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Mef2c is a direct transcriptional target of ISL1 and GATA factors in
the anterior heart field during mouse embryonic development
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Summary

The vertebrate heart forms initially as a linear tube derived  conservation in the noncoding regions of the BAC. We show
from a primary heart field in the lateral mesoderm. Recent that one of these conserved noncoding regions represents
studies in mouse and chick have demonstrated that the a transcriptional enhancer that is sufficient to direct
outflow tract and right ventricle originate from a separate  expression oflacZ exclusively to the anterior heart field
source of mesoderm that is anterior to the primary heart throughout embryonic development. This conserved
field. The discovery of this anterior, or secondary, heart enhancer contains two consensus GATA binding sites that
field has led to a greater understanding of the are efficiently bound by the zinc finger transcription factor
morphogenetic events involved in heart formation; GATA4 and are completely required for enhancer function
however, many of the underlying molecular events in vivo. This enhancer also contains two perfect consensus
controlling these processes remain to be determined. The sites for the LIM-homeodomain protein ISL1. We show
MADS domain transcription factor MEF2C is required for that these elements are specifically bound by ISL1 and are
proper formation of the cardiac outflow tract and right  essential for enhancer function in transgenic embryos.
ventricle, suggesting a key role in anterior heart field Thus, these findings establishiMef2c as the first direct
development. Therefore, as a first step toward identifying transcriptional target of ISL1 in the anterior heart field
the transcriptional pathways upstream of MEF2C, we and supporta model in which GATA factors and ISL1 serve
introduced a lacZ reporter gene into a bacterial artificial as the earliest transcriptional regulators controlling
chromosome (BAC) encompassing the murinklef2clocus  outflow tract and right ventricle development.

and used this recombinant to generate transgenic mice.

This BAC transgene was sufficient to recapitulate Key words:Mef2g transgenic mouse, cardiac development,
endogenousMef2c expression, and comparative sequence transcription, secondary heart field, anterior heart field, ISL1 (ISL-1),
analyses revealed multiple regions of significant GATA4

Introduction separate population of myogenic precursor cells (Kelly and

The heart is the first organ to form and function in vertebrate§uckingham, 2002; Yutzey and Kirby, 2002). Indeed, very
Cardiac development is a complex process that requiré@C?”t studies have |dent[f|ed that thel outflow tract and outlet
myogenesis and morphogenesis to occur simultaneously wif§9ion of the right ventricle are derived from a precursor
contractility, and distinct cell populations have to integrate witiPoPulation that is distinct from the cells of the primary heart
each other in a temporally and spatially precise fashion. THie!d (Kelly et al., 2001; Mjaatvedt et al., 2001; Waldo et al.,
primary heart field forms initially as a crescent from two2001). This population of cells, referred to as the anterior, or
bilaterally symmetrical regions of anterior lateral mesodermSecondary, heart field, is derived from mesoderm anterior to the
which are specified during gastrulation. At about 8.0 days po$¥imary heart field and appears to be added to the heart at the
coitum (dpc) in the mouse, the myocardial cells in theime of cardiac looping (Kelly et al., 2001; Mjaatvedt et al.,
precardiac mesoderm are folded together ventrally, allowing001; Waldo et al., 2001). The identification of at least two
fusion of the two cardiac primordia into a linear heart ofdistinct populations of cells contributing to the heart provides
cardiac myocytes surrounding an endothelial tube. Shortig likely explanation for the spatial restriction of gene
thereafter, the immature, linear heart becomes contractile ag¥pression and function that has often been observed in the
undergoes rightward looping to create an asymmetrical, curvdieart (Kelly and Buckingham, 2002; Schwartz and Olson,
tube (Brand, 2003; Kelly and Buckingham, 2002; Yutzey and999). For example, the cardiac restricted T box gemeb
Kirby, 2002). As the embryo continues to develop, chambeplays an important role in the formation of the atria and left
maturation and septation occur to give rise to a functional founrentricle but is not required for proper formation of the right
chambered heart (Brand, 2003). ventricle or outflow tract (Bruneau et al., 2001), suggesting that
Embryological studies in chick and mouse suggested that tliemay not play a prominent role in the anterior heart field. It
conotruncal region of the heart was likely to arise from as also clear that a number of cardiac genes are controlled by
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multiple, separate enhancers that direct spatially restrictddkx2.5andGatagenes (Arceci et al., 1993; Edmondson et al.,
expression within the developing heart (Schwartz and Olsori994; Harvey, 1996; Lin et al.,, 1997; Lints et al., 1993;
1999). Morrisey et al., 1996; Morrisey et al., 1997; Parmacek and

The observations that the amniote heart forms from multipleeiden, 1999). Despite the early expressiorMeff2cin the
progenitor populations and that a number of genes anueart, MEF2 activity is not required for muscle specification;
transgenes exhibit spatially restricted expression within thastead, it appears to play a key role in differentiation. This
heart suggest that there are likely to be important differencewotion is strongly supported by work BDrosophilain which
in the transcriptional pathways governing gene expressioimactivation of the singl®&lef2gene results in a complete loss
between the two heart fields. Interestingly, many of the kepf muscle differentiation in all three muscle lineages with no
transcriptional regulators required for cardiac development argpparent defect in myoblast specification (Bour et al., 1995;
expressed in both the anterior and primary heart fields, and thusly et al., 1995; Ranganayakulu et al., 1995). The role of
it remains unclear how spatial restriction within the heart isMEF2 factors in vertebrate muscle is supported by the
controlled. The homeodomain transcription factor NKX2.50bservation that a dominant negative form of MEF2 is
and the zinc finger transcription factor GATA4 are the firstsufficient to block differentiation in cultured mouse myoblasts
cardiac restricted transcription factors to be expressed durii@rnatsky et al., 1997). The essential role for MEF2 activity in
development, and both are expressed throughout the precardiesstebrate cardiac development is apparent from genetic
mesoderm, including the anterior heart field (Arceci et al.studies in mice, in which disruption of tMef2cgene results
1993; Chen and Fishman, 2000; Harvey, 1996; Lints et alin embryonic lethality at 9.5 dpc due to cardiac and vascular
1993; Parmacek and Leiden, 1999). The functions of GATA4lefects (Bi et al., 1999; Lin et al., 1997; Lin et al., 1998). The
and NKX2.5 are essential for cardiac development (Kuo et alcardiac phenotype ief2cnull embryos is nearly identical to
1997; Lyons et al., 1995b; Molkentin et al., 1997), and the twthe heart phenotype observedsiil null embryos (Cai et al.,
factors function as part of a combinatorial transcriptional003; Lin et al., 1997). The heartsM&f2cnull embryos fail
complex to cooperatively activate cardiac gene expressiai@ undergo looping, they have gross abnormalities in the
(Durocher et al., 1997; Lee et al., 1998; Sepulveda et al., 1998utflow tract, and the right ventricle fails to form (Lin et al.,
Sepulveda et al., 2002). However, the role of these transcriptid®97), suggesting a key role fbtef2cin the transcriptional
factors in gene expression within the anterior heart field, anpathways regulating anterior heart field development.
how these factors fit together into transcriptional pathwayslowever, despite the importance dflef2c in cardiac
with other key transcriptional regulators, remains to belevelopment, nothing has been elucidated regarding its
determined. transcriptional regulation in the heart.

Very recent studies by Evans and colleagues demonstrated dn the present study, we used in vivo bacterial artificial
critical role for the LIM-homeodomain transcription factor chromosome (BAC) recombination to generati®lef2c-lacZ
ISL1 (also known as ISL-1) in anterior heart field developmenBAC that recapitulates the endogenous patternMef2c
(Cai et al., 2003). ISL1 was first identified as a key regulatoexpression in transgenic embryos. By comparing the human
of the ratinsulin I gene enhancer and expression was observeahd mouse genomic sequence in the region encompassed by
in endocrine cells of the pancreas (Karlsson et al.,, 1990)he mouseMef2c-lacZBAC, we identified multiple regions of
During embryonic development, howevelsll is also conservation itMef2cnoncoding regions. One of these regions
expressed in the crescent-shaped pattern of the anterior heafrtconservation represents an enhancer that is sufficient to
field, medial and dorsal to théL.C2a(My17— Mouse Genome direct transcription to the anterior heart field, but not to other
Informatics) expressing cells in the primary heart field (Cai etegions where endogenolMef2cis expressed. We show that
al., 2003). By mid-gestatiomsl1 is expressed broadly outside this Mef2c enhancer begins to function by 7.5 dpc in the
the anterior heart field, but expression in the cardiogenic regiqmrecardiac mesoderm and continues to direct expression to the
is restricted to the pharyngeal mesoderm of the anterior heahterior heart field and its derivatives in the outflow tract and
field, and fate mapping studies demonstrated thatldlle right ventricle throughout embryonic and fetal development.
expressing cells from the anterior heart field contribute to th€his enhancer contains two evolutionarily conserved GATA
vast majority of cells in the outflow tract and right ventricle inbinding sites that are bound by GATA4 with high affinity and
the embryo (Cai et al., 2003). Targeted disruptidslaéfresults  are completely required for enhancer function in vivo. We also
in embryonic lethality between 9.5 and 10.5 dpc (Pfaff et alshow that theMlef2c anterior heart field enhancer is a direct
1996). Mice lackingsll have severely misshapen, unloopedtranscriptional target of ISL1 via two evolutionarily conserved,
hearts at 9.5 dpc and the right ventricle and outflow tract fajpperfect consensus ISL1 binding sites, which are essential for
to form in these embryos, demonstrating an essential role fenhancer function in vivo. Thus, these studies ideMi&f2c
ISL1 in anterior heart field development (Cai et al., 2003)as the first direct target of ISL1 in the anterior heart field and
While these studies demonstrated a critical and previouslyupport a model in which ISL1 and the GATA family of
unappreciated role for ISL1 in cardiac development, no diredtanscription factors serve as the earliest regulators of the
targets of ISL1 have been identified in the anterior heart fieldranscriptional program controlling the development of the

Members of the myocyte enhancer factor 2 (MEF2)outflow tract and right ventricle.
transcription factor family also play key roles in cardiac
myogenesis. There are foaref2genes in vertebrates and a .
single mef2gene inDrosophila (Black and Olson, 1998). In Materials and methods
mice, Mef2c is among the earliest markers of the cardiadn-vivo BAC recombination
lineage with transcripts evident in the developing hearfhe bacteriallacZ reporter gene was introduced into BAC clone
beginning at about 7.5 dpc, shortly after the expression of th@S133, which encompasses therd of the mousklef2cgene, using
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a previously described system for in vivo BAC recombination (Yangollected at the indicated times fop &nalysis or were allowed to

et al., 1997). GS133 contains the first six exons of the mde§2c  develop to adulthood for establishment of stable transgenic Bres.
gene and extends from 74.0 kb upstream to 46.4 kb downstream @édlactosidase expression frdeeZ transgenic embryos or tissues was
the translational start site. ThecZ gene was recombined into clone detected by X-gal staining as described previously (Dodou et al.,
GS133 in the first coding exon Mef2csuch that theMef2cstart ~ 2003). For sections, embryos were collected at either 9.5 or 11.5 dpc,
codon was deleted but the exon boundaries were preserved. Thiged, stained with X-gal, and fixed again. Following staining,
strategy for recombination was designed to allow translationaémbryos were dehydrated with ethanol and xylene and mounted in
initiation fromlacZinstead of fromMef2cbut to allow transcriptional  paraffin. Transverse sections at a thickness j@5were cut using a
initiation to occur from the endogenolef2c start sites present in  Leica RM 2155 microtome and were counterstained with Nuclear Fast
the BAC. To create the BAC recombinant, tMef2chomology arms  Red to visualize embryonic structures as described (Anderson et al.,
were amplified from GS133 using the following primers:am/ 2004). Genotypes were determined by Southern blot as described
primer 1, 5CAACCGCGGTCGACGTATCACCTCTGCTGTCAA- previously (Dodou et al., 2003). Fdvlef2cL8-lacZ transgenic
AA-3'; 5 arm/primer 2, 5CTTACTAGTTCTCTCGTCCCTGAA- embryos, the BAC ends were checked by PCR to confirm that the
ATTATG-3'; 3 arm/primer 1, 5'-GAGGAATTCAAAAAGATTCAG- intact BAC sequence was integrated into the mouse genome.
ATTACGAGC-3; 3 arm/primer 2, 5CAAGTCGACACCTGATA- ) - )

TTCAAC-3. Both arms were cloned into the promoterlémsz ~ Electrophoretic mobility shift assay (EMSA)

reporter plasmid AU@-gal (McFadden et al., 2000), and the entire DNA-binding reactions were performed as described previously
cassette containing tidef2chomology arms flanking tHacZ-polyA (Dodou et al., 2003). Briefly, double-stranded oligonucleotides were
cassette in AU@-gal was cloned into plasmid pSV1.RecA (Yang et labeled with32P-dCTP using Klenow to fill in overhanging énds

al., 1997) as &al fragment. The resulting plasmid, pSV1.RecA- and purified on a nondenaturing polyacrylamide-TBE gel. Binding
Mef2c-lacZ was used as the recombination vector to create coreactions were pre-incubated at room temperaturg biriding buffer
integrates in GS133 as previously described (Yang et al., 1997). C640 mM KCI, 15 mM HEPES pH 7.9, 1 mM EDTA, 0.5 mM DTT,
integrates were resolved using fusaric acid, and recombinants web&6 glycerol) containing 2ug of either recombinant GATA4,
identified by colony hybridization withlacZ probe. The junctions at recombinant ISL1, or unprogrammed reticulocyte lysajeg @f poly

the site of recombination and at the ends of the recombined BAGII-dC, and competitor DNA (100-fold excess where indicated) for 10
termedMef2cL8-lacZ, were confirmed by sequence analysis on bothminutes prior to probe addition. Reactions were incubated an
strands. The entire recombined insert was purified from the plasmadditional 20 minutes at room temperature after probe addition and
backbone for use in oocyte microinjection by digestion Wit and  electrophoresed on a 6% nondenaturing polyacrylamide gel.
purification of the band by pulse field gel electrophoresis. DNA wafkecombinant GATA4 and a truncated version of the ISL1 cDNA
extracted from the low melting point agarose gel slice by melting atontaining the homeodomain were generated from plasmids pCITE-
65°C then incubating at 3T for 5 minutes in QB buffer (Qiagen) GATA4 and pCITE-ISL1, respectively, using the TNT Quick Coupled
containing 235 mg/ml urea. The DNA insert was then purified usingranscription/Translation System as described in the manufacturer’s
a Qiagen tip-20 plasmid miniprep kit according to the manufacturer'slirections (Promega). pCITE-GATA4 was generated by cloning the

directions. complete Rattus norvegicusGATA4 coding region into the
) ) translational enhancement vector pCITE-2A (Novagen). pCITE-ISL1
Cloning and mutagenesis was generated by cloning dacoRl fragment from the hamster

A 6142 bp fragment of the moudéef2c gene and eight additional Mesocricetus auratus ISdDNA (Wang and Drucker, 1994) encoding
deletion fragments were generated by PCR with primers designed tioe C-terminal 231 amino acids of ISL1 as an in-frame fusion into the
correspond to the nucleotide numbers given for each enhancganslational enhancement vector pCITE-2A (Novagen). This
construct in this study (see Fig. 3A). Eddkf2cenhancer fragment fragment of the ISL1 cDNA has had the N-terminal 118 amino acids
was cloned into the transgenic reporter plasmid H3&&B(Kothary removed. These residues include the ISL1 LIM domains, which have
et al., 1989) except fdvlef2¢F6/Frag3, which uses an endogenousbeen shown previously to inhibit DNA binding in vitro (Sanchez-
promoter fromMef2c and was cloned into the promoterldasZ Garcia and Rabbitts, 1993). Thkx2.5gs1 control GATA4 binding
reporter plasmid AU@-gal (McFadden et al., 2000). Mutations were site and the mutant gs1 (M1) oligonucleotides have been described
introduced into the wild-typeMef2cF6/Frag2 cardiac enhancer (Lien et al., 1999). The sense strand sequence of the wild-type and
fragment (nucleotides 1-3970) by PCR as described (Dodou et amutant ISL1 site control oligonucleotides from theulin | promoter
2003) to create the following mutant sequences: mGATA‘p, 5 were generated based on previously published studies (Karlsson et al.,
AAGTCACCCGCTTGCTAGCGGTCAGGGGAGC 3 mGATA-d, 1987) and were: In,"8S5CCCTTGTTAATAATCTAATTACCCTAG-
5'-CTAAGAGTTCTGGCCAGTGTCTGCTC-3 mISL-p, 3-GGT- 3; min, B-GCCCTTGTCGACGATCCGGTTACCCTAG*3 The
TTACTTGCTAGGTACCTGGATAAAG-3; mISL-d, 3-GGTCAGG- sense strand sequences oflef2coligonucleotides used for EMSA
GGAGCCTAGGTCATTTGGG-3 For the double GATA mutant, were: GATA-p, 5GGTCACCCGCTATCTATCGGTCAGGCC-3
MGATA-p/d, the GATA-p mutation was introduced into the GATA-d GATA-d, 5-GGTAAGAGTTCTTATCAGTGTCC-3; mGATA-p, B-
mutant background to create the double mutant enhancer. For &GS TCACCCGCTTGCTAGCGGTCAGGCC-3mGATA-d, 3-GG-
double ISL mutant, mISL-p/d, the ISL-d mutation was introduced intoTAAGAGTTCTGGCCAGTGTCC-3 ISL-p, B-GGTTTACTTGC-

the ISL-p mutant background to create the double mutation. The entifAATGACCTGGATAAC-3'; ISL-d, B-GTCAGGGGAGCCTAATG-
sequence of each mutant fragment was confirmed by sequencing GATTTGGGAAC-3; mISL-p, B-GGTTTACTTGCTAGGTACCTG-

both strands. The GenBank accession number for the sequence of GBATAAC-3'; mISL-d, 3-GTCAGGGGAGCCTAGCTCATTTGG-
mouseMef2canterior heart field enhancer described in these studieSAAC-3'.

is AY324098.

Generation and analysis of transgenic mice Results
Transgenic reporter fragments were digested away from the plasmj g ;

backbone withXhd/Notl (for plasmid constructs) oNotl (for the }gn/(;/lg fi?]cl)icsz /B':]gctrzgsggsnsﬁorﬁ capitulates

BAC construct), gel purified, and suspended in 5 mM Tris-Cl, 0.2 m\vf . 9 p .

EDTA (pH 7.4) at a concentration of 2 pfor pronuclear injection ~During mouse embryonic developmehtef2ctranscripts are

as described previously (Hogan et al., 1994). Injected embryos wegxpressed in a temporally and spatially dynamic pattern.
implanted into pseudopregnant CD-1 females, and embryos wekexpression is widespread, but not ubiquitous, with abundant
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Fig. 1. A Mef2c-lacZbacterial artificial chromosome (BAC) transgene is sufficient to
direct the complete pattern bfef2cexpression. (A) Schematic representation of the
mouseMef2clocus contained within BAC clone GS133. The BAC contains the first si
known exons fronMef2c(vertical black lines), including the first two coding exons,
which encode the MADS and MEF2 domaindvig#f2c The red box represents a
region of high evolutionary conservation that functions as an anterior heart field
specific transcriptional enhancer. (B) Schematic representatidef@t-F6-lacZ

which contains thef2canterior heart field enhancer subcloned into the transgenic reporter plasmid [H&P&8d boxMef2cnoncoding
sequences representing the anterior heart field enhancer; bladkdfdzuntranslated exon 3; green box, HSP68 promoter (pr); bluddmk,

gene; yellow box, SV40 splice and polyadenylation (polyA) sequence. (C) ExpressioMef2uBAC transgenelef2¢cL8-lacz, at 7.5 days

post coitum (dpc) shown in frontal view. Thef2¢L8-lacZ BAC transgene directs expression exclusively to the anterior heart field at this
stage, recapitulating the earliest expression of endogéhei2e (D) Lateral view of a transgenic embryo collected at 8.0 dpc showing
expression oMef2¢cL8-lacZ Strong expression is evident in the anterior heart field at the arterial pole of the linear heart tube. (E) Ventral view
of an 8.5 dpdMef2cL8-lacZ transgenic embryo. Strong expression remains evident in the anterior heart field at the arterial pole of the linear
heart tube. Transgene expression is also evident in the neural crest (NC) at this stage and expression can begin tadmeikeamiothelial

cells within the dorsal aortae and in the yolk sac (not shown). (F) Lateral view of a Q/&i@gd 8-lacZ transgenic embryo. At this stage the
expression directed by the BAC transgene completely recapitulated the pattern of endblgéRoespression during embryonic development

at this stage. Expression was present in vascular endothelium (V), neural crest, somites (S), branchial arches (BA), peaogeyaal

outflow tract and heart. RV, right ventricle. (C-F) Representative X-gal stained transgenic embryos at each stage. Arrowieads po
pharyngeal mesoderm/anterior heart field. Twér&sgenic embryos and embryos collected from an independent BAC transgenic line
displayed identical patterns of expression at all stages.

expression in heart, skeletal muscle, vasculature, neural crestest and vascular endothelium, began to be markdedczy
and pharyngeal mesoderm (Edmondson et al., 1994) (B.B. aedpression (Fig. 1E). By 9.5 dpc, all developing tissues known
E.D., unpublished observations). The very complex tempordab express endogenoudglef2c (Edmondson et al., 1994),
and spatial expression pattern Bfef2c suggested that it including pharyngeal mesoderm, heart, somites, branchial
might be regulated by multiple, independent transcriptionaarches, neural crest and vasculature expressehliafizsL 8-
enhancers that each control expression in a single lineage. ThasZ BAC transgene (Fig. 1F). These results indicated that the
notion was consistent with earlier studies that identified &anscriptional enhancers responsible for directivgf2c
transcriptional enhancer from th®lef2c gene that was expression in vivo were contained within the sequence of the
sufficient to direct expression only to skeletal muscle (Dodod20 kbMef2c BAC. In particular, the early expression of the
et al., 2003; Wang et al., 2001). BAC transgene in the anterior heart field (Fig. 1C,D) indicated
To identify transcriptional enhancers within tef2clocus, that elements responsible for expression in this domain were
we isolated a 120 kb bacterial artificial chromosome (BACpresent within thélef2cBAC sequence. Therefore, to identify
encompassing the' %end of the mouseMef2c gene and discrete enhancer elements residing within the BAC sequence,
introducedacZ using in vivo BAC recombination (Yang et al., we compared the mouse and hurivief2cgenes for homology
1997). ThdacZ gene was introduced into the first coding exonby visualization tools for alignments (VISTA) analysis (Mayor
such that thévief2cstart codon was deleted and replaced withet al., 2000), which revealed 11 regions of strong conservation
the lacZ gene, but the '5and 3 boundaries of the exon were in Mef2cnoncoding sequences.
preserved (Fig. 1A). This BAC recombinaMéf2¢L8-lac2?) ) ) )
was used to generate transgenic embryos to determine if th@ intronic enhancer from the ~ Mef2c gene is
BAC sequence contained transcriptional enhancers sufficient gfficient to direct expression to the anterior heart
direct expression ofacZ in vivo. Expression directed by the field
BAC transgene could be observed first at 7.5 dpc in the anteriBased on the notion that conservation occurs preferentially in
heart field (Fig. 1C), a crescent-shaped region of splanchnfanctionally important sequences, we tested each dfigfac
mesoderm adjacent and medial to the primary heart field (Cabnserved, noncoding sequences for enhancer activity in
et al., 2003; Kelly et al., 2001). Similarly, expression at 8.0 dptransgenic embryos by cloning each of the conserved regions
was readily apparent in the pharyngeal mesoderm at the anterioto the transgenic reporter plasmid HSR&&Z (Kothary et
end of the linear heart tube (Fig. 1D). By 8.5 dpc, expressioal., 1989) as depicted in Fig. 1B. These analyses identified
was still readily apparent in the anterior heart field, but othemultiple transcriptional enhancers, which were sufficient to
regions known to express endogendlef2¢ including neural  direct lacZ expression to distinct subsets of the endogenous
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Fig. 2. A transcriptional enhancer froMef2cis sufficient to direct expression to the anterior heart field in vivo. A 6142 bp fragment of the
mouseMef2cgene was cloned into thecZ reporter plasmid HSP6i&cZ and used to generate transgenic mice. Representative X-gal stained,
transgenic embryos are shown at 7.5 days post coitum (dpc) (A), 8.0 dpc (B), 9.5 dpc (C,D), and 11.5 dpc (F,G). X-gehstaiaeddhown
from a transgenic fetus collected at 16.5 dpc (l) and a transgenic adult dissected at 12 weeks of age (J). (E,H) Tréinsgevs&aesgenic
embryos collected and X-gal stained at 9.5 dpc and 11.5 dpc, respectively. No expression was observed outside the tdiettiat aear

stage. (A) Parafrontal view; (B,C,F) lateral views from the right; (D,G,1,J) ventral views. BA, branchial arches; LAuleftlatrileft

ventricle; NT, neural tube; OFT, outflow tract; PA, pulmonary artery; RA, right atrium; RV, right ventricle. Arrowheads gpressien in the
pharyngeal mesoderm/anterior heart field. Five independent transgenic lines all displayed nearly identical patterns of expressio

Mef2cpattern, including skeletal muscle (Dodou et al., 2003)pther regions of the right ventricle (Fig. 21). No expression of
neural crest (M.V. and B.B., unpublished observations)lacZ was observed in the adult heart (Fig. 2J), andpno
and vascular endothelium (J.A. and B.B., unpublishedjalactosidase activity could be detected outside of cardiac
observations). In addition, we identified a 6142 bp conserveliheages at any embryonic, fetal or adult stage. These results
enhancer that was sufficient to diréatZ expression to the indicate that the function of this conserwdéf2cenhancer is
anterior heart field in transgenic mouse embryos (Fig. 2)estricted to the anterior heart field during development and
Expression directed by this conserved enhancer elemetitat it does not function in the adult heart.
mimicked a subset of the expression seen with the recombinant . ] )
Mef2c BAC transgene (Fig. 1) with expression apparentlhe Mef2c anterior heart field regulatory region
exclusively in the anterior heart field, including pharyngeafontains an endogenous promoter and is controlled
mesoderm, right ventricle, and outflow tract (Fig. 2). ThisPy @ small, evolutionarily conserved enhancer
conserved cardiac enhancer encompassed the thifgodule
untranslated exon (Fig. 1A). Thus, the enhancer reside@ur screen of all the conserved sequences froméfizclocus
between 16.3 kb and 22.5 kb downstream of the firstitilized a strategy in which each conserved region was fused
untranslated exon and between 48.9 kb and 55.1 kb upstreamthe HSP68 heterologous promoter to determine if a given
of the first translated exon of mouskef2c(Fig. 1A,B). region conferred specific enhancer activity. Because the
We examined expression tzcZ directed by the 6142 bp anterior heart field regulatory region from tMef2c gene
Mef2c anterior heart field enhancer throughout developmentncompasses the third untranslated exon fronM@i2cgene
(Fig. 2). The expression tdcZwas first apparent between 7.5 (depicted in Fig. 1A), we reasoned that this regulatory module
and 7.75 dpc and was restricted to a region corresponding meight contain its own, endogenous promoter. To determine if
the anterior heart field (Fig. 2A) (Cai et al., 2003; Kelly et al. promoter sequences were present within Mef2c anterior
2001). By 8.0 dpc, expression of thMef2clacZ transgene heart field regulatory module, we cloned nucleotides 1-3970,
became much more robust and was restricted to the anteriwhich includes the upstream region of the module and the first
end of the linear heart tube near the arterial pole and to th nucleotides of untranslated exon 3, into the promoterless
pharyngeal mesoderm (Fig. 2B). At 9.5 and 11.5 dpecZ  transgenic reporter plasmid AU@Ggal (McFadden et al.,
expression was observed only in the pharyngeal mesoder2000) and tested for activity in transgenic embryos (Fig. 3A,
outflow tract and right ventricle (Fig. 2C-H). No expressionFrag #3). This region of the enhancer directed robust
was detected in the left ventricle, the atria, or any other cardiaxpression in transgenic embryos when fused to the HSP68
structures outside the anterior heart field at 9.5 dpc (Fig. 2@romoter (Fig. 3A, Frag #2; Fig. 3B). Similarly, this region of
E) or 11.5 dpc (Fig. 2F-H). The expressioranZ directed by  the Mef2cgene also directed strong expression to the anterior
this Mef2cenhancer was also examined in the fetal and aduhieart field in the absence of a heterologous promoter (Fig. 3C),
heart (Fig. 21,J). Expression in the fetal heart was largelyjndicating the presence of an endogenous promoter
restricted to the outlet region of the right ventricle near the basenmediately upstream of the third untranslated exon (Fig. 3A).
of the heart and to the right ventricular outflow (pulmonary Nextwe wanted to define the minimal region of the enhancer
artery), although weaker expression could also be observed timat was required for expression in vivo as a first step toward
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A. ) 1kb 2kb 3kb 4kb 5kb sko  ant hrtfield #Expressing/
Frag # Nucleotides — | - | ._i.-ﬁ_}._L Expression #Transgenic
1 1-6142 - + S/5
2 1-3970 HSPE8! + 16/17
3 1-3970 (endogenous promoter) + 3/3
4 1-663 ~ ———HePEs = 0/3
5 1649-3970 + 4/4
6  2584-3970 + 5/5
7 2869-3970 - 0/12
8 3032-3970 - 0/8
9 2584-2869 - 0/5
10  2584-3032 + 9/11

Fig. 3. Deletional analysis of thelef2canterior heart field enhancer identifies an endogenous promoter and a minimal evolutionarily conserved
enhancer that is necessary and sufficient for expression in vivo. (A) Genomic organization and deletion constrivie$2efthterior heart

field enhancer. The organization of the enhancer is denoted at the top. The black box denotes'thatthindl&ted exon; the red boxes

indicate regions of mouse to human homology (>75%). Construct fragment number and nucleotides are indicated on theidieaknteri

field expression dacZat 9.5 and 11.5 days post coitum (dpc) is denoted in the column to the right. The column on the far right indicates the
number of independent transgenic lines @embryos that expressé&tZ in the anterior heart field as a fraction of the total number of

transgene positiveofembryos or lines examined. The green box denotes the presence of the heterologous HSP68 promoter.

(B-G) Representative embryos collected at 9.5 dpc for selbt#é2tanterior heart field enhancer deletion constructs. Fragment 2 (B),
Fragment 3 (C), Fragment 6 (D) and Fragment 10 (G) directed strong expression to the pharyngeal mesoderm/anterior neastdiatis)a
outflow tract and right ventricle (RV). Fragment 10 (G) represents a minimal sufficiency enhancer construct redadzZdxpression in the
anterior heart field. Fragment 3 (C) utilizes an endogenous promoteMiefia

defining a transcriptional pathway upstreamMsf2cin the  for anterior heart field specific expression in vivo, which
anterior heart field. Toward this goal, we tested a series @bntains two smaller regions that are each required for
enhancer deletion fragments for the ability to direct cardiaenhancer function.

specific expression in transgenic embryos (Fig. 3A). These _ ] )

analyses identified a 1.4 kb fragment (Fig. 3A, Frag #6) thathe Mef2c anterior heart field enhancer is

was sufficient to direct robust expressionladZ exclusively ~dependent on essential GATA and ISL1 sites

to the anterior heart field (Fig. 3D). By contrast, a 1.1 kbro identify specific transcription factor binding sites within the
fragment (Fig. 3A, Frag #7) was completely incapable ominimal sufficiency region of the enhancer, we analyzed it for
directing any expression in vivo (Fig. 3E). Thus, these resultsvolutionarily conserved sequences that might serve as
indicate that the 286 bp region between nucleotides 2584 apatential cis-regulatory elements. These analyses identified
2869 is essential for cardiac expression and that one or maseveral putative candidate binding sites for cardiac gene
critical cis-acting elements must reside in that region. Basedxpression. Among these were three conserved candidate
on these observations, we tested the 286 bp region for enhanbérding sites for the GATA family of transcription factors that
function in vivo to determine if this region of thdef2cgene resided between nucleotides 2584 and 2869. The proximal
was sufficient for enhancer activity (Fig. 3A, Frag #9). In fiveGATA site (GATA-p) consisted of a conserved, perfect
independent transgenic events, this region of the enhancer wamsensus element; the medial GATA site (GATA-m) consisted
never sufficient to diredacZ expression (Fig. 3F), indicating of a conserved, imperfect GATA element; and the distal GATA
that additional sequences were required for enhancer functigite (GATA-d) represented a conserved, perfect consensus
in vivo. Importantly, addition of 163 nucleotides (Fig. 3A, FragGATA sequence (Fig. 4). These analyses also identified two
#10) conferred strong anterior heart field specific expressioconserved perfect consensus elements for the LIM-
(Fig. 3G). These results indicated that additiociglacting homeodomain transcription factor ISL1 that were present
elements required for anterior heart field expression must ald®tween nucleotides 2869 and 3032 (Fig. 4). In addition, we
reside within the 163 bp between nucleotides 2869 and 303Rlentified two candidate E boxes, representing potential
Taken together, these deletional analyses identified a 449 bjnding sites for HAND factors, and a putative NKE binding
minimal enhancer element (nucleotides 2584-2869) sufficiergite for NK class factors such as NKX2.5 (Fig. 4). As a first
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GATA-d GATA-m GATA-p
nouse cttatcagtgictgctcctgcttcctgtgcagctgaaactcticaggataagtgaagtcaceegefaictaidggtcagg 2860

L A N T
human cttatcagtctctattictgcttcctgtgcagctgaaactcttcaggataagtgaagtcatc----agctatcggctagg

ISL-d E box ISL-p NKE

nmouse ggagcctaatgeatttgggaagttgtttitggtttacttgctaatgacctggatadagtecagtaaggtgtgga------ 2934

[OUTPTTCIUVRUUPRRE COFPIDEEE T ORI TR
human gtagcctaatgcatttgg%aagttg-gtttggtttacatgttaatgacctggatgaagtccagtaaggtgtggaaaagat
0X

nouse ----gggaaggagggggcattctccgaggaagctgtcctctcagtaaatttgtccagattgattcgaaagttaatggecc 3010

T AT R AR
human agagtggggggagggggggaactccgaggaagctgcttcctcggtaaatatttccaaactgattagaaagttcatggece

Fig. 4. Alignment of conserved mouse and human sequence in the necessary and sufficient reghdef@ttreerior heart field enhancer.
Three conserved candidate GATA sites (red shading), two conserved ISL sites (green shading), two candidate E boxes ifygllandsaad
conserved NKE (black box) are noted. The three GATA sites are contained within Fragment 9, while the two ISL sites andditesGAFA
included in Fragment 10. Numbers at the right represent the nucleotide positions within thdlef@ases/Frag2 sequence depicted in Fig. 3
and deposited in GenBank (accession number AY324098).

test to determine if these candidate sites might represent botiee GATA elements and for both the ISL sites. GATA4 bound
fide binding sites, we tested each of these elements for tlspecifically to the GATA-p (Fig. 5, lanes 9-14) and GATA-d
ability to bind to their respective candidate transcription factor§lanes 15-20) sites but was completely unable to bind to the
by EMSA. GATA-m element (data not shown). We compared the ability
Among all the sites in the enhancer, robust binding byf GATA4 to bind to theVlef2cGATA sites to its ability to bind
putative transcriptional regulators was only detected for two aio a control GATA site (gsl) frofikx2.5(Lien et al., 1999)
(Fig. 5, lanes 1-8). GATA4 bound robustly to the
Nkx2.5gs1 site (Fig. 5, lane 2), and binding to this site

probe Nkx2.5 gs1 GATA-p GATA-d was completely ablated by unlabelgi@gf2c GATA-d
GATAd — + +++ +++—+++++ -+ ++ + + and GATA-p (Fig. 5, lanes 5 and 7), indicating that the
competitor — — gs1M1 Gd Md Gp Mp = — gs1M1Gp Mp — — gs1 M1 Gd Md Mef2csites represented bona fide GATA elements. By

contrast, mutant versions of the GATA-d and GATA-p
vl 'm . . . . . ' sites were unable to compete for binding toNk&2.5

gsl (Fig. 5, lanes 6 and 8). GATA4 binding to the

Mef2cGATA-p site (Fig. 5, lane 10) was specific, since
lysate —p G it was competed by an excess of unlabeled self-probe
or by an excess of unlabelbitx2.5gs1 (Fig. 5, lanes
11 and 13). Mutant versions of each of these
oligonucleotides were unable to compete for GATA4
binding to GATA-p, even at a 100-fold excess (Fig. 5,
lanes 12 and 14). Similarