the MEF2 factors themselves. An alternative possibility 

is that interaction of MEF2D with other factors (presumably present in the oocyte), 

might stabilise MEF2D binding or produce a complex with higher affinity for the 

MEF2 binding sites on the XMLC2 promoter. These possibilities can be tested using 

chimeric MEF2D/MEF2A proteins. MEF2D/MEF2A hybrid clones which consist of 

the MADS/MEF2 domain of MEF2D fused to the transactivation domain of MEF2A, 

and vice versa, have been constructed. The ability of each hybrid protein to stimulate 

expression from the XMLC2 promoter could be tested. In this way the amino acids of 

MEF2D, presumably missing from MEF2A, responsible for XMLC2 gene activation 

can be mapped, and the exact nature of the functional difference between MEF2D 

and MEF2A to regulate XMLC2 further defined.
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Chapter 4.
Functional studies of the XMLC2

promoter
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Introduction

Promoter studies in Xenopus have been hindered by the lack of a system for 

temporal and tissue-specific expression of the promoter-reporter transgenes. Direct 

injection of DNA can be used to express reporter genes behind temporal and tissue- 

specific promoters after the mid-blastula transition. However, in Xenopus, this 

approach is not ideal as injected DNA fails to integrate into the frog chromosomes 

during early cell cycles, therefore, the embryo expresses the transgene in a highly 

mosaic pattern, and the survival rate of injected DNA is variable, especially after 

neurula stages. In an attempt to overcome these difficulties, a method for Xenopus 

transgenesis was recently developed (Amaya and Kroll, 1996). In this protocol, 

linearised plasmid DNA is introduced into sperm nuclei using restriction enzyme 

mediated integration. To achieve this, sperm nuclei and plasmid are briefly co

incubated, restriction enzyme is added, and the nuclei are partially decondensed with 

an interphase egg extract. Single nuclei are then transplanted into unfertilised eggs, 

producing normal diploid tadpoles that develop normally to advanced stages and 

express inserted genes at high frequencies. Unlike direct DNA injection, transgenic 

embryos show stable, non-mosaic expression of the inserted genes.

In order to define the DNA sequences that regulate XMLC2 transcription in 

vivo, transgenic Xenopus embryos were generated by the above method using 3kb of 

XMLC2 upstream sequence fused to GFP. Prior to the technique for achieving 

transgenesis in Xenopus was reported, the transcriptional activity of the XMLC2 5' 

flanking region was assayed in transgenic mouse embryos. Additionally, the 3kb
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XMLC2 promoter and a series of 5' promoter deletions were fused upstream of a 

luciferase reporter and transfected into rat cardiomyocytes. Cultured cell 

transfections allow a quantitative measure of the level of promoter transcription 

driven by different promoter fragments, enabling putative regulatory sequences 

contained within the 3kb XMLC2 promoter fragment, responsible for cardiac- 

specific expression, to be quickly mapped.

The XMLC2 gene 5' flanking region drives expression of a fused luciferase 

reporter in cultured cardiac muscle cells

In order to quantify the ability of sequences in the 5' flanking region of the 

XMLC2 gene to direct cardiac-specific expression, a 3kb XMLC2 promoter- 

luciferase fusion gene was constructed. Utilising calcium phosphate transfection 

techniques, this plasmid was introduced into primary neonatal rat cardiomyocytes 

(Henderson et aL, 1989). To control for the efficiency of transfection, a CMV-B- 

galactosidase expression construct was co-transfected in all experiments, and 

luciferase activity was normalised to the 6-galactosidase activity of each cell extract. 

Transfection of the XMLC2 3kb promoter-luciferase construct resulted in readily 

detectable levels of luciferase activity (Figure 11). For comparison, the XMLC2 3kb 

promoter-luciferase construct was also transfected into two non-myocardial cell lines; 

C2C12, a murine skeletal muscle cell line, and IOTi/2 fibroblast cells. Luciferase 

activity in cardiomyocytes was approximately 70 times that detected in either skeletal 

myocytes or IOTi/2 fibroblasts. Cultured cell transfection assays were carried out in 

the laboratory of Sylvia Evans (UCSD).
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Figure 11. Cardiomyocyte-specific activation of the XMLC2 promoter in 

cultured cell transfection assays

Transfection of XMLC2 promoter-luciferase fusion plasmids into primary rat 

neonatal cardiomyocytes, C2C12 murine skeletal myocytes and IOTi/2 murine 

fibroblast cells. The result of one set of transfections is shown, with luciferase values 

corrected for transfection efficiency.
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To evaluate the role of specific flanking sequences in expression of the 

XMLC2 promoter-luciferase reporter in cultured cardiomyocytes, a series of 5’ 

nested truncations were constructed. Following transfection into cardiomyocytes, the 

highest levels of expression was found with the 821bp (ANcoI) and 486bp (ADral) 

XMLC2 promoter-luciferase plasmids (Figure 11). This represents an approximately 

two-fold increase in transcriptional activity compared with the 3kb and 1503bp 

constructs, indicating that sequences contained between -821bp and -1503bp have an 

inhibitory influence on XMLC2 promoter expression in cardiomyocytes. Putative 

positive regulatory sequences contained within the 486bp XMLC2 promoter 

fragment include two MEF2 sites (Ml and M2), and three GATA sites (G1-G3). Two 

other MEF2 sites (M3 and M4), a GATA site (G4), and the CArG box sequence of 

the 3kb XMLC2 promoter all lie upstream of -486bp, suggesting that they are not 

required for maximal activity of the XMLC2 promoter in cardiomyocytes. Removal 

of the remaining MEF2 sites and a GATA site (G3) by truncation to -265bp, reduced 

luciferase activity about two-fold. A further truncation to -86bp, removing the G2 

GATA binding site, almost abolished the transcriptional capability of the XMLC2 

promoter. Overall, these data suggest that cis-acting sequences contained between 

-86bp and -486bp on the XMLC2 promoter are essential for optimal activity in 

cardiomyocytes, a region containing two MEF2 and two GATA consensus binding 

sites. The luciferase activity assessed in murine skeletal myocytes (C2C]2) and 

fibroblasts (IOTi/2) remained similar for all XMLC2 promoter deletions tested, 

underscoring the tissue-specific nature of XMLC2 regulation.
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The 3kb XMLC2 promoter confers cardiac-specific expression of a linked B- 

galactosidase reporter transgene during murine embryogenesis

In order to test the ability of Xenopus XMLC2 promoter sequences to mediate 

tissue-specific expression across species, the 3kb 5' flanking fragment used in 

cardiomyocyte transfections was fused upstream of a B-galactosidase reporter, and 

the reporter construct injected into the pronucleus of fertilised mouse eggs. These 

were transferred into psuedopregnant foster mothers (Hogan et al., 1994), and four 

weeks after birth, potential founder mice had a portion of tail removed for DNA 

analysis. Two primers specific to B-galactosidase sequences were used in a PCR 

assay to identify mice harbouring the XMLC2 promoter-reporter transgene. Two 

independent lines of transgenic mice which expressed B-galactosidase in the 

developing heart of the mouse embryo were generated in this way.

In both transgenic lines, expression of the B-galactosidase reporter was only 

ever detected in the cardiac lineage. The first blue nuclei begin to accumulate around 

the time endogenous contractile isoforms are first activated in the cardiogenic plate, 

spanning the ventral midline between the headfolds and foregut diverticulum from 

7.5 days p.c. (Figure 12 A). As the headfolds become more apparent in embryos with 

4-6 pairs of somites (about 8 days p.c.), B-galactosidase positive cells become more 

restricted to the ventral midline (Figure 12 B). Subsequent cardiac development 

proceeds very rapidly, as a symmetrical linear heart tube of contracting myocytes is 

formed, changing its morphology almost immediately as looping commences and the
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Figure 12. Cardiac-specific expression of the 3kb XMLC2 promoter in 

transgenic mouse embryos

Developmental profile of transgenic expression in XMLC2 promoter-B-galactosidase 

mice. (A) B-galactosidase activity is distributed symmetrically in the cardiogenic 

plate at 7.5 days p.c.. (B) About half a day later, as the headfolds become apparent, 

expression is restricted to cardiogenic rudiments converging on the ventral midline. 

During looping morphogenesis, at 8.25 days p.c. (C), and 8.5 days p.c. (D), the 

transgene is expressed throughout the putative ventricular, atrial and outflow regions. 

(E) At 9.5 days p.c., expression persists in the primitive atrial and ventricular 

chambers, whereas, only a few B-galactosidase positive cells are present in the 

outflow tract. (F) In a heart dissected a few days before birth, the XMLC2 transgene 

is expressed throughout the heart with no modulation in any chamber-specific way. 

The aorta and pulmonary artery do not express B-galactosidase, although, staining can 

be seen in the interior of these vessels.
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cardiac compartments differentiate. By 8.25 days p.c. enlargement of the ventricular 

(future left ventricle) and bulbar (future right ventricle) regions of the primitive heart 

results in the appearance of two bulges at its posterior end, either side of the ventral 

midline (Figure 12 C) (Kaufman, 1992). Reporter expression was detected 

throughout the looping heart tube at 8.25 days p.c., and in a ventral view at 8.5 days 

p.c., when the ventricular loop continuous with the outflow tract is visible (Figure 12 

D).

Over the next day of development heart configuration changes, positioning 

the common atrial chamber (inflow region) dorsal to the presumptive ventricles, 

while the outflow tract lies rostrally and ventrally in relation to the ventricular loop. 

