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Summary

The mechanisms by which transcription factors, which are
not themselves tissue restricted, establish cardiomyocyte-
specific patterns of transcription in vivo are unknown. Nor
do we understand how positional cues are integrated to
provide regionally distinct domains of gene expression
within the developing heart. We describe regulation of the
Xenopus XMLC2gene, which encodes a regulatory myosin
light chain of the contractile apparatus in cardiac muscle.
This gene is expressed from the onset of cardiac

YY1/CArG-like site. We show that the low-affinity SRF site

is essential for transgene expression and that cardiac-
specific expression also requires the presence of at least one
adjacent GATA site. The overlapping YY1 site within the
enhancer appears to act primarily as a repressor of ectopic
expression, although it may also have a positive role.
Finally, we show that the frogMLC2 promoter drives pan
myocardial expression of a transgene in mice, despite the
more restricted patterns of expression of murineMLC2

genes. We speculate that a common regulatory mechanism
may be responsible for pan-myocardial expression of
XMLC?2 in both the frog and mouse, modulation of which
could have given rise to more restricted patterns of
expression within the heart of higher vertebrates.

differentiation in the frog embryo and is expressed
throughout all the myocardium, both before and after heart
chamber formation. Using transgenesis in frog embryos, we
have identified an 82 bp enhancer within the proximal
promoter region of the gene that is necessary and sufficient
for heart-specific expression of airKXMLC2 transgene. This
enhancer is composed of two GATA sites and a composite Key words:XenopusCardiogenesis, Heart, Myocardium

Introduction the terminal differentiation program. However, such factors

Early heart development is strikingly similar in all vertebratesa® apparently distributed quite broadly, both within the
Cardiac progenitors are initially specified bilaterally in thedeveloping heart and frequently within the whole embryo,
mesodermal layer and these subsequently commen@&ering few clues as to the basis for regional differentiation in
differentiation, fuse together and form a linear tube ofh€ heart (Bruneau, 2002; Cripps and Olson, 2002). _
myocardial muscle. Peristaltic contractions push blood through The scale of this problem has become evident from studies
the inner endocardial vessel that connects to the developifffjy 9éneé expression in the developing heart of the mouse
vasculature. This simple arrangement is rapidly transforme@mbryo. These have demonstrated that almost all genes
by a combination of morphological changes and regionddentified as part of the cardiac muscle differentiation program
differentiation into the complex architecture of cardiacShow some regional restriction within the heart, the nature and
chambers and valves characteristic of the mature vertebrag&tent of which frequently changes as cardiogenesis proceeds.
heart. Our understanding of these events is rudimentary, butli® compound this complexity, studies of heart-specific
is apparent that they are driven by a common, underlyingfanscription using transgenic models have identified enhancer
genetic program, shared to varying degrees by all metazoafements within individual cardiac gene promoters that drive
(Harvey, 2002). transgene expression in very specific domains within the
Although the identity of several signalling pathways likely developing heart. These do not necessarily correspond to any
to be involved in specifying cardiac fate have been identifie@bvious morphological compartment (Habets et al., 2003;
(Harvey, 2002; Zaffran and Frasch, 2002), we still have littld<elly et al., 1999).
knowledge of how such signals trigger the onset of cardiac Two explanations could account for such findings. One view
differentiation nor do we understand how distinct programs oi that such discrete expression domains may indicate regions
differentiation are orchestrated in different regions of thghat have distinct functional or developmental significance
developing heart. Initial studies of cardiac muscle-specificluring cardiac morphogenesis. For example, in addition to the
transcription, based largely on cell culture models, havéifferent prospective fates along the anteroposterior axis of the
identified candidate regulatory factors that appear to functiomitial heart tube, such regional expression patterns probably
in a variable but combinatorial manner to drive expression ahdicate the importance of patterning in both the dorsoventral
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and left-right axes of the initial heart tube (Habets et al., 2003). We have previously reported that the myosin light chain 2
Indeed, regional expression of several genes early in mougene provides a sensitive marker for the onset of cardiac
heart formation, combined with the changing functionalmuscle differentiation irXenopusembryos (Chambers et al.,
characteristics of embryonic myocardium, together form thd994). In contrast to thdLC2 genes of amniotedAL.C2a and
basis of a compelling model for heart morphogenesi8ILC2v) that are restricted to the atria or ventricles respectively
(Christoffels et al., 2000). (Franco et al., 1999), we show th&MLC?2 transcripts are
From another perspective, the existence of such discrepgesent throughout the entire myocardium, from the onset of
enhancer elements could testify to the modular nature of theardiac differentiation in the tailboud embryo to the formation
regulatory elements controlling cardiac gene expression. Sucii a mature, chambered heart. We also show thatéhepus
an arrangement could reflect the evolutionary diversity oMLC2 promoter faithfully maintains its pan-myocardial
cardiogenesis amongst metazoans. In this view, distingxpression in transgenic mouse embryos. This suggests that
regulatory modules provide the mechanisms by whiclthamber restriction of the mammalisihC2 genes may be the
functional complexity has been achieved on the basis of i@sult of regulatory controls that have evolved to limit a more
common genetic program (Fishman and Olson, 1997; Habetsicient pan-myocardial program. Using transgenesis in
et al., 2003). Xenopusembryos, we have found that the combined activities
Progress in understanding either the basis for, or thef GATA factors, SRF and YY1 apparently drive pan-
significance of, regional transcription patterns in themyocardial expression of théenopus MLC2ene.
developing heart will require detailed and comparative study
of individual genes in the myocardial differentiation program. :
To date, several different families of transcription factors havg/late”als and methods
been implicated in regulating cardiomyocyte differentiation,solation of the  XMLC2 promoter
including members of the Nkx/tinman,family, the MADS The XMLC2 promoter was obtained as a 3057 base pair Xlj}-
factors MEF2 and serum response factor (SRF) and the GATHindlll fragment from aXenopusgenomic library isolate. Its DNA
family of zinc-finger proteins (Bruneau, 2002). In addition, anSéduence was determlned. using the dldeo.xy method. In order to obtain
mportant ol has been denifed for myocarcin.a regator, ROnCle TS0Tert stlee or uee 1 ehorr sonsinct e
faCtor _Whose activity IS me.dlated . by .prOtem:prOtem(ATG) of theXMLC2gene, by exonu,clease Il digestion (Sambrook,
interactions rather than by direct interaction with specific DNA1989)'
sequences (Wang et al., 2001).
GATA transcription factors are zinc-finger proteins knownXMLC2 promoter-GFP fusion gene constructs
to bind DNA and transactivate target genes through the GATAA synthetic GFP reporter gene containing the GFP open reading frame
binding site, (A/T)GATA(A/G) (Ko and Engel, 1993). Based and SV40 polyadenylation (pA) signal was cloned intoBg#! site
on their expression patterns, the GATA proteins have beetpwnstream of the 3KKEMLC2 promoter. A series of’ SleletionsA-
divided into two subfamilies: GATA1/2/3, which are primarily 1558 bp §tu) and A-681bp EcoRV) were generated by usirgu
expressed in haematopoietic progenitors, but also in thRNdECARYV restriction enzymes, respectively. Additionabigletions
nervous system, and GATA4/5/6 which are broadly expresselff’e generated by PCR using proofreading polymerase and the 3kb
in the heart, gut and lungs (Molkentin, 2000). GATA4 has beeHeporter plasmid as a template. All primers used consisted 0f18-20 bp

. o =~ ~of XMLC2sequence with an additionatoR| or BanHI recognition
shown to regulate a number of cardiac-specific genes in vitrQ;

including MHQ, cardiacTnC andANF (Grepin et al., 1994; A chimericXMLC2TK promoter, comprising nucleotides —1558 to

Ip et al., 1994; Molkentin et al., 1994). —48 bp of theXMLC2promoter sequence fused to a thymidine kinase
SRF is involved in regulation of muscle-specific and(TK) minimal promoter, was generated by ligatingsal XMLC2

growth factor-inducible transcription, binding to the motif fragment to a 161 bfma-Bglll TK fragment. Fragments comprising

CC[A/T]6GG (termed a CArG box or SRE). It has been showmucleotides —1558 to —249 and —249 to —36 ofX&.C2 promoter

in vitro to interact with GATA4 and Nkx2.5 to regulate were generated by PCR and used to create chimeric constructs with

transcription of cardiac promoters. These and similaf?e minimal promoters of the TK (McKnight and Kingsbury, 1982)

combinatorial interactions between cardiogenic factors, whic’ YPe 5 cytoskeletal actin (Mohun et al., 1987) genes. Other short
LC2fragments (see text and figure legends) were synthesised as

are present in broader area then the heartl, Were proposec, ki ncleotides with and cloned into the Asp718 site of the minimal
provide molecular basis for heart-specmc. transcnpnorb toskeletal actin promoter viasp718-compatible ends (Latinkist
(Bruneau, 2002; Charron and Nemer, 1999; Cripps and OIsog}, 2002). One such double stranded oligonucleotide (—122/-85) was
2002). also used as a probe for EMSA (see Figs 6 and 7). PCR-mediated
The zinc-finger protein YY1 is pleiotropic regulator that canmutagenesis was performed by the overlap method (Ho et al., 1989),
both repress and activate transcription (Thomas and Setasing proofreading thermostable polymerase. The sequence of all
1999). In addition, it can cause DNA bending and it has beegpnstructs generated by PCR or by insertion of oligonucleotides was
shown to be involved in chromatin remodelling.Xenopus  confirmed by sequencing, as was the oligonucleotide copy number.
embryos, YY1 is regulated at the level of nuclear import
being exclusively cytoplasmic during early development
SUbsequently translocating to the nucle_us (FICZyC.Z etal., 200 ethods and microinjected with linearised DNA or synthetic RNA as
Recen'g s_tud|es ha_ve shown th‘.’it _YYl interacts with GATA4 _t%lescribed previously (Sive, 2000). Transgenic embryos were
synergistically activate transcription of the BNP promoter iNgenerated according to method of Kroll and Amaya (Kroll and
cell culture (Bhalla et al., 2001), but also acts to downregulat&maya, 1996), with modifications as described (Sparrow et al.,
transcription from the cardiac-specific MECpromoter  2000b). Successful transgenesis was confirmed by includipg a
(Sucharov et al., 2003). crystallivGFP reporter (Offield et al., 2000) together with the test

Xenopus embryos, microinjection and transgenesis
enopus laeviembryos were obtained and cultured by standard
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appears to be the homologueviifC2a (Chambers et al., 1994)

expressing GFP were analysed either by observation of fluorescenaad no amphibian equivalent BfLC2v has been identified.

or by whole mount in situ hybridisation to detect GFP mRNA.

Wholemount in situ hybridisation and histology

Whole-mount in situ hybridisation was performed as described (Siv
2000) with probes specific for GFP (Sparrow et al., 20004MirC2
(Chambers et al., 1994). Transverse sectiongu@pPwere obtained
from stainedXenopusembryos after embedding in Paraplast wax.
Transgenic mouse embryos were stained fbpalactosidase
expression and analysed directly or by cryostat sectioning.

Mouse transgenesis

The 3 kbHindllI-Bglll fragment containing thEMLC2promoter was
fused upstream of tH&galactosidase reporter, pPD16.43 (Fire et al.,

1990). Transgenic mice were generated by the Biological Service[so understand

Division of NIMR using standard methods.

EMSA

Embryo extracts were prepared as described (Howell et al., 1999). T
following oligonucleotides were synthesised witls BAC overhangs

for use as probes or competitors in EMSA reactions: GATA#1 TORmplicated

GTACCTATGCCTGAGATAAGAAGGAGTCG; GATA#1-BOT, G-

TACCGACTCCTTCTTATCTCAGGCATAG; GATA#2 TOP, GTAC-
CCTTGTGCTCTTATCTCTTCCGTCTG; GATA#2-BOT, GTAC-
CAGACGGAAGAGATAAGAGCACAAGG; GATA#3-TOP, GTAC-

CACTTTCCTGATAAATGAAGTATCCAG; GATA#3-BOT, GTAC-

CTGGATACTTCATTTATCAGGAAAGTG; YY1-TOP, GTAC-

GAGATCTCCCCACCCCTACTCCATGAGAA; YY1-BOT, GTAC-

TTCTCATGGAGTAGGGGTGGGGAGATCTC; SP1-TOP, AAT-
TGACGCTGGGCGGGGTTTG; SP1-BOT, AATTCAAACCCCGC-
CCAGCGTC.

Double-stranded oligonucleotides (20 ng) were labelled with
32p.dCTP and Klenow DNA polymerase as described (Sambrool
1989).

Human SRF (Norman et al., 1988) and XGATA4 (Kelley et al.,
1993) were translated in vitro using a coupled transcription-translatio
system (Promega) according to manufacturers instructions. Bindir
reactions and competitions were as described previously (Norme
et al., 1988). Polyclonal anti-YY1 (Santa Cruz) and anti-XSRF
(Chambers et al., 1992) antibodies were used at 1:20 dilution.

Luciferase assays

10 pg of —122/-45/cyt5/luc and RL-TK (Promega) were injectec
together into the one- or two-cell stage of fertili¥ahopusggs. The
DNA was also co-injected with 200 pg of synthetic RNA encoding
SRF and/or XGATA4. Animal pole explants were excised at the
blastula stage (Sive, 2000) and cultured until control embryos reacht
stage 13. Firefly and Renilla luciferase assays were performed usil
the Dual Luciferase Assay kit (Promega), according to the
manufacturers recommendations.

Results

XMLC?2 is a pan-myocardial marker

TheXMLC2gene is one of only a few genes that are expresse
exclusively in developing cardiac muscleXenopusembryos
(Chambers et al., 1994) and therefore provides a useful mark
for studying the onset of cardiogenesis. Expression is restricte
to cardiac muscle until adult stages, when it is also detecte
in the pulmonary vasculature (along with other myocardia
markers). In mammals, distingliC2a andMLC2v genes have
been identified, differing in the progressive restriction of thei
expression to atrial and ventricular myocardium respectivel:
(Franco et al., 1999). By sequence comparison Xtfi&C2

However, in contrast to its mammalian counterpAN|LC2
expression is not restricted to atrial myocardium during
development. Instead, it is uniformly expressed throughout

‘?nyocardial tissue of the atria, ventricle and outflow tract of the

tadpole heart (Fig. 1A,B). Its expression commences in the
cardiac mesoderm on the ventral midline of late tailbud

embryo, providing a convenient marker with which to visualise

the subsequent steps of heart tube formation, looping and
chamber formation (Fig. 1C-J).

3 kb XMLC2 promoter recapitulates embryonic
expression of the endogenous gene

regulatory mechanisms directing pan-
myocardial expression ¥MLC2, we isolated a genomic clone
that includes 3 kb upstream of the open reading frame. This
fegion includes putative binding sites for GATA, MEF2 and
SRF transcriptional regulators, all of which have been
in the control of cardiac muscle-specific
transcription (Fig. 2). When fused to a GFP reporter, the 3 kb
sequence is sufficient to direct strong expression of both GFP
mRNA and protein in transgenic tadpolesA(2990, Fig.
3A,B). Expression of the transgene, like that of the endogenous
XMLC2 gene, is confined exclusively to the developing
myocardium.

Current methods of frog transgenesis cannot easily be
used for systematic quantitative comparisons of transgene

Fig. 1. XMLC2 is expressed throughout the myocardium of
developingXenopudadpole. (A) The myosin light chain 2a gene is
expressed throughout the heart of ¥emopudadpole (stage 42). At
higher magnification (B), expression is evident in both atrial and
ventricular chambers as well as the outflow tract. Ventral views of the
heart-forming region reveal XMLC2 expression in bilateral patches
of cardiac mesoderm (C) prior to heart tube formation (stage 28).
Subsequent formation of a contractile myocardial tube (D; stage 32),
looping of the heart tube (E; stage 35) and differentiation of distinct
atrial and ventricular chambers (F; stage 42) is clearly visible. Red
arrows indicate direction of blood flow (posterior to anterior).

(G-J) Transverse sections through the looped heart tube (stage 35)
show expression in the myocardial walls of the outflow tract (ot),
ventricular (v) and atrial (a) regions and the sinus venosus (sv).
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A -2500 -2000 -1500 -1000 -500 B
i H—MM =——prnp o=
— - S
=700 GGGATATCAGTTTTACCTCTCCTCACCTACTGTTATCAACTGARAATGTCGAATGTGGCCARGEATATTAGAAGTAGGSET -*——**_*_ 5'A-249
-H+ Sa158
-620 TGCCAGCCAGGGTGGCCTGGCCAGTARAAATTATACTTGATGCCARTGLITATTANTAGGAARAAATGCCARGARTATAGG HH4 527
CArG 5A-111
-540 ARGGCCGGTATTTTTTTTCCAGAAAAGGTGGCAACCTTAATTGGARGTCGTAGTTCARATATAATTTARACAGAGAAGCT ; 5 Eae
- 5485
-460 GAGAAATGGTCTCCTTCAGAGATTCTGAAACAGTGGTCTTCTGCATACAGTATTATTATACATTTTGTAGGATGCTGAGA — H—H -1558/-48
——He 240036
-380 ATCARARTGTTCAGTATGCTGGAAGATACCAATTCAGCAATAGACAGEGGETGCACAGCTTTCAGCCAACARCATAGACTA 1558/-249
-300 TCCTCTTCCTCTGACCCTGTTCTAAAATTAAGGTTTGCTTTTGCTAATATTACARGTGGAGGCAATGAGCTTTTCCAGCC ———+H1+H -681/-89
GATA Hpom (123041
-220 AGGGGGTACTITCCIGATAAATGAAGTATCCAGTGICTATAGARGGATGGTGGGATATTTTACTGARCACAATGAGARTG He (12181
GATA YY1/CAIG o (85142
-140 GAATGTTAGCCCTTGTGCTCITATCTCTTCCGTCTCTCTCTAGCCATCTTTGGTTCTCTGCCTGAGGCCTGGAGCTATTT
= = A(-89/-49)
GATA e

11
iy,
Hel- A(-89-48)+40bp

-60 TAGCTATGCCTGAGATARGAAGGAGTATAAAATGATCARGAGAACTTTCCATTAGGTGGCacaggacgaaatcagatet =X
Fig. 2. Sequence of the XMLC2 promoter. (A) The XMLC2 promoter contains GATA-, MEF2- and CArG-binding motifs (shown in red, green
and blue, respectively), which are potential binding sites for GATA, MEF2 and SRF transcription factors. An additional protirfralrple)
combines a YY1 site with a weak SRF-binding site. The proximal 700 nucleotides of promoter sequence are shown, with tixg(@é{@ bo

and 19 nucleotides of exonl (lower case) indicated. The minimal promoter fragment capable of supporting heart-specifitiaxpressio
transgenic studies (—123/—41) is highlighted. (B) Promoter regions used in transgenesis experiments. For some consbmotgrthe p

fragment was fused to a heterologous minimal promoter frotrkehepus laevisytoskeletal actin or Herpes simplex thymidine kinase genes
(orange box). All other constructs included to XMLC2a basal promoter and transcription start site.

expression (Mohun et al., 2002) but are better suited fc
defining sequences that are indispensable for detectak
expression and appropriate tissue specificity. To determine tl
sequences required for myocardial-specific activity of the
XMLC2 promoter, we tested a series o6flBletion constructs.
Removal of sequences upstream of —249 (including a
potential MEF2 sites and an SRF binding motif) had nc
discernable effect on the specificity of transgene expressic
and little effect on its level (B-249; Fig. 3C,D). Further
truncation to —159 and —127 removed the most distal of thre
GATA motifs (GATA#3) and resulted in weaker levels of
transgene expression and a lower frequency of expressis
in transgenic embryos ‘5159 and S\-127; Table 1).
Nevertheless, transgene expression was detectable in t
developing tadpole heart. Removal of a further 16 bp of'the !
sequence (encompassing the GATA#2 motif) resulted in los
of expression in the heart{6111; Table 1) indicating that 127
nucleotides of promoter-proximal sequence is indispensab
for expression in the heart. This sequence includes two GAT.
sites (GATA#2 and GATA#1) flanking a combined CArG-
like/YY1 site.

- : Fig. 3.The XMLC2 promoter recapitulates expression of the
Reporter constructs containing severely truncated regions endogenous gene in transgenic embryos. Expression of XMLC2-

the .XMLC2 prom_oter (5A-15£_9, _127' -111, -85) f_requently GFP transgenes, assayed by fluorescence (A,E-G) or whole-mount in
exhibited ectopic expression in the branchial archesgjy, hypridisation for GFP RNA (B-D). Arrowheads indicate the
pronephros and ventral side of the embryo (Fig. 3F,G; Table ‘tadpole heart. A GFP transgene containing 2990 bp of promoter
presumably reflecting the loss of regulatory elements thisequence directs strong, consistent and uniform expression of GFP

normally restrictXMLC2 promoter activity to the heart. protein in the tadpole heart (A). Variation in fluorescence intensity
reflects differences in myocardial wall thickness between heart

Sequences within the proximal 249 nucleotides are chambers and the stage of contraction. (B) Transverse section

indispensable for expression in the heart through the forming heart tube heart (stage 30), showing that staining

To define the ‘order of the sequence required for expressiollo" GFP RNAs restricted to the myocardium. Heart-specific
. . ._expression is retained aftertBuncation of the promoter to —-675 (C)
:gng’?hartc')f V\;ﬁegzeMaIE%dz Z?‘é%g{eﬁoﬂzgﬁgtasmcog}tagn":ﬁ]in\i/riglmor —249 (D); truncation to —159 retains heart-specific expression,

. although the level is much reduced (E). Further truncation to —127
promoter from theXenopustype 5 cytoskeletal actin or the yje|ds occasional, weak expression of GFP to the heart and more

herp_es simplekhymid_ine kinase genes. Removal of the MOSirequently in ectopic locations (e.g. branchial arches, pronephros,
proximal 47 nucleotides (encompassing the GATA#1 motifblood island; small arrows). GFP activity in the eyes and hindbrain
had little effect on heart-specific expression (-1558/—48Cy{(F,G) is from they-crystallin co-transgene.



Xenopus MLC2 transcription 673

Table 1. Results obtained with MLC2 transgene

Transgene construct Heart/total Other sites Fig.
5' deletions
5'A —2990 15/30 3A
5'A 1558 7112
5\ -681 20/51 3C g B Tic
5A -249 13/28 3D S
5'A -159 10/50 (8) 3 BA, PN 3E
5A -127 5/2F 3)f 12 BA.PN  3F,G
5A -111 0/8* 6 BA, PN
5A -85 0/54* 15BA, S
Promoter fusions
—1558/-48 (Cyt/t) 18/98 4A
—249/-36 (Cyt) 3/10 4B
—1558/-249 (Cyt/tk) 0/5*
—681/-89 (Cyt) 0/16*
(-123/-41) (Cyt) 5/5¢ 4C Fig. 4.—123/-41 is sufficient for strong heart-specific expression.
(-121/-813 (CyY) 0r2x 3 BA 4D Strong, heart-specific expression is obtained with transgenes
(-85/-42) (CyY 0/10 3 spotty comprising the XMLC2 promoter region from —1558 to —48 (A) or
Internal deletions —249 to —-36 (B) fused to the minimal TK promoter. Two copies of an
Int.A -89/-49 3/45 (@) 7 various oligonucleotide comprising the sequence from —123 to —41 direct
Int.A ~89/-49 + 40bp 3/7 cardiac-specific expression of GFP from the minimal promoter of the
Motif mutations cytoskeletal actin gene (C). By contrast, a similar chimeric promoter
PM-GATA#3 5/11 containing two copies of the promoter region —121 to -85 is
PM-GATA#2 3/8 5A insufficient for cardiac expression, giving only ectopic expression in
PM-GATA#1 7/12 the branchial arches (D). The tadpole heart region is indicated (white
Em:ggﬁﬁg gﬁg* 5SBC arrowhead). (_EFP activity in the_ eyes and hindbrain (C,D; black
CArG-like mut 0/11* arrowheads) is from thpcrystz_illln co-transgene. I_ntense
YY1 mut 2/6% oyt 2 BA 6B endogenous fluorescence adjacent to the heart in B comes from the
CArG-like mut/YY1 mut 3/25 (o)t 4BA 6C gall bladder (arrowed) and gut (g).
CArG mut/YY1 mut 12/15 6)f 6 S, BA

*Experiments performed withrcrystallin GFP co-transgene. (Only . . ) o
embryos showing cotransgene expression were scored.) Proximal GATA sites are required for activity of

TWhen GFP expression was detected in other sites as well as the heart, XMLC2 promoter

values in parentheses indicate the number of embryos showing heart-only . L
expression. Together, the results from deletion mutants indicate that the

*Promoter fragments tested with bothnopus laevisytoskeletal actinand ~ proximal region of the promoter, which includes the three
herpes simplethymidine kinase minimal promoters. GATA motifs, is important for myocardial expression of the

Cyt/tI_(, cytosk(_eletal actin or tk r_ninimal promoters; Mptinternal deleti_on; XMLC2 promoter. To investigate the role of GATA motifs
PM, point mutations; BA, branchial arches; PN, pronephros; S, somites. further, we mutated them singly and in combination and tested

the effect on the normally robust expression driven by the 5
681 promoter (PM-GATA series, Table 1). Mutation of any

Fig. 4A) but a more radical’ 3leletion (-1558/-249) was single GATA site (Fig. 5A and data not shown; Table 1) had
inactive in our transgenic embryo assay (data not shownlittle effect on transgene expression, demonstrating that none
These results demonstrate that sequences upstream of —249he GATA sites is indispensable. Simultaneous inactivation
have no independent enhancer activity and indicate thaf GATA#2 and GATA#3 reduced, but did not abolish, cardiac-
sequences between —249 and —48 inXthik-C2 promoter can  specific expression of the reporter (Fig. 5B) but mutation of
drive heart-specific expression. This minimal region, like thaGATA#1 together with GATA#2 abolished activity of the
defined by 5truncation, encompasses two GATA sites but inpromoter (Fig. 5C).
this case, however, they lie upstream of the CArG-like/YY1 The simplest interpretation of these results is that promoter
motif rather than flanking it. activity requires the presence of at least one of the two

We also found that removal of proximal sequences uproximal sites (GATA#1 and GATA#2) along with at least one
to -89 within the promoter abolished cardiac-specificother. Limited functional redundancy accounts for similar
expression from transgenes, leaving only a low level of ectopiactivity from transgenes containing GATA#1 with GATA#3
expression (—681/-89Cyt; Table 1). The CArG-like/YY1,and GATA#2 with GATA#3 (Table 1). Consistent with this,
GATA#2 and GATA#3 motifs all lie upstream of the truncatedeach of the GATA motifs is capable of binding GATA4 protein
region and are therefore unaffected by this mutation. Removial vitro as judged by EMSA assay, GATA#1 and GATA#2
of nucleotides —89/-49 from the 681 KMLC2 promoter  having much higher affinity than the more distal GATA#3 (Fig.
(IntA-89/49; Table 1) severely reduced (but did not completelsD,E).
abolish) heart-specific transgene expression, but this was Inspection of theXMLC2 promoter sequence reveals that
largely restored by their replacement with heterologous DNAhere are five additional GATA-like sites within the proximal
sequence (If-89/49+40 bp; Table 1). This region may 681 nucleotides of promoter, each comprising only the four
therefore be important for facilitating promoter:enhancemnucleotide core of the binding site consensus (A/T GATA
interactions necessary for tissue-specific transcription. (A/G). Two of these lie between the GATA#2 and GATA#3 and
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proximal XMLC2 promoter could indeed bingenopusYY1.
Using a tadpole nuclear or whole cell extract with X C2
probe, we obtained a specific complex that was competed by
the presence of unlabelled YY1-binding site sequence and
blocked by anti-YY1 antibody (Fig. 6A). By contrast, only
very low levels of complex were formed between the

) _ i overlapping CArG-like sequence and recombinant serum

Comp: - - 8 N - - 5 N - 5 N . . .. .

Template b b s response factor (Fig. 7A), a result that is unsurprising given the
a single base mismatch between tK&LC2 motif and the
consensus binding site (CC(ASGG) identified for this
protein (Pollock and Treisman, 1990).

To assess the possible role of SRF or YY1 binding in
regulating expression of th&MLC2gene, we tested the effect
of point mutations within the CArG-like/YY1 sequence on
transgene expression. Mutations that inactivated SRF binding
G2 prove without affecting the overlapping YY1 site blocked all
detectable expression of the transgene, indicating the
importance of the CArG-like motif despite its low affinity for
SRF (Table 1). Mutations blocking YY1 binding gave more

Fig. 5. Proximal, high-affinity GATA sites are critical for expression
of the XMLC2 promoter. Heart-specific expression is unaffected by
targeted mutation of individual GATA sites, such as GATA#2 (A).
When both GATA#2 and GATA#3 sites are inactivated, expression ir
the heart is maintained, but it is weak (B; ventral view). Mutation of

both GATA#1 and GATA#2 abolishes activity of the promoter (C). A Ab - YYISAF - - - - - -
Note that transgenesis in this case is confirmed by expression of the COMPEIOTE o = o= ME WV SETERTA

fold: - - — 20 100 20 100 100 100

co-transgene gamma-crystallin in the eye and hindbrain.

(D) GATA#1 and GATA#2 have greater affinity for GATA4 than the
more distal GATA#3. S, specific competitor (unlabelled probe); N,
non-specific competitor (both used at £@0olar excess).

(E) Competition assay, using 20, 50 andx atlar excess of
competitors confirms this result.

it is conceivable that their presence in the GATA#2/GATA#3
double mutant supports the limited expression of this transgen

XMLC2 promoter —123/—41 region is sufficient for
heart expression

Having established that regions encompassing a combinatic
of GATA and CArG-like/YY1binding sites are necessary for
heart-specific expression of transgenes, we next teste
whether these sequences were sufficient to confer th
expression on a transgene containing a heterologous ba:
promoter. Two copies of the sequence from —123 to —41 we! CCTACTTTGG +/+

cloned in front of a transgene comprising the minimal CCATCTTTGG mut¥yl
promoter from theXenopuscytoskeletal actin gene driving et o i S
GFP. This resulted in strong, heart-specific expression i

transgenic embryos, demonstrating that the sequen

_1.23/_41 IS _bo_th necessary and sufficient for heart eXpress"strong and restricted expression of the XMLC2 promoter in the heart.
(Fig. 4C)_‘ Similar te_zsts using a shorter sequence (_121/_8_(A) A binding activity present in tadpole extracts binds the combined
resulted in expression of the transgene only in the branchicarG.jike/YY1 site in proximal XMLC2 promoter (—~122/-85). This
arches (Fig. 4D). This result suggests that the minimal heaactivity (arrow) was identified as YY1 as it is blocked by a specific
enhancer sequence requires both GATA binding sitesantiserum to YY1, but not by anti-SRF antibodies. The same
Consistent with this interpretation, a transgene containing thkcomplex is specifically competed by an unlabelled YY1 site, but not
promoter region —85/—42 was inactive in the tadpole heaby SP1 or GATA sites. (Ab, antibody; Fold, fold molar excess of

Fig. 6. The overlapping CArG-like and YY1 sites are required for

(Table 1). competitor; wt, unlabelled probe). (B,C) Mutation of theYY1 site
alone (B) or in combination with the CArG-like/YY1 site (C) results

CArG-like and YY1 sites are important for strong in variable (though generally weaker) and less uniform expression of

heart-restricted XMLCZ2 promoter activity GFP in the heart (arrowhead), as well as in ectopic expression

. oo . ., _(arrows). Comparison of the two panels indicates the variability in
We next examined the contribution of the CArG-like/YY1 sﬂeexpression obtained with these mutations. (D) The sequence of

lying within the minimal heart enhancer. As YY1 has relaxeccarG-like/YY1 site and mutated versions tested by transgenesis (see
sequence requirements for binding (Yant et al., 1995), we firTaple 1). The YY1 motif in the wild-type sequence is underlined;
used a gel shift assay to establish whether the motif in tfmutated residues are shown in red.
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A GATA4 and SRF activate the XMLC2 promoter
SAF GATAG 5 synergistically
oy Using a probe comprising the CArG-like motif and the
= adjacent GATA#2 site (—122/-85), we found that SRF
Bt -5 and GATA4 can simultaneously bind in vitro to this region

of the XMLC2 promoter (Fig. 7A). Individually, the
importance of their binding is clear from our studies of
transgene expression. We next examined whether their
combined effect as transcriptional activators was additive, or
whether simultaneous binding resulted in cooperative
stimulation of transcription. Using an animal cap explant
assay, we tested the capacity of SRF and GATA4 to
transactivate a luciferase reporter driven by the minimal heart
enhancer region (—123/-41) fused to a heterologous basal
promoter. Overexpression of SRF gave only modest
activation of the reporter, while ectopic GATA4 expression

B SREs S E & was much more effective (Fig. 7B). Simultaneous over-
GATA4 — — &+ 4 expression of both factors clearly resulted in synergistic
activation: 1 3.4 207 456 activation, suggesting that functional interaction between a

GATA factor (perhaps GATA4) and SRF could play an
important role inXMLC2 regulation. If such interactions
occur in vivo, their spatial requirements must be flexible
L i because our mapping studies demonstrate functional
reporter in animal pole explants. (A) The CArG-like site in —122/-85 . .
prgmoter fragmentpbinds ERF on?yzlveakly (complex labelled S); redundancy.between the GATA#2 and GATA#1 sites in the
GATA4 protein binds efficiently to the GATA#2 site present in the ~ Promoter (Fig. 5).
same probe (labelled G); simultaneous binding of SRF and GATA4 . . .
can be detected (arrow). (B) Overexpression of SRF activates an XMLCZ promoter directs pan-myocardial expression
XMLC2(-123/-41) cyt.actin-luciferase reporter only weakly in In transgenic mice
animal pole explants, while ectopic GATA4 gives strong activation. Because the apparent counterparX®LC2 in mammals is
Co-expression of both factors leads to synergistic activation. Animalexpressed only in atrial myocardium, the regulatory elements
poles were excised at stage 9 and collected after three hours of  that direct pan-myocardial expression X¥MLC2 in the
'”C.“.batt'og takt é3°(.:”' Fl'ref:(y luciferase aCtt'V'tly W;‘S ”Ormatl'sff ?S'”g developing tadpole could represent a specific adaptation of the
comjected tkeixentia luctierase as a controt and was set at * for cardiogenic program in amphibians. Alternatively, they might
XMLC2(-123/-41) cyt.actin-luciferase in the absence of SRF or X X :
GATA{l.(VatIues Sh)(‘)W}?F represlctant a single experiment; a second gsglngg:]e ;niie%lélrfﬁg[% Tneocdr}:ilg(ljsm ﬁg;ﬁ?ﬁg tdoug?gv\i/deerti?(;?;e
experiment gave simiiar fesufs. restricted domains of expression within the heart. To
investigate this further, we tested the expression 6f\hC2-
) ) lacZ transgene in transgenic mice.

complex results, transforming the consistently strong, heart- Using the entire 3 kb 0fMLC2 promoter sequence, three
specific expression characteristic of tHe581 promoter into  founder lines were obtained and in each case, staining for
much more variable expression that was accompanied ¢z was first detected within the cardiac crescent (E7.5-8.0).
ectopic transgene activity in the branchial arches ang sypsequent development, intense staining was detected
pronephros (Fig. 6B, Table 1 and data not shown). Finallyoughout the linear and looped heart tube (Fig. 8A-G,J)
simultaneous mutation of both YY1 and CArG-like motifs alsogng jater in all four chambers of the embryonic heart (Fig.
resulted in similar ectopic expression (Fig. 6C). 8H,K). Such pan-myocardial expression was maintained

From these results we conclude that both the YY1 angh the chamber walls of the neonatal and adult mouse heart
CArG-like motifs are necessary for heart-specific expressiofFig. 8l,L) but absent from the coronary arteries, valves and
from the XMLC2 promoter. The CArG-like sequence is gorta (Fig. 8L,N,0). These results demonstrate that the
important for any activity from the promoter while the YY1 regulatory mechanisms driving precise, pan-myocardial

site is necessary for su_ppression oflect.opic expression. 'nt@:&pression ofXMLC2 in the tadpole are retained in the
absence of a functional YY1-binding site, transgengygyse.

expression encompasses not only the heart, but also other
regions (such as branchial arches and pronephros) perhaps as
a result of the more widespread expression of GATA factors-. .
Our studies also suggest that in the absence of a functior?gl'scuss'on

YY1 site, levels of transgene expression within the heart are this report we have established that the heart-specific
significantly reduced, indicating that YY1 binding may alsoexpression ofXMLC2 is achieved by a relatively short and
have a second role as a positive regulator of heart-specifitompact promoter element spanning nucleotides —123 to —41.
transcription. This would be consistent with other studies thatvithin this heart element (HE), we have identified two GATA
have identified multiple roles for the YY1 protein (seesites and a composite YY1/CArG-like site that are essential for
Discussion). promoter activity in transgenic assays.

Fig. 7. SRF and GATA4 can simultaneously bind XMLC2 promoter
in vitro, and can synergistically activate an XMLC2-luciferase
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A B G - Fig. 8. Pan-myocardial expression of XMLQ2eZ in transgenic
mice. (A,B) E7.5-8.0 (early and late respectively) showing nuclear
localised staining in the cardiac crescent; (C,D) E8.0-8.5 (early and
¥ _ late respectively) showing staining throughout the linear heart tube;
f’% ' (E) E9.5; (F) E10.5; (G) isolated heart tube from E9.5. The atrial (A),
n . ventricular (V) and outflow tract (OFT) regions are indicated; (H)
oblique frontal view of isolated heart from E10.5. The right atrium
(RA) and right ventricle (RV) are marked. Note the abrupt boundary
in staining in the outflow tract (arrowheads); () neonatal heart with
attached thymus. (J) Transverse wax sectiqm{pthrough the
newly formed linear heart tube (~E8.0); (K) Cryostat sectionu(hp
through the E10.5 heart. In each case, expression is confined to
nuclei of the myocardium (mc) and is entirely absent from the
endocardium (ec). (L) Cryostat section through the E16.5 heart (8
pum). High levels of expression are detected throughout the
myocardium of all four heart chambers but absent from the walls of
. the great vessels, such as the aorta (arrowheads). (M) Nuclear
staining is detected in the myocardium of the right atrial appendage
(RAp) and right ventricle (RV). (N) A noticeably higher density of
stained nuclei is evident in the myocardium of the left ventricle (LV)
but absent from the coronary arteries (inset; ca). (O) Staining is also
absent from tissue of the aortic valve (av) and the wall of the aorta
(arrowheads).

interactions of factors which are themselves not tissue
specific.

GATA4/5/6 factors are expressed in many endodermal cell
types as well as in the heart. They are transcriptional activators
whose activity is regulated at multiple levels, including post-
translational modifications and interactions with other proteins
(Molkentin, 2000). As GATA factors are not restricted to a
particular tissue, the regulation of their activity, in particular
through numerous binding partners, has been proposed to
provide specificity to their action. In the context of cardiac-
specific transcription, GATA4 has been shown to interact with
Nkx2.5, MEF2 and SRF. This latter interaction may play a role
in regulation of XMLC2 as well. We observed synergism
between SRF and GATA4, acting through GATA#2 site (Fig.
7). The only area of overlap of expression of GATA4 and SRF
is in the heart, and the observed interaction between these two
factors may provide a basis for cardiac-specific expression of
XMLC2

The role of YY1 in regulation of XMLC2

The HE contains a binding site for YY1 factor, which overlaps
Combinatorial regulation of the XMLC2 promoter in with the CArG-like site. Inactivation of the YY1 site leads to
embryos broadening and weakening XMLC2 promoter activity. YY1
Although we have identified the binding sites within the HEis known to act as both a repressor and an activator in different
that are required for its activity, we do not yet havecontexts and our results can be interpreted in light of these
unequivocal identification of the factors that interact with thisactivities. Repressor activity of YY1 might be involved in
region of the promoter in vivo. The GATA sites within HE arepreventing expression in tissues other than cardiac muscle.
likely to be targets for GATA factors 4/5/6, and we have showmore surprising was our finding that mutation of the YY1 site
that in vitro these factors can bind tkBLC2 promoter (Fig. frequently led to weaker expression in the heart, indicating that
5 and data not shown). Similarly, we detected YY1 inYY1 might also be positively regulating expressioiXtLC2
embryonic extracts that is capable of binding to the putativéVe note that YY1 has previously been shown to modulate the
YY1 site within the HE (Fig. 6). Finally, the overlapping activity of Fos SRE by promoting loading of SRF (Natesan and
CArG-like site bound SRF with the low affinity that might be Gilman, 1995) and it is conceivable that such a mechanism may
predicted from its variant sequence (Fig. 7) (Pollock anclso be operating at the YY1/CArG-like site with{MLC2
Treisman, 1990). Assuming that the factors binding the HE ipromoter. The affinity of CArG-like site for SRF is inherently
vivo are those suggested from our in vitro experiments, thew (Fig. 7), and it will be interesting to establish whether the
most important implication of our results is that cardiacaffinity is altered in the presence of YY1. Ternary complex
restricted activity of the HE results from combinatorial formation between GATA4 and SRF may additionally stabilise
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the association of SRF witiMLC2 promoter (Figs 6 and 7) site. We believe it more likely that the intervening sequence
(Belaguli et al., 2000). —89/-49 is required to maintain optimal spatial organisation of
It is interesting to speculate that a dependence on YY1 fahe promoter-enhancer interaction. It will be of interest to
efficient binding of SRF at the low affinity CArG-like site, determine the molecular basis for these observations in the
could result in the HE providing a more versatile regulatonfuture.
element than could be obtained simply with a high affinity _ )
CArG site. In addition to promoting positive regulation by The role of the CArG-like site
enhancing SRF loading onto thEMLC2 promoter in  One striking result of our study is the absolute requirement of
myocardial cells, the presence of YY1 repressor at théhe proximalXMLC2promoter for the low-affinity CArG-like
promoter may also effectively suppress ectopic activity in thé&ox within the HE. Mutation of this element created an inactive
somites, which contain high levels of SRF (Latinkical., promoter even in the presence of 671 bp of proximal promoter
2002). The potential for ectopic expression in the somites isequence (Table 1). Although expression from XéLC2
clearly revealed by mutations that simultaneously abolish YYpromoter is likely to depend on cooperative interactions
binding and transform the CArG-like motif into a high affinity between multiple factors, it is nevertheless surprising that
SRF-binding site (Table 1; Fig. 6). Thus, both the positive andlimination of one binding site has such a dramatic effect. The
negative activities of YY1 might be mediated via their effectgpowerful transcriptional activator myocardin acts via direct
on SRF. interactions with SRF (Wang et al., 2001) and one possibility
Besides acting as a transcription factor, YY1 has chromatiis that elimination of the CArG-like site prevents myocardin
remodelling activity and is known to cause DNA bending infrom activating transcription of the reporter gene. However, it
vitro (Natesan and Gilman, 1993). We have no direct evidendgas also been suggested that myocardin may require multiple
for involvement of chromatin remodelling in regulation of SRF binding sites for activity (Wang et al., 2001) and if so, its
XMLC2promoter at the present. However, we note that severalvolvement in XMLC2 expression may be questioned. An
of our observations point to the potential involvement ofalternative explanation might be that in CArG-like mutants, the
chromatin architecture in regulation ¥MLC2 The apparent repressor activity of YY1 predominates. Consistent with this,
structural role of the element between the GATA#1 and CArGsimultaneous mutation of both CArG-like and overlapping
like/YY1 sites (—89/-49 region) strongly suggest that activityY'Y1 motifs uncovers residual promoter activity that includes
of the XMLC2 promoter depends on its spatial organisationexpression in the heart (Fig. 6).
The function of YY1 might be affected by deleting the region o
—89/-49. We have observed similar effects of mutating th®EF2 factors and XMLC2 transcription
YY1 site and of reducing the spacing between the bas&ur studies of XMLC2 gene transcription were initially
promoter and CArG/YY1 site (Table 1y —89/-49). Both prompted by the observation that ectopic expression of the
mutations lead to weakening and broadening ofXh.C2  MEF2 factor, MEF2D, irKenopusnimal cap explants resulted
promoter activity in the head region of transgenic embryosn precocious activation of the endogenoXBILC2 gene
This interpretation is supported by previous studies that hay€hambers et al., 1994). As MEF2D is expressed in the
shown spacing-and orientation-dependent activity of YYIlpresumptive heart region, these results suggested that MEF2D
(Natesan and Gilman, 1993). Finally, we have observed thatight play an important role in regulating transcription of
the XMLC2 promoter can compensate for a loss of any singlXMLC2 Members of the MEF2 family are also highly
GATA site, presumably by relying on the remaining GATA expressed in axial, somitic muscle of the embryo and these
sites (Fig. 5). Such compensation requires new interactiori;dings therefore left the absenceXdflLC2expression in the
between active elements and the basal promoter amdyotomes unexplained. Several potential MEF2 binding sites
presumably depends on changes in chromatin conformationare present in the 3 kb #MLC2 promoter (Fig. 2) and each
Our finding that YY1 apparently participates in regulatingof these can bind MEF2 factors in vitro (B.C. and T.M.,
heart-specific expression &fMLC2 transgenes provides at unpublished). However, in our current study, we have found
least some explanation for the absenc¥Mi C2transcription that the MEF2 binding sites are dispensable for promoter
in axial muscle of the embryo. Cell culture studies with theactivity (Fig. 3). This could indicate that the earlier results were
chick cardiacMLC2 gene have also provided evidence foran artefact resulting from inducing high levels of a
other inhibitory factors that may block transcription in skeletatranscriptional activator capable of binding theéMLC2
muscle cells (Dhar et al., 1997) and it remains to be segsromoter. Alternatively, the current results could simply reflect
whether such factors also regulat®LC2 expression in the the nature of our transgenic assay, which only provides
developing embryo. unequivocal evidence for binding sites that are indispensable
In the present study, we could not reduce the sequender transgene activity. Furthermore, MEF2 factors may still
requirements for heart expression beyond the HE, as transgempgy a role in regulation oKMLC2 promoter constructs in
containing only its subregions, —122/-85 and —80/-45 are nethich MEF2-binding sites have been eliminated, as MEF2
expressed in the heart. This strongly suggests that the siteoteins are capable of forming a complex with DNA-bound
present in the two halves of HE interact to create a nedATA4, without binding the DNA itself (Morin et al., 2000).
composite function. According to our results, the —80/—45 . )
region provides two elements: a single functional enhancdtan-myocardial expression of XMLC2
element, GATA#1, and —89/-49, whose role is structural. OnBespite repeated efforts, only a sindleC2 gene has been
possibility is that the GATA#1 site, which has a similar affinity isolated inXenopusand cDNA screening suggests that a single
for GATA4 factor as GATA#2 site (Fig. 5), is neverthelessgene is also present in the urodele amphibfmpystoma
unigue and cannot be functionally substituted by the GATA#2nexicanun{T.M., unpublished results). In both cases, the gene
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