Transgene expression in embryos with 20-25 pairs of somites (9.5 days p.c.) was 

readily detected throughout the atrial and ventricular regions, whereas, only a few 

cells were labelled in the outflow tract (Figure 12 E). Hearts were dissected from 

several transgenic embryos approximately two days before birth. Figure 12 F shows 

that B-galactosidase expression was homogeneous throughout the left and right atrial 

and ventricular chambers. Expression was absent from the outflow tract (now split 

into the aorta and pulmonary artery), however, some staining was seen in the interior 

of these vessels. These results demonstrate that the Xenopus 3kb XMLC2 promoter 

contains the necessary cis-acting elements to direct cardiac-specific transcription 

during murine embryogenesis.
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The XMLC2 gene 5’ flanking region directs cardiac-specific expression of a 

linked GFP reporter during Xenopus embryogenesis

In an initial effort to define the sequences that comprise the functional 

promoter of the XMLC2 gene, 3kb of XMLC2 5' proximal sequence was cloned 

upstream of GFP and introduced into Xenopus eggs via the transgenesis protocol. The 

resultant transgenic embryos were periodically examined from neurula stages under a 

microscope using the flourescein band pass filter to detect wild type GFP. Expression 

of GFP commenced at stage 29/30 in the presumptive cardiac region of the tadpole, 

first seen as a faint green glow too weak to be photographed. By stage 34, when a 

regular heartbeat had begun, GFP expression was more apparent, however, only at 

stage 40 and beyond, when the yolky cells have cleared from the heart was 

photography of GFP fluorescence feasible (Figure 13). At stage 42, it was possible to 

visualise GFP activity from the 3kb XMLC2 promoter in both atrial and ventricular 

chambers. Over the course of several experiments observing numerous transgenic 

embryos containing this construct, GFP expression was never detected in any 

embryonic lineage other than heart, at any stage of development examined.

To analyse expression of the 3kb XMLC2 promoter-GFP transgene at earlier 

stages, whole mount in situ hybridisation was used to detect GFP mRNA. Figure 14 

A shows a transgenic embryo at stage 29/30 after in situ hybridisation with an 

antisense GFP probe. GFP expression was restricted to the heart forming region with 

some lighter non-specific staining detected in the head. Sectioning revealed that GFP 

transcripts were localised to the outer myocardial layer and absent from the inner
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Figure 13. A transgenic embryo containing the 3kb XMLC2 prom oter-reporter 

gene

Anterior region of a stage 42 3kb XMLC2 promoter-GFP transgenic tadpole 

visualised under brightfield illumination (A), and the flourescein band pass filter (B). 

GFP expression is localised exclusively to the beating heart tissue of the tadpole in 

the anterior-ventral aspect of the embryo.
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Figure 14. Heart-specific transcription of the 3kb XMLC2 promoter in 

transgenic Xenopus embryos

(A) At stage 29/30, expression of the 3kb XMLC2 transgene is restricted to the 

developing heart tube. Lighter, non-specific staining is also observed in the branchial 

arches and otic vesicle. A transverse section at the level of the eyes shows that GFP is 

localised to the outer myocardial layer of the heart tube, but absent from the inner 

endocardial cells. (B) A stage 35 embryo in which GFP expression is found 

exclusively in the looping heart tube of the tadpole. Sectioning reveals that GFP is 

restricted to the myocardium. (C) At stage 40, GFP transcripts are expressed equally 

throughout all of the cardiac compartments. The outflow tract (upper section) sits 

mostly anterior to a large ventricle (middle section). The ventricle is connected at its 

posterior aspect to a common atrial chamber (lower section).
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endocardial layer of the linear heart tube (Figure 14 A), as would be expected for a 

contractile isoform mRNA. Between stages 34-36, the linear heart tube twists into its 

characteristic S-shape morphology. Figure 14 B shows a stage 35 transgenic tadpole 

with GFP transcripts localised to the looping heart tube. A transverse section shows 

this stage 35 embryo cut through the cardiac tube where it is bending. The 

myocardium therefore appears thickened to one side of the tube compared with the 

other (Figure 14 B). At stage 40, expression of the 3kb XMLC2 transgene remains 

restricted to the cardiac muscle lineage of the embryo (Figure 14 C). Sectioning 

through the heart of this embryo, going from anterior to posterior, showed GFP 

expression in the outflow tract (upper section), ventricle (middle section) and 

common atrial chamber (lower section). GFP transcripts were equally localised 

throughout the heart, with no apparent modulation of transcription in any chamber- 

specific way (Figure 14 C).

Discussion

XMLC2 promoter mapping in rat cardiomyocytes suggests that a 400bp 

region containing two MEF2 and two GATA binding sites confers high level cardiac- 

restricted expression on the XMLC2 gene. Similar to XMLC2 promoter transfection 

into C2C12 skeletal myocytes, transfection of a mouse cardiac TnC 124bp proximal 

promoter-luciferase construct into a non-cardiac muscle cell line (NH3T3), failed to 

activate reporter gene expression (Parmacek et al., 1992). However, co-transfection 

of the same reporter with a GATA4 or GATA6 expression vector into NH3T3 cells 

resulted in a 75-95 fold increase in promoter activity (Morrisey et al., 1996). This
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increase in activity was dependent upon an intact GATA binding site around -80bp 

upstream of the transcriptional start site of the cardiac TnC gene. A consensus MEF2 

binding element has also been identified within the 124bp cardiac TnC promoter 

fragment (Parmacek et al., 1994), suggesting that transfected GATA, and MEF2 

(endogenous to NH3T3 muscle cells), might cooperate to activate the promoter in co

transfection experiments. On the basis of this, it may prove instructive to co-transfect 

a GATA factor expression vector with the 486bp, 265bp and 86bp XMLC2 

promoter-luciferase constructs into C2C12 skeletal myocytes. This experiment might 

serve to elucidate the role of GATA factors in XMLC2 regulation, and help identify 

which GATA binding sites are functional, if any, in XMLC2 promoter 

transactivation.

Since progressive 5’ deletions of the XMLC2 promoter had little effect on 

luciferase expression in C2C12 cells, it is unlikely that a repressor protein present in 

skeletal myocytes is silencing the activity the XMLC2 promoter by binding upstream 

of elements responsible for its transcription in cardiac muscle cells, as is the case for 

the chick cardiac MLC2 gene with the CSS element (Dhar, 1997). Although, it 

remains a formal possibility that such a repressor element, unrelated in sequence to 

CSS, could be present within the most proximal 86bp of the XMLC2 promoter.

In mouse embryos, the 3kb XMLC2 promoter drives B-galactosidase in 

precardiac cells from around the time when endogenous contractile isoforms are first 

transcribed. Thus, despite the evolutionary divergence between the frog and mouse,
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the XMLC2 promoter contains the necessary cis-acting sequences to respond to the 

onset of murine cardiac muscle differentiation. The finding that murine transcription 

factors can confer cardiac-specific expression upon a Xenopus promoter suggests a 

degree of conservation between the transcriptional machinery of Xenopus and mouse 

which constitutes the cardiogenic program. During subsequent cardiac development, 

B-galactosidase is expressed throughout the atrial and ventricular chambers of the 

heart. In this respect the XMLC2 promoter is unique amongst the contractile isoform 

proximal promoters whose expression patterns have been documented during 

embryonic cardiogenesis in the mouse. For example, lkb of DNA immediately 5’ to 

the murine desmin gene directs the normal pattern of expression on a B-galactosidase 

reporter in the developing skeletal muscle in transgenic mice, but within the heart this 

regulatory region is active only in the developing ventricles (Kuisk et al., 1996). In 

contrast, the endogenous desmin gene is expressed homogeneously throughout the 

ventricular and atrial chambers (Li et al., 1993). Similarly, the regulatory sequences 

within the murine proximal promoter of the MLC3 (Kelly et al., 1995), cardiac a- 

actin (Biben et al., 1994), and MLC2V (Ross et al., 1996) genes are all active in a 

spatially restricted manner in patterns that differed from their endogenous 

counterparts. Presumably additional independent regulatory element(s) required to 

recapitulate normal expression patterns are absent from these transgenes.

The 3kb XMLC2 promoter-B-galactosidase transgenic lines serve to mark all 

myocardial cells of the heart from an early stage, therefore, might prove useful in 

embryological experiments designed to investigate the formation and/or patterning of
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the heart tube during murine cardiogenesis. In the future, it should prove possible to 

identify precisely the murine transcription factors involved in XMLC2 promoter 

regulation by breeding the transgenic mice into genetic backgrounds which are null 

for a transcription factor known to be important for cardiogenesis, and analysing the 

effect on 8-galactosidase expression.

Xenopus transgenesis demonstrates that a 3kb DNA fragment 5' to the 

XMLC2 gene contains the necessary cis-acting elements that encompass the 

functional promoter of the XMLC2 gene. Similar to endogenous XMLC2 activation, 

transgenic embryos which integrated the 3kb promoter express a linked GFP reporter 

from stage 29/30 in the prospective cardiogenic region. Thereafter, reporter 

transcripts are restricted to the myocardium throughout the looped heart tube, closely 

reproducing the normal expression pattern of the XMLC2 gene. In Xenopus 

transgenesis, plasmid DNA integrates as short copy number concatamers (2-6 copy), 

typically at 4-8 sites in the genome (Kroll and Amaya, 1996). Therefore, GFP protein 

expression levels detected in the living tadpole heart are variable from transgenic 

embryo to embryo because of differential copy number and site of integration of the 

reporter. This variability in reporter expression is also apparent during the in situ 

hybridisation colour reaction, with optimal staining times within a batch of embryos 

from a single experiment different amongst transgenic specimens between one and 

two hours. Importantly, GFP protein or mRNA expression is never detected in any 

embryonic structure other than the heart, highlighting the tissue-specific nature of 

XMLC2 promoter regulation. By the introduction of a number of deleted and/or
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mutated XMLC2 promoter fragments in sperm nuclear transplantations, it should be 

possible to elucidate the sequences responsible for conferring cardiac-specific 

expression of the XMLC2 gene.
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Chapter 5.
XMLC2 promoter mapping 

studies
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Introduction

XMLC2 is the only cardiac muscle-specific contractile isoform whose 

transcriptional control regions have been investigated by Xenopus transgenesis. A 

3kb XMLC2 5’ flanking DNA fragment directs GFP expression in the same temporal 

and spatial pattern as the endogenous XMLC2 gene. In order to map the elements 

contained within the 3kb XMLC2 5’ flanking region required to direct cardiac 

muscle-specific expression, a series of deletions were made in the 3kb promoter 

fragment and cloned above GFP. In addition to the spatial and temporal expression 

pattern of various XMLC2 promoter deletions, a measure of the level of GFP 

directed from each reporter fusion gene was recorded. Promoter activity was 

measured by visual comparison of batches of live transgenic tadpoles under GFP 

illumination, and by the time taken for optimal colour development in the subsequent 

in situ hybridisations to detect GFP mRNA. Given the possible role of MEF2 and 

GATA factors in XMLC2 regulation, several of the consensus MEF2 binding sites 

and a GATA binding motif present in the 3kb XMLC2 promoter were mutated. The 

effect on both pattern and level of transgene expression was monitored in tailbud and 

tadpole embryos.

5’ deletions in the XMLC2 promoter

Figure 15 shows a schematic diagram of the 3kb XMLC2 upstream regulatory 

region alongside the DNA fragments which constitute each deleted promoter 

construct. The number of transgenic embryos generated for each promoter-reporter
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Figure 15. A schematic diagram of the XMLC2 promoter

A map of the 3kb XMLC2 promoter used in the construction of promoter-GFP fusion 

genes for Xenopus transgenesis. Consensus MEF2 binding sites (M1-M4) are 

coloured green, GATA elements (G1-G4) are blue, and the CArG box is red. DNA 

sequences included in the 5’ and 3’ XMLC2 promoter deletions are shown with the 

restriction sites used in their construction. TK; the 16lbp Thymidine Kinase minimal 

promoter fragment.
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plasmid, and the resultant GFP expression pattern as determined by in situ 

hybridisation are shown in Table 1.

Truncation of the 3kb XMLC2 promoter fragment to -1509bp had no effect 

on reporter expression detected in transgenic embryos. Thus, expression of GFP 

commenced around stage 29/30 in the presumptive cardiogenic region of the embryo, 

and by stage 35, GFP was clearly seen in the beating heart tube, and later, throughout 

the atrial and ventricular chambers. An identical GFP expression pattern was also 

obtained with 5’ truncations to -1050bp and -708bp. Visually, GFP expression levels 

driven by these three 5’ deletion constructs appeared comparable with the 3kb 

XMLC2 promoter-reporter gene, this assessment was confirmed by in situ 

hybridisation studies (Table 1, Figure 16 A). These results suggest that the functional 

promoter of the XMLC2 gene is contained within the most proximal 708bp of its 5’ 

flanking DNA. This fragment contains 3 MEF2 sites (M l-M3), 3 GATA sites (Gl- 

G3), and a single CArG motif. Consensus MEF2 and GATA sites located more 

distally (M4 and G4) do not appear to be necessary for normal XMLC2 expression.

Removal of all XMLC2 promoter sequences upstream of -570bp severely 

attenuated reporter expression in the heart of live transgenic tadpoles (Table 1). Even 

when all the yolky cells had cleared from the heart region at stage 40, GFP 

expression levels were clearly reduced compared with the -708bp or 3kb XMLC2 

promoter transgenics. A similar reduction in reporter expression was also reflected in 

the extended period necessary for colour development of in situ hybridisations, which
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C O N S T R U C T  G F P  N O  G F P  T O T A L __________ %  G F P  S T A IN IN G

1509bp 7 5 12 58 HEART

1050bp 7 8 15 46 HEART

708bp 20 31 51 39 HEART

570bp 5 23 18 22 HEART (WEAK)

302bp 34 73 104 33 HEART (WEAK)

258bp 0 16 16 0 NO EXPRESSION

-1426bp-TK 18 80 98 18 HEART (WEAK)

-1292bp-TK 0 21 21 0 NO EXPRESSION

Table 1. XMLC2 promoter deletion transgenesis.

Table 1 documents the total number of embryos generated by the Xenopus 

transgenesis protocol for each XMLC2 promoter deletion-GFP transgene, and 

resultant GFP expression, as judged by whole mount in situ hybridisation. The 

number of embryos which do and do not display GFP expression are shown in the 

GFP and NO GFP columns respectively. The percentage of embryos exhibiting GFP, 

and their spatial expression pattern is also recorded. Constructs recorded as weak are 

scored in this way because of the extended time taken for satisfactory colour 

development by in situ hybridisation. TK; the Thymidine kinase minimal promoter 

fragment used in the construction of the 3’ XMLC2 promoter deletions plasmids.
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typically took 2-3 hours to reveal a robust staining pattern in the heart. Larger 

XMLC2 promoter fragments, such as -708bp construct, usually only required 1-2 

hours for optimal GFP transcript detection. The XMLC2 promoter region between 

-708bp and -570bp contains a single MEF2 site (M3), suggesting that this binding 

element, or its surrounding sequences, are required for high level expression of the 

XMLC2 gene in vivo. This is consistent with a previously described role for MEF2D 

in the positive regulation of the XMLC2 gene in animal pole explant tissue 

(Chambers et al., 1994).

In an attempt to reveal the sequences absolutely required for XMLC2 

promoter activity in transgenic embryos, two additional 5’ truncations were made at 

-302bp and -258bp. In the same way as the -570bp construct, reporter expression 

driven by -302bp and -258bp of DNA immediately 5’ to the XMLC2 gene was 

restricted to the heart, but at a low level (Table 1). These results demonstrate that 

sequences contained within 258bp upstream of the XMLC2 gene are sufficient for 

myocardial expression of the transgene reporter. Deletion of the XMLC2 promoter 

fragment from -570bp to -258bp removes the GATA site (G3), the consensus CArG 

box and the two remaining MEF2 binding elements (Ml and M2) (Figure 15). 

Therefore, MEF2 binding is not absolutely required for cardiac-specific activity, 

although, it appears that MEF2 plays some role in the level of transcription driven by 

the XMLC2 promoter. In contrast, removal of the G3 site and CArG box has no 

discernible effect on the transcriptional capability of the XMLC2 promoter.
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3’ deletions in the XMLC2 promoter

In order to investigate the role of the two most proximal GATA sites (G1 and 

G2) in XMLC2 regulation, two 3’ deleted promoter constructs fused to the 16 lbp 

thymidine kinase minimal promoter fragment were made (Nordeen, 1988) (Figure 

15). In transgenic embryos containing the -1426bp-TK XMLC2 promoter-reporter 

plasmid, GFP was expressed at a low level exclusively in the heart (Table 1, Figure 

16 B). This 3’ deletion removes the putative GATA binding site (Gl) centred at 

-54bp, indicating that this sequence is not absolutely required for XMLC2 

transcription. Nor are sequences including and surrounding the XMLC2 TATA box, 

since these are also replaced in the TK fusion construct. It has been reported that 

MEF2 family members bind a consensus MEF2 binding site which precisely overlaps 

the TATA box in the Xenopus MyoD promoter, and this plays an important role in 

muscle-specific activity of the promoter (Leibham et al., 1994). This is unlikely to 

represent a regulatory mechanism for the XMLC2 gene, whose TATA box sequence 

does not form a complete MEF2 binding motif.

A second 3’ deletion reporter plasmid was constructed (-1292bp-TK), in 

which the fusion point of the XMLC2 promoter is upstream of the G2 GATA site at - 

217bp (Figure 15). This transgene was inactive in transgenic embryos as judged 

either by visual GFP expression, or by in situ hybridisation experiments to detect 

GFP mRNA (Table 1). Together, results from the two TK-fused plasmids suggest 

that XMLC2 sequences contained between -86bp and -217bp, which includes a
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Figure 16. GFP expression directed by truncated XMLC2 promoter transgenes

(A) A 708bp XMLC2-GFP transgenic tadpole. At stage 40, GFP transcripts are 

readily detected throughout the looped heart tube. (B) A -1426bp-TK XMLC2-GFP 

transgenic embryo. GFP mRNA is restricted to the cardiogenic region at stage 35, 

albeit at a reduced level compared with the 3kb XMLC2 promoter construct.



single GATA site (G2), are critical for XMLC2 expression in embryonic cardiac 

muscle cells.

MEF2 binding site mutations in the XMLC2 promoter

Mutations in the consensus MEF2 sites (Ml, M2 and M3) were made in the 

3kb XMLC2 promoter and cloned upstream of GFP (see materials and methods). 

Transgenic embryos containing each of the modified single MEF2 mutant (Ml*,

M2* and M3*) XMLC2 transgenes was generated, and GFP expression scored from 

tailbud stages (Table 2). Reporter expression driven by the single MEF2 mutation 

constructs began at stage 29/30 in the anterior-ventral region of the embryo, and by 

stage 35, was readily seen in the beating heart tissue. This is similar to the expression 

of the wild type 3kb XMLC2 transgene. However, many embryos expressing the 

MEF2-mutant transgenes showed additional weak sites of GFP expression around the 

branchial arches of the stage 35 tadpole. This observation was confirmed by in situ 

hybridisation, and was detected in approximately 80% of the transgenic embryos 

studied. Only when reporter expression levels in the heart were low, presumably in 

embryos with a low transgene copy number, was GFP undetectable in the branchial 

arches. Figure 17 A shows a stage 35 transgenic tadpole containing the 3kb XMLC2 

promoter with MEF2 site M3 disrupted. GFP transcripts were seen in the heart and a 

number of individual cells or clusters of cells around the branchial arches.

Three double and one triple MEF2 mutant derived from the M l*, M2* and 

M3* single mutants were made in context of the 3kb XMLC2 promoter fragment and
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CONSTRUCT GFP NO GFP TOTAL A GFP STAINING

MEF2 M l* 52 60 112 46 HEART + BA

MEF2 M2* 23 17 40 58 HEART +BA

MEF2 M3* 8 11 21 38 HEART + BA

MEF2 M l*+2* 16 19 35 46 HEARTH- BA + NT

MEF2 M2 *+3* 23 25 48 48 HEART + BA + NT

MEF2 M l*+3* 25 22 47 53 HEARTH-BA + NT

MEF2 Ml*+2*+3* 31 38 69 45 HEARTH-BA +N T

GATA G2* 12 21 33 36 HEART

Table 2. XMLC2 promoter mutation transgenesis

Table 2 shows the total number of embryos generated by sperm nuclear 

transplantation introducing various XMLC2 promoter mutation transgenes into the 

Xenopus genome. The number of transgenic embryos, (scored by the presence of GFP 

mRNA following whole mount in situ hybridisation), is recorded next to a column of 

non-transgenic siblings. The percentage of GFP positive embryos and spatial 

expression pattern for each promoter-reporter construct is also documented. Embryo 

batches were typically fixed for in situ hybridisation around stage 35. BA; branchial 

arches, NT; neural tube.
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cloned in front of GFP. No combination of these MEF2 binding site disruptions was 

capable of abolishing high level cardiac muscle-specific transcription from the 

XMLC2 promoter (Table 2). Even in the triple MEF2 mutant, reporter expression 

was not attenuated in the heart of transgenic embryos compared with the wild type 

3kb promoter. Surprisingly, examination of live embryos and in situ hybridisation 

revealed that the GFP expression domain for these transgenes was enlarged to 

encompass a small portion of the neural tube and the otic vesicle, in addition to 

brachial arch staining reminiscent of that observed for the single MEF2 mutant 

constructs (Figure 17 B). This pattern of ectopic GFP expression was detected in all 

transgenic embryos examined, but absent in non-transgenic siblings. The position of 

the neural staining was consistently just anterior to the first somites and was 

restricted to the dorsal-most cells of the neural tube (Figure 17 D). A more anterior 

section through the heart tube confirmed that GFP was localised to the myocardium 

and absent from the inner endocardial cells. In addition, some of the ectodermal cells 

in the pericardium and the surrounding brachial arch area also stained positive for 

GFP expression (Figure 17 C). These findings suggest that the MEF2 binding 

elements M l, M2 and M3, play no important role in the heart restricted expression 

driven by the 3kb XMLC2 promoter. However, this seems unlikely in the light of the 

5’ deletion data and an alternative explanation is that a more distal MEF2 site (M4) is 

able to compensate for the absence of more proximal sites (M l-M3). This could be 

tested by examining expression of a transgene containing the triple MEF2 mutation 

(Ml*, M2* and M3*), but truncated from 3kb to -708bp to delete M4.

- 112 -



*

Figure 17. GFP expression directed by XMLC2 promoter transgenes containing 

MEF2 site mutations

(A) A stage 35 XMLC2 M3*-GFP transgenic embryo. GFP is localised to the heart 

tube, and, weakly, in the branchial arches of the tadpole.

(B) A stage 35 XMLC2 M1*M3*-GFP transgenic embryo. In addition to GFP 

expression in the heart, transcripts are also detected in neural cells, the otic vesicle 

and branchial arches. (D) A transverse section at the level of the neural staining 

reveals that GFP is restricted to a dorsal portion of neural tube. (C) A more anterior 

section through the heart tube shows that GFP is localised to the myocardium, but 

absent from the endocardial cells. Additional sites of GFP expression are seen in the 

pericardium and cells of the branchial arches.
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A GAT A binding site mutation in the XMLC2 promoter

XMLC2 promoter mapping experiments suggested that sequences between 

-86bp and -217bp encompassing the GATA binding site G2 were important in the 

regulation of the gene. To test the role of the G2 motif in directing cardiac muscle- 

specific expression, it was mutated within the 3kb promoter and fused to GFP. The 

resultant transgenic embryos displayed a pattern of reporter expression that was 

indistinguishable from the wild type 3kb promoter. That is, GFP was localised to the 

cardiogenic region prior to looping stages, and its expression persisted throughout the 

heart tube until stage 40 (Table 2). Unlike the MEF2 mutants, GFP was never 

detected outside of the heart anlage at any stage examined. This could indicate that 

yet unidentified regulatory sequences in the proximal promoter region (-86bp to 

-217bp) are responsible for cardiac-specific transgene expression. Alternatively, the 

additional GATA binding sites contained within the XMLC2 regulatory region may 

be functionally redundant with the G2 motif.

Discussion

This study has mapped the functional promoter of XMLC2 to a DNA 

fragment containing 708bp of sequence immediately upstream of the gene. One 

region of this functional promoter between -86bp and -217bp, containing a single 

GATA motif (G2), is critical for reporter expression in transgenic embryos. Mutation 

of this GATA element has no effect on the transcriptional capability of the 3kb 

XMLC2 promoter. However, three other consensus GATA binding sites are present
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in the 3kb XMLC2 promoter fragment, which might play a functionally redundant 

role in the regulation of the gene in heart cells. In order to test this hypothesis it will 

be necessary to construct an XMLC2 promoter fragment which lacks all GATA 

factor binding motifs.

Deletion of the XMLC2 promoter from -708bp to -570bp which removes the 

MEF2 element M3 severely attenuates reporter expression in transgenic embryos.

The -258bp XMLC2 promoter fragment has no MEF2 binding sites, yet is still active 

exclusively in the heart, albeit at a low level. Disruption of three single MEF2 

binding sites alone has no effect on the expression of GFP in the heart of transgenic 

tadpoles compared with the wild type promoter. Similarly, mutation of the three most 

proximal MEF2 sites, either in pairs or in combination in the 3kb XMLC2 promoter 

fails to disrupt heart expression, suggesting that a fourth distal MEF2 site (M4) may 

compensate for their absence. Together with the 5’ deletion data, these results 

indicate that MEF2 plays a role in boosting XMLC2 expression levels in vivo, 

whereas, the cis-acting elements sufficient for cardiac-specific transcription of the 

gene are located within the most proximal 258bp. Further characterisation of the 

-258bp XMLC2 promoter fragment is required for their identification.

Because virtually the entire 3kb XMLC2 promoter sequence is deleted in one 

or other of the truncated transgenes, it is unlikely that there is a repressor binding 

element, equivalent to the CSS element in the chick cardiac MLC2 promoter 

(Ruoqian-Shen et al., 1991), which is silencing the gene in the skeletal muscle. In
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Xenopus, the transcription factors MEF2D and MEF2A are highly expressed in the 

developing somites (Chambers et a l, 1994). However, the finding that heart 

restricted activity is directed from an XMLC2 promoter fragment which lacks any 

MEF2 binding sites, suggests that the XMLC2 gene is activated specifically in the 

myocardium by a MEF2-independent mechanism, rather than actively repressed in 

other muscle cell lineages. In the single MEF2 mutant promoter constructs (Ml*, 

M2* and M3*), reporter expression is detected in the branchial arches in addition to 

the heart. This unanticipated GFP expression domain is expanded into the neural tube 

and otic vesicle when two or more of the MEF2 sites are mutated in combination.

The staining pattern is uniform amongst transgenic embryos, but is not obviously 

indicative of any described cell lineage in Xenopus development. Coupled with the 

finding that this transgene expression is specific to MEF2 mutations, but not 

promoter truncations or a GATA mutation, this aspect of XMLC2 regulation is 

puzzling.

The regulatory sequences directing tissue-specific expression in transgenic 

embryos appear to be different from that required in primary rat neonatal 

cardiomyocytes. The -486bp XMLC2 promoter deletion is the most active fragment 

in cultured cardiac cells, yet would be predicted to be only weakly expressed in the 

heart of Xenopus transgenics. Moreover, the -265bp deletion, which contains no 

MEF2 elements, is more active in rat cardiomyocytes than the 3kb promoter fragment 

(Figure 11). This finding is in contrast to the results achieved in vivo, which suggest 

that any deletion of the XMLC2 5’ flanking region below -708bp attenuates reporter
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transcription in the cardiac muscle of transgenic tadpoles. This disparity between the 

assays most likely represents a difference between the cardiomyogenic program in 

differentiated neonatal heart cells in culture, compared with the heart forming region 

of the Xenopus embryo.

Recent evidence has demonstrated that protein-protein interactions play a 

critical role in determining the target genes for MEF2 proteins in skeletal muscle 

(Molkentin et a i, 1996; Black et al., 1998). The role of MEF2 and myogenic bHLH 

proteins in synergistic activation of native promoters is apparent in the coordinate 

positioning of MEF2 sites and E-boxes in numerous muscle-specific control regions. 

During Xenopus embryogenesis MEF2 is expressed in all embryonic muscle cell 

types, whilst GATA factors are expressed in the heart and gut. It maybe that XMLC2 

is activated exclusively in the myocardium because this is where these two 

transcription factor families are co-expressed. In the XMLC2 promoter construct 

which lacks MEF2 sites, binding of GATA factors alone may be sufficient in 

directing some residual heart-specific activity. Alternatively, the bound GATA 

proteins may be capable of recruiting MEF2 factors by a direct protein-protein 

interaction, although, no evidence of an interaction between GATA and MEF2 

factors in cardiomyocytes has been reported to date. This could be tested by GATA 

RNA injection or the introduction of a GATA expression vector by transgenic means, 

into early Xenopus embryos and assaying for the transcription of XMLC2 in the 

somites. It is noteworthy that for all the truncated and mutated XMLC2 promoter 

fragments tested by transgenesis, GFP was never activated in heart progenitors cells
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prior to stage 29/30. Nkx, GATA and MEF2 transcription factors are co-expressed in 

heart precursors from gastrula stages, yet terminal differentiation of the heart anlage 

is somehow delayed until several hours after the heart primordia have fused at late 

tailbud stages. An understanding of the nature of this block on contractile isoform 

expression might provide important clues as to the mechanism by which the XMLC2 

gene is first activated in Xenopus embryos.

Future work

Using Xenopus transgenesis it is possible to introduce ectopic or dominant 

negative activities into every cell of an embryo, or by using tissue-specific promoters, 

into a defined subset of cells. Injection of Nkx2-5-engrailed cDNA constructs into 

cleaving Xenopus embryos activates expression of the dominant-negative molecule 

from blastula stage onwards, with the result that the embryos fail to undergo cardiac 

differentiation at tailbud stages (Fu et al., 1998). It would be interesting to drive 

expression of Nkx2-5-engrailed from the XMLC2 promoter in transgenic embryos, 

therefore, the dominant-negative protein is targeted to myocardial cells as they form. 

Given the role of Nkx2-5 in cardiac looping and chamber formation in the mouse 

(Lyons et al., 1995b), it might prove informative to study the morphological effect on 

Xenopus heart formation by such an operation. One problem with this approach 

might be that Nkx2-5-engrailed could act in a regulatory loop which ultimately turns 

off the XMLC2 promoter before the phenotypic consequences of its miss-expression 

are visualised.
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Chapter 6. 
Regulation of the X e n o p u s  

cardiac a-actin gene
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Introduction

Two actin genes are expressed in striated muscle; cardiac a-actin and skeletal 

a-actin, which form the main component of the thin filament within the sarcomere.

In Xenopus, cardiac a-actin transcripts are first detected by RNAase protection 

around the end of gastrulation (stage 14), exclusively in the differentiating somitic 

mesoderm (Mohun et al., 1984). During neurula stages expression levels increase 

concomitant with somitogenesis, and at stage 28, cardiac a-actin transcripts are also 

detected in the anterior-ventral portion of the embryo, marking the onset of cardiac 

muscle differentiation in this region (Logan and Mohun, 1993). By stage 42, cardiac 

a-actin and skeletal a-actin are co-expressed in the embryonic heart and skeletal 

muscles of the swimming tadpole (Mohun et al., 1984).

Cardiac a-actin is the major striated muscle-specific actin isoform expressed 

during murine embryogenesis, first accumulating in the heart anlage at 7.8 days p.c., 

and later, throughout the atrial and ventricular chambers. Expression of cardiac a- 

actin begins in the myotomal cells of the somites at 9 days p.c., and before birth 

marks all terminally differentiated skeletal muscle groups in the embryo. Skeletal a- 

actin is always found co-expressed with cardiac a-actin, although at lower levels 

(Sassoon et a l, 1988). In all vertebrates studied, cardiac a-actin is reduced after birth 

to be replaced by skeletal a-actin as the major actin isoform in skeletal muscle, 

whereas, cardiac a-actin is the dominant actin species in adult heart (Dunwoodie et 

al., 1994). The molecular basis for actin isoform switching during development 

remains obscure at present.



Previous studies of vertebrate cardiac a-actin regulation have indicated that 

DNA immediately flanking the 5’ end of these genes is necessary and sufficient to 

convey muscle-specific expression on a heterologous reporter gene (Minty and 

Kedes, 1986; Mohun et al., 1986; Quitschke et al., 1989). Within this functional 

promoter region, a common sequence motif, the CArG box, is repeated four times 

within 250bp of the transcriptional start site. A second conserved binding element, 

the E-box, is repeated three times in Xenopus, twice in chick, and once each in the 

mouse and human cardiac a-actin proximal promoter regions. In skeletal myocyte 

culture, there is an absolute requirement for the most proximal CArG box (CArG box 

1) to direct significant transcriptional activity from transfected human and chick 

cardiac a-actin reporter constructs (Miwa and Kedes, 1987; Quitschke et al., 1989). 

Sequences encompassing the more distal CArG boxes (CArG boxes 2, 3 and 4) are 

required for maximal reporter activity. Transcriptional activation in skeletal muscle 

cells also depends upon E-box binding by members of the MyoD family of 

transcriptional regulators. Mutation of the most proximal E-box on the chick and 

human cardiac a-actin promoters abolishes expression in cultured skeletal myocytes 

(Sartorelli et al., 1990; Moss et al., 1994). Interestingly, an intact CArG box 1 

sequence is necessary for expression of transfected human and chick cardiac a-actin 

reporter constructs in primary cardiac muscle cells (Sartorelli et al., 1992; Moss et 

al., 1994). The importance of E-box sequences in cardiomyocyte culture remains 

controversial (Sartorelli et al., 1992; Skerjanc and McBumey, 1994).
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A 580bp proximal promoter fragment of the Xenopus cardiac a-actin gene 

microinjected into fertilised eggs is regulated in the same temporal and spatial pattern 

as the endogenous gene, at least until tailbud stages (Mohun et al., 1986; Wilson et 

al., 1986). Animal pole explants dissected from blastula embryos can be induced by 

vegetal pieces to differentiate into axial structures including skeletal muscle. These 

animal-vegetal conjugate explants, routinely cultured to stage 18, express both 

endogenous cardiac a-actin and a microinjected 580bp cardiac a-actin promoter- 

reporter gene (Gurdon et al., 1985; Mohun et al., 1989) Together, these results 

indicate that the regulatory region required for embryonic induction of cardiac a- 

actin is contained within 580bp of DNA sequence upstream of the gene.

Removal of Xenopus cardiac a-actin promoter sequences from -224bp to 

-104bp (including CArG boxes 2, 3, and 4) does not reduce expression of the 

reporter in conjugate explants. However, when the truncation is extended 3’ from 

-224bp to -71 bp to encompass CArG box 1, reporter expression is virtually 

undetectable (Mohun et al., 1989). Linker scan (LS) mutations generated throughout 

the 580bp cardiac a-actin promoter fragment demonstrate that disruption of CArG 

box 1 (LS29 and LS30, Figure 18) eliminates the response to muscle induction in 

explant conjugates (Mohun et al., 1989). An oligonucleotide consisting of only CArG 

box 1 sequences inserted at -85bp into the CArG box 1-4 deleted construct (-224bp 

to -71bp), restores a high level of reporter expression. This CArG box 1 

oligonucleotide can be functionally replaced with a heterologous CArG box sequence 

in the form of the serum response element (SRE) from the c-fos or cytoskeletal actin
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Figure 18. Sequence of the Xenopus cardiac a-actin promoter

Nucleotide sequence of the 580bp cardiac a-actin promoter fragment. The TATA 

box, TATAAAT is underlined. SRF binding sites (CArG boxes 1-4) are coloured red, 

and three E-box elements in the M3 region are coloured blue. Superimposed upon the 

sequence is the exact position of 8bp linker scan (LS) mutations and the Ball 

deletion. Below is a schematic diagram of the Xenopus 580bp cardiac a-actin 

promoter. E-boxes are coloured blue, and SRF binding sites are red. The position of 

restriction enzyme sites and linker scan mutations used to make truncated and 

mutated cardiac a-actin transgenes are shown.
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genes (Taylor et al., 1989). It was subsequently discovered that both CArG box 1 and 

SRE bind the ubiquitous MADS box factor, SRF, in Xenopus embryos (Treisman, 

1987; Mohun et al., 1991).

A second region, distal to the CArG boxes, has also been defined as essential 

for embryonic induction of the Xenopus cardiac a-actin gene (Mohun et al., 1986). 

This sequence termed the M3 region (Figure 18), lies between -282bp and -348bp, 

and contains three E-box binding motifs, of which the central one is critical for 

promoter activity. The M3 region complexes with an embryonic skeletal muscle 

extract containing a binding activity which is indistinguishable from Xenopus MyoD 

(Taylor et al., 1991). Taken together, these data suggest a model in which cardiac a- 

actin expression is activated in the differentiating somitic musculature of Xenopus 

embryos by recruitment of the MyoD and SRF transcription factors to the E boxes 

and CArG box 1 respectively in the proximal promoter sequence of the gene.

In mouse, the promoter sequences responsible for directing the developmental 

expression pattern of the murine cardiac a-actin gene have been mapped using 

transgenesis. It has been reported that 700bp of DNA upstream of the cardiac a-actin 

gene is sufficient for low level expression of a (3-galactoisidase reporter in the heart 

and somites of transgenic embryos (Biben et al., 1994). Consistent high level activity 

in embryonic cardiac and skeletal muscle requires proximal (-5.4kb to -3.4kb) and 

distal (-7.8 to -7kb) enhancer sequences respectively, as well as the 700bp promoter. 

In order to identify the sequences required for skeletal and cardiac expression of the
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Xenopus cardiac a-actin gene, I have introduced a series of constructs encoding 

truncated and mutated versions of the 580bp cardiac a-actin promoter fused to GFP 

into embryos via Xenopus transgenesis. An investigation into cardiac a-actin 

regulation during development may provide an insight into how a single contractile 

isoform is activated simultaneously in different muscle types.

Cardiac a-actin expression during embryogenesis

A detailed analysis of the early expression of endogenous cardiac a-actin was 

carried out using in situ hybridisation on Xenopus embryos from neurula to tadpole 

stages (Figure 19). Previous studies using an RNAase protection assay demonstrated 

that the cardiac a-actin gene was first activated just after gastrulation (stage 14), 

preceeding the formation of morphologically distinct axial muscle by several hours, 

since the first somites form in the neurula embryo (Nieuwkoop and Faber, 1956). 

Using in situ hybridisation, cardiac a-actin transcripts were detected from stage 19 

onwards in two stripes of expression corresponding to the somitic mesoderm either 

side of the dorsal midline (Figure 19 A). Cardiac a-actin mRNA appeared to be more 

abundant in the rostral region of the somitic mesoderm, consistent with the rostral- 

caudal progression of somite formation in Xenopus. By stage 23, the somitic 

mesoderm appears to be segmented along its length, with cardiac a-actin labelling 

the myotomes of individual somites (Figure 19 B).

Consistent with the onset of heart muscle differentiation at stage 28, cardiac 

a-actin was weakly detected in the cardiogenic region, just caudal to the cement
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Figure 19. Distribution of cardiac a-actin mRNA in Xenopus embryos

(A) Using wholemount in situ hybridisation, cardiac a-actin is first detected in stage 

19 embryos with expression in the somitic mesoderm either side of the neural tube.

(B) At stage 23, cardiac a-actin is restricted to the developing axial muscle, labelling 

the myotomes of individual somites. (C) Cardiac a-actin mRNA is first detected in 

the anterior-ventral region at stage 28, concomitant with the differentiation of the 

heart anlage. (D) At stage 33, cardiac a-actin is expressed in the somites and 

throughout the developing heart tube. (E) In addition to expression in the cardiac and 

skeletal muscle lineages, cardiac a-actin is also expressed in the facial muscle blocks 

of the stage 40 tadpole.
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gland (Figure 19C). Transcripts were subsequently detected throughout the heart tube 

at the onset of heart beat (stage 33) (Figure 19 D). At stage 40, cardiac a-actin 

remained co-expressed in the skeletal and cardiac muscle, marking the segmented 

blocks (myotomes) along the dorsal axis of the embryo, and the atrial and ventricular 

chambers of the heart (Figure 19 E). Extra sites of cardiac a-actin expression were 

seen at several places in the head at stage 40, due to the formation of facial muscle 

blocks in the tadpole (Figure 19 E) (Nieuwkoop and Faber, 1956).

The cardiac a-actin gene 5’ flanking region directs muscle-specific expression of 

a linked GFP reporter during Xenopus embryogenesis

In order to determine the transcriptional activity driven by the 580bp cardiac a- 

actin promoter throughout embryogenesis (including later heart forming stages), it 

was fused upstream of GFP and integrated into the genome of Xenopus embryos by 

transgenesis (Amaya and Kroll, 1996). GFP expression was first visualised in 

embryos around stage 18 in two faint green stripes either side of the neural tube. 

During late neurula stages GFP expression levels increased, and by stage 20 were 

bright enough to be clearly photographed (Figure 20 A). GFP expression was 

restricted to the somites until stage 28, when a second area of reporter activation was 

detected in the heart forming area of the embryo. Expression driven by the 580bp 

cardiac a-actin promoter was masked until around stage 40 when the yolky cells 

begin to clear from the heart region. Figure 20 B shows a stage 40 tadpole containing 

the 580bp cardiac a-actin transgene with GFP localised to somites, heart and facial 

musculature. Like the endogenous cardiac a-actin gene, examination of living

- 1 2 7 -



■ k .  *7

i -S H B H H

c D

Figure 20. Reporter expression directed by the 580bp cardiac a-actin promoter 

transgene

Embryonic expression of the 580bp cardiac a-actin transgene, viewed with the 

flourescein band pass filter at neurula and tadpole stages. (A) At stage 20, GFP is 

localised to the newly forming somites in two stripes either side of the dorsal midline.

(B) At stage 40, yolky cells have cleared from the cardiogenic region and GFP is seen 

in the beating heart, somites and facial muscle tissue. (C and D) This muscle-specific 

pattern is confirmed by in situ hybridisation to detect GFP mRNA in transgenic 

embryos at stage 20 and stage 35.
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tadpoles at high magnification showed that GFP was expressed throughout the looped 

heart in both atrial and ventricular chambers.

In situ hybridisation with an antisense GFP probe was used to confirm these 

results. Figure 20 C shows a stage 20 transgenic embryo with GFP mRNA restricted 

to the developing somites. By stage 35, GFP expression persists in the myotomes of 

the somites, and transcripts can also be visualised in the heart anlage (Figure 20 D). 

This finding indicates that the cis-acting elements required for the correct skeletal 

and cardiac muscle-specific expression of Xenopus cardiac a-actin are contained 

within a 580bp DNA fragment immediately upstream of the gene. Searches of the 

580bp sequence with the EditSeq program (DNA Star) revealed that there were no 

consensus MEF2, GATA or Nkx binding motifs, suggesting that the heart restricted 

expression of cardiac a-actin may be due to a novel combination of promoter 

elements.

Deletion mapping of the Xenopus 580bp cardiac a-actin promoter

A series of gross truncations and 8bp linker scan (LS) mutations previously 

made in the 580bp cardiac a-actin promoter fragment were cloned upstream of GFP 

and tested for their ability to convey embryonic muscle-specific expression using 

Xenopus transgenesis (Mohun et al., 1989; Taylor et al., 1991). Figure 18 shows the 

580 bp cardiac a-actin proximal promoter sequence and a schematic diagram of the 

deleted/mutated cardiac a-actin promoter constructs tested. The number of transgenic 

embryos generated for each transgene, and the resultant GFP expression pattern, is 

documented in Table 3. Of particular interest was the identification of modified
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CONSTRUCT GFP NO GFP TOTAL GFP STAINING

-216bp neurula 10 26 36 28 SOMITES
tadpole 6 11 17 35 HEART AND SOMITES

AM3 neurula 17 21 38 45 SOMITES
tadpole 15 16 31 48 HEART AND SOMITES

LSI-28 neurula 2 7 9 22 SOMITES
tadpole 25 38 63 40 HEART AND SOMITES

LS10-13 neurula 7 32 39 18 SOMITES
tadpole 3 54 57 5 SOMITES (WEAK)

-128bp neurula
tadpole 3

20
26 29 10

NO EXPRESSION  
HEART (WEAK)

LS 29 neurula 18 24 42 43 SOMITES (WEAK)
tadpole 34 75 109 31 SOMITES (WEAK)

LS 30 neurula 4 6 10 40 SOMITES (WEAK)
tadpole 8 16 24 33 SOMITES (WEAK)

LS10-13 neurula 32 16 48 66 SOMITES
B oxl + tadpole 19 55 74 26 SOMITES

LS 25 tadpole 82 57 149 55 HEART AND SOMITES

LS 13 neurula 6 10 16 38 SOMITES
tadpole 71 111 182 39 SOMITES

Table 3. Cardiac a-actin promoter transgenesis

Table 3 shows the total number of embryos generated by Xenopus transgenesis for 

each cardiac a-actin transgene, preceded by the number which express and do not 

express GFP after whole mount in situ hybridisation. The remaining columns 

document the percentage of embryos positive for GFP and their expression profile. 

Absolute levels of expression for each reporter plasmid vary from embryo to embryo 

due to the effects of transgene position and copy number. However, GFP staining for 

constructs recorded as weak were scored in this way because of the extended time 

taken for satisfactory colour development by in situ hybridisation. Neurula embryos 

were fixed around stage 20, and tailbud embryos around stage 35.
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promoter fragments which were active in somitic muscle but inactive in cardiac 

muscle, and vice versa.

Removal of the M3 region from -348bp to -282bp (containing three E-box 

elements) had previously been reported to dramatically reduce reporter expression 

driven by the cardiac a-actin promoter in conjugate explants (Taylor et al., 1991). 

However, when reporter expression was assayed from the same promoter fragment in 

normal Xenopus embryos derived by transgenic methods, GFP clearly marked the 

somites from around stage 18 onwards (see discussion) (Table 3). In situ 

hybridisation on stage 35 transgenic embryos demonstrated that GFP was localised to 

both the somites and the heart of the tadpole (Table 3). Consistent with the above 

result, a 5’ truncation of the cardiac a-actin promoter to -216bp with Ball (Figure 

18), which deletes the M3 region, exhibited a reporter expression pattern 

indistinguishable from the endogenous gene. That is, GFP transcripts were detected 

in transgenic embryos from stage 18 onward, and become co-expressed in the 

somites and looped heart tube at stage 35 (Figure 21 A and B, Table 3). The GFP 

expression levels driven from all cardiac a-actin transgenes was measured by 

comparing batches of live transgenic embryos under GFP illumination, and by timing 

the colour reaction in the subsequent in situ hybridisations. No attenuation of the 

GFP expression levels in the somites or cardiac muscle was apparent for either the 

AM3 or ABall cardiac a-actin promoter constructs compared with the wild type 

580bp transgene.
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Figure 21. Reporter expression directed by truncated cardiac a-actin promoter 

transgenes

(A) The ABall cardiac a-actin transgene is active in the axial muscle and heart of 

X enopus  embryos. At stage 20, GFP is directed exclusively in the somites, and at 

stage 35 (B), in both the somites and heart of the tadpole. (C) In embryos containing 

the AScal-LS 1-28 transgene, GFP is expressed in the somites at neurula stages, and 

by tadpole stages (D), is readily apparent in both axial and cardiac muscle. In 

embryos containing both of these truncated transgenes, GFP expression levels are 

comparable to that detected for the 580bp wild type construct. (E) In contrast, 

reporter expression driven by the 104bp cardiac a-actin transgene is restricted to the 

heart during embryonic stages, and present at a reduced level to that observed for the 

580bp transgene.
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A cardiac a-actin promoter fragment deleted between -294bp and -104bp 

(AScal LSI-28, Figure 18) was fused upstream of GFP and introduced in developing 

Xenopus embryos via transgenesis. Consistant with the results found previously in 

explant assays, GFP was visualised in living embryos from stage 18 onwards, 

restricted to the somitic mesoderm. In situ hybridisation studies to detect GFP mRNA 

in these embryos confirmed this expression pattern (Figure 21 C, Table 3). By 

tadpole stages, GFP expression was readily visualised in the beating heart of 

transgenic embryos, and in the subsequent in situ hybridisations, GFP transcripts 

were detected throughout the looped heart tube (Figure 21 D, Table 3). These results 

indicate that sequences encompassing CArG box 2, 3 and 4 are not important for 

muscle-specific regulation of the cardiac a-actin gene, or the overall transcriptional 

capability of the 580bp promoter fragment.

In contrast to the above findings, a transgene containing the cardiac a-actin 

promoter with an extended truncation from -224bp to -71bp (LS 10-13, Figure 18), 

encompassing CArG box 1, was not readily visualised in transgenic embryos. GFP 

expression in live embryos was very faint at all stages examined and was only 

detected in the somites. In situ hybridisation for GFP transcripts on two stages (stage 

20 and 35), confirmed the somite-specific localisation of the reporter (Table 3). 

Optimal colour development times in the somites were typically around 2-3 hours 

compared with 1 hour for the 580bp cardiac a-actin transgene. In numerous instances 

the colour reaction on the stage 35 embryos was allowed to proceed overnight at 4°C,
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however, none of these embryos displayed any significant GFP expression in the 

heart (Table 3). The combined results from the two internal deletion constructs 

(AScal LSI-28 and LS10-13) and the 5’ truncation (ABall) suggest that sequences 

contained between -104bp and -71 bp are necessary for high level expression in the 

somites and absolutely required for cardiac muscle-specific activity of the cardiac a- 

actin gene during Xenopus embryogenesis.

Truncation of all cardiac a-actin promoter sequences upstream of -104bp, 

abolished GFP expression visualised in live embryos, at all stages examined. 

However, in a more sensitive assay for GFP transcription by in situ hybridisation, 

reporter transcripts were detected exclusively in the heart of 3 from 28 tadpole 

embryos after an extended colour development (Figure 21 E, Table 3). This finding 

suggests that the sequences sufficient for cardiac muscle-specific expression of the 

Xenopus cardiac a-actin gene are localised to the most proximal -104bp of the 

promoter, which contains CArG box 1. Comparing the heart-specific activity of the 

104bp and -580bp cardiac a-actin promoter constructs, it seems likely that additional 

unidentified elements upstream of -104bp are required for high level expression in 

cardiac muscle.

Cardiac muscle-specific regulation of the Xenopus 580bp cardiac a-actin 

promoter

A construct consisting of the 580bp cardiac a-actin promoter fragment with 

part of the CArG box 1 sequence replaced by a linker scan mutation (LS29, Figure 

18), was fused upstream of GFP and tested by transgenesis. GFP was weakly
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expressed in live embryos from stage 18 onwards, exclusively in the somites. In situ 

hybridisation experiments at stage 18 and stage 35 confirmed the absence of GFP 

transcripts in the developing heart of the of transgenic embryos (Figure 22 A and B), 

even after prolonged staining. The same result was achieved using the LS30 construct 

(Table 3), which also disrupts CArG box 1 sequences, indicating that the factor(s) 

which bind CArG box 1 are absolutely required for the heart-specific regulation of 

the Xenopus cardiac a-actin gene.

The next cardiac a-actin promoter construct tested by transgenesis was one in 

which a CArG box 1 oligonucleotide was inserted into LSI0-13, which lacks all four 

CArG boxes, in such a way as to maintain its normal position at -85bp (Mohun et al., 

1989). As expected, this construct gave a high level of GFP activity in the somites 

from mid-neurula stages onwards. However, no heart expression was ever detected in 

any of the stage 35 transgenic embryos examined (Table 3). Therefore, it appears that 

that CArG box 1 is a necessary sequence, but is not sufficient for cardiac muscle- 

specific regulation the Xenopus cardiac a-actin gene. Other elements required for 

heart activity during Xenopus embryogenesis must be located outside of CArG box 1, 

but, unlike those necessary for somite expression, these must lie within the most 

proximal 104bp of promoter sequence.

Reporter plasmids containing linker scan mutations on either side of CArG 

box 1 (LS25 and LS13; Figure 18) (Mohun et al., 1989), were tested in Xenopus 

transgenesis experiments. The cardiac a-actin promoter sequences covered by LS25
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Figure 22. Reporter expression directed by cardiac a-actin promoter transgenes 

containing linker scan mutations

The LS29 cardiac a-actin transgene directs GFP exclusively in the axial muscle 

during X enopus embryogenesis. In situ  hybridisation to detect GFP mRNA at stage 

20 (A) and 33 (B) reveals that GFP is restricted to he somites, but absent from the 

h e a r t , even after prolonged staining. An identical spatial expression pattern is 

directed by the LSI 3 cardiac a-actin transgene. Lateral views of transgenic embryos 

at stage 20 (C) and stage 33 (D), confirms that GFP expression is localised 

exclusively in the somites.
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or LSI3 do not conform to any known transcription factor binding site. However, a 

comparison of the Xenopus and vertebrate cardiac a-actin 5’ flanking regions 

revealed that the many of the nucleotides encompassed by the LS25 and LSI 3 

mutations were spatially conserved between the frog and chick promoters. The 

Xenopus borealis cardiac a-actin promoter also possess the wild type sequences 

encompassing LS25 and LS13, lying upstream and downstream of CArG box 1 

respectively (Wilson etal., 1986).

Reporter expression driven by the 580bp LS25 cardiac a-actin promoter was 

indistinguishable from that documented for the wild type 580bp construct. GFP was 

easily visualised in the somites at stage 18, and by tadpole stages readily marked both 

the skeletal and cardiac muscle cell lineages (Table 3). The 580bp LSI3 cardiac a- 

actin promoter-reporter was highly expressed in the somites at all stages examined. 

However, GFP was absent from the beating heart of transgenic tadpoles (Table 3). 

This expression pattern was confirmed by in situ hybridisation studies (Figure 22 C 

and D), suggesting that as well as CArG box 1, an additional novel sequence which 

maps just downstream of CArG box 1 is required for cardiac muscle-specific 

activation of the cardiac a-actin gene. Disruption of CArG box 1 sequences (LS29 or 

LS30) attenuated reporter transcription in the somites, consistent with a role for SRF 

binding in the regulation of the Xenopus cardiac a-actin gene in skeletal muscle 

(Mohun et al., 1989; Mohun et a l , 1991). In contrast to CArG box 1 mutations, the 

LSI3 transgene was highly expressed in embryonic axial muscle, providing evidence
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that the factor(s) which bind the LSI3 element in heart may be absent from the 

somites.

Discussion 

Regulation of the Xenopus cardiac a-actin gene in cardiac versus skeletal muscle

The transcriptional regulation of muscle-specific genes has been examined 

extensively using cultured cells, and numerous cis-regulatory elements have been 

identified. Despite this level of understanding, the in vivo mechanisms of differential 

gene expression in skeletal and cardiac muscle are only now being identified. Results 

from this study show that CArG box 1 is a necessary but not sufficient sequence for 

the correct muscle-specific regulation of the cardiac a-actin gene. The identification 

of an additional sequence critical for only cardiac expression of the 580bp cardiac a- 

actin promoter (disrupted by LS13), argues that distinct regulatory mechanisms 

function to activate the gene at the same time in the somites and heart during 

Xenopus embryogenesis.

The Xenopus cardiac a-actin promoter truncated to -104bp is active in 

cardiac but not skeletal myocytes of the tadpole embryo, albiet at a low level. These 

results are in agreement with Sartorelli et al, (1992), where transfection of a -485bp 

human cardiac a-actin promoter-reporter sustained maximal promoter activity in rat 

cardiomyocytes, whereas, a truncated form of - 1 18bp, which contains only CArG 

box 1 and an E-box, retained around 30% of maximal activity. A further truncation of 

the human cardiac a-actin proximal promoter to -47bp was transcriptionally inactive 

in cardiac cells. Mutation of CArG box 1 or deletion of all four CArG elements
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(LS10-13) abolishes reporter expression in the heart. Insertion of CArG box 1 into 

LS10-13 restores a high level of reporter expression to the somites, yet is still 

inactive in the heart. Thus elements other than CArG box 1, missing from the LS10- 

13Boxl+ construct are required for heart expression, presumably including those 

disrupted by LSI3.

It is unclear from the transgenic data which region of the cardiac a-actin 

580bp promoter is responsible for somite-specific activity in Xenopus embryos. 

Unexpectedly, truncation of cardiac a-actin promoter sequences upstream of -216bp 

(ABall), which contains the M3 region had no discernible effect on reporter activity. 

Deletion of all four CArG elements, but not CArG boxes 2, 3, and 4, appeared to 

attenuate somite-specific transcription of the reporter, suggesting that sequences 

encompassing CArG box 1 might play an important role. However, the discovery that 

the -104bp cardiac a-actin promoter-GFP construct is not active in the somites, 

would therefore indicate that CArG box 1 sequences are necessary but not sufficient 

for high level skeletal muscle-specific expression of the gene. It remains a possibility 

that in promoter fragments lacking CArG box 1 or all four CArG boxes, E-boxes may 

play a role in directing some residual transcription in the somites, therefore, it would 

be interesting to test a 580bp promoter construct lacking all E-boxes and CArG 

motifs. CArG boxes 3 and 4 (but not CArG box 2, which is not a consensus SRF 

binding motif) recognise the same binding activity from Xenopus embryos as CArG 

box 1 (Mohun et al., 1989), yet no additive effect on promoter transcription was 

detected from these sites. Indeed, deletion of CArG boxes 2, 3, and 4 (AScaI-LSl-28)
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has no adverse effect on muscle-specific reporter expression in transgenic embryos, 

indicating that they play no important role in cardiac a-actin regulation.

The role of E-boxes in Xenopus cardiac a-actin regulation

A study of the almost identical Xenopus borealis cardiac a-actin promoter 

using direct DNA injection of modified promoter-reporter genes, reports almost 

undetectable reporter transcription from a construct lacking the E-boxes in the 

muscle-forming region of the neurula embryo (Su and Woodland, 1993). However, a 

strong reporter signal is obtained with same promoter-reporter construct in the 

somites at stage 26. Therefore, while the cardiac a-actin promoter clone lacking E- 

boxes has little or no activity in the neurula embryo, some hours later it is highly 

active in the skeletal muscle portion of the tailbud (Su and Woodland, 1993). This 

suggests that there are two modes of embryonic cardiac a-actin regulation; an 

induction mode which switches on the gene in the nascent somitic mesoderm from 

stage 14 requiring E-box and CArG box 1 binding, and a second E-box independent 

mode, which maintains somitic muscle-specific expression of the gene after its initial 

activation.

In this chapter, transgenic data from two modified Xenopus cardiac a-actin 

promoter constructs, AM3 and ABall, indicate that E-boxes play no discernible role at 

late neurula or tailbud stages in the somite muscle-specific regulation of the gene.

The discrepancy between these results and those achieved in conjugate explants, 

could be explained by a change in the somitic myogenic program during early to late
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neurula stages from an induction to maintenance state. In conjugate experiments, 

cardiac a-actin promoter-reporter plasmids are microinjected into fertilised eggs, 

grown to blastula stage, then the animal pole cells were dissected and cultured for 9 

hours in contact with vegetal fragments until the equivalent of stage 18. During this 9 

hour period, the minimal time for robust endogenous cardiac a-actin activation is 7 

hours (Gurdon et al., 1985), thus microinjected cardiac a-actin promoter-reporter 

constructs are only expressed in the last 2 hours of the experiment. Conjugate explant 

assays, therefore, only report the induction of cardiac a-actin transcription requiring 

the E-boxes and CArG box 1, but not the later E-box independent phase. In my 

transgenic experiments, reporter activity is assayed around stage 18-20, some hours 

after the induction of endogenous cardiac a-actin at stage 14. Thus MyoD binding is 

required for the induction of cardiac a-actin expression, but by stage 18, when 

transgenic embryos are first assayed for the accumulation of reporter transcripts, 

additional unidentified binding elements, acting in conjunction with CArG box 1 

become utilised, making the E-box sequences redundant.

The finding that E-boxes are not required for skeletal muscle-specific 

transcription of contractile isoforms is not restricted to the cardiac a-actin gene. The 

murine MCK gene 1206bp 5’ flanking sequence drives the expression of a 

heterologous reporter in cultured skeletal myocytes. (Jaynes et al., 1986). This 

functional MCK promoter contains a number of binding motifs, including three E- 

boxes and a CArG element. Simultaneous mutation of all the E-boxes abolished 

reporter transcription in skeletal muscle cell cultures. However, when an identical
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reporter construct was introduced into transgenic mice, it did not affect expression in 

many adult skeletal muscle cell types (Shield et al., 1996). Additionally, 300bp of 

sequence immediately upstream of the Xenopus a-TM gene confers skeletal and 

cardiac muscle-specific transcription upon a GFP reporter during embryogenesis. 

Mutation of a single E-box element contained within this promoter region has no 

effect on the somitic or heart expression pattern of the reporter in either the somites 

or the heart (Thiebaud and Mohun, unpublished). Thus, there are likely to be multiple 

transcription factors restricted to skeletal muscle, other than the MyoD family, that 

can act to control the expression of contractile isoforms throughout development. 

Binding motifs for these unidentified regulatory proteins must be present in the 

proximal promoters of the MCK, a-TM and cardiac a-actin genes. Indeed, a 

sequence named Transcriptional Element X (TREX), present in the 1206bp proximal 

promoter of the murine MCK gene is required for full transcription in cultured 

skeletal but not cardiac cells (Fabre-Suver and Hauschka, 1996). In the same study, 

gel shift assays demonstrate that skeletal myocyte extracts but not cardiomyocyte 

extracts contain a factor which binds specifically to TREX. However, no sequence 

which closely resembles the TREX element is present in the cardiac a-actin 580bp 

promoter.

The role of CArG box 1 in Xenopus cardiac a-actin regulation

One component of the CArG box 1 binding activity generated from Xenopus 

embryos has been identified as the MADS box transcription factor SRF (Mohun et 

al., 1991). However, given the ubiquitous expression pattern of SRF throughout
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Xenopus development, it seems likely that SRF functional activity is modulated 

differently according to cell type by interactions with tissue-specific transcription 

factors. Four specific CArG box 1 binding activities have been identified from 

Xenopus tissues which do not contain SRF, although none were restricted to muscle 

(Taylor, 1991). One of these activities, termed ECF1, was the most prominent in 

cardiac a-actin expressing tissues (somites and embryonic heart, and adult heart), and 

bound CArG box 1 in preference to the SRE from the Xenopus c-fos gene (Taylor, 

1991). Co-expression of SRF and Nkx 2-5 in non-muscle cells (10T1/2 fibroblasts) 

synergistically activates expression of the of a chick cardiac a-actin proximal 

promoter-reporter gene (Chen et al., 1996). This activation depends upon an intact 

CArG box 1 element in the promoter. The authors also report that SRF and Nkx2-5 

can physically associate with each other in the absence of DNA in cultured 

cardiomyocytes, and propose a model in which an SRF-Nkx2-5 complex binds CArG 

box 1 to direct cardiac a-actin expression specifically in cardiac cells (Chen and 

Schwartz, 1996).

The identity of any interacting partners for SRF on CArG box 1 in Xenopus 

has yet to be established. Physical interaction between Xenopus SRF and Nkx2-5 

produced synthetically by rabbit reticular lysate has not been detected. Moreover, no 

synergy has been detected in the transactivation of the Xenopus cardiac a-actin 

promoter by SRF and Nkx2-5 in oocytes (Mohun, 1997). In mice mutant for Nkx2.5, 

cardiac a-actin expression in the rudimentary heart tube is not significantly disturbed 

(Tanaka et a l, 1999). The findings reported in this study demonstrate that CArG box
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1 and an additional sequence just downstream of CArG box 1 (covered by LSI3) are 

essential for embryonic heart-specific expression of the cardiac a-actin gene. This 

suggests that the factor(s) which bind the LSI3 sequence might co-operate with 

CArG box 1 binding proteins (presumably including SRF) to activate cardiac muscle- 

specific transcription of the gene. That mutation of the sequence encompassing LS13, 

unlike CArG box 1, does not attenuate reporter expression in the somites suggests 

that the physiological expression of factor(s) which bind the sequence including 

LSI 3 are restricted to the cardiac muscle of Xenopus embryos.

Future work

Linker scan 13 disrupts the 8bp cardiac a-actin promoter sequence 

AGGCTGCC located 2bp downstream of CArG box 1. The data from transgenic 

embryos suggests that this sequence may form part or all of a binding motif for novel 

transcription factor(s) involved in myocardial-specific regulation of the cardiac a- 

actin gene. In order to determine whether the sequences encompassed by LSI3 

constitute a whole binding motif, an additional linker scan mutation, LS26, (Mohun 

et al., 1989), disrupts the next 8bp of sequence immediately downstream of LS13. 

Dependent on the activity of the 580bp LS26 transgene, it should be possible to 

design an oligonucleotide which incorporates the sequences (including CArG box 1) 

required for expression of the cardiac a-actin gene in embryonic heart cells. The in 

vivo function of this oligonucleotide could be tested by transgenesis once it has been 

cloned into a minimal cardiac a-actin promoter construct, for example, LS 10-13.
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One way to clone the putative factors which bind the sequences encompassing 

LS 13 might be to undertake an expression cloning method (King et al, 1997) A 

Xenopus cDNA library derived from embryonic heart is sub-divided into pools of 50- 

100 clones and transcribed and translated. The resultant protein pools are then 

assayed for the presence of an LSI3 oligonucleotide binding activity by gel shift 

analysis. Once a pool containing a candidate activity is identified, the original cDNA 

pool is subdivided and retested until a single cDNA encoding the protein of interest is 

isolated. This technique was recently used to identify two novel proteins implicated 

in ventral mesoderm formation in Xenopus embryos (Mead et al, 1998).
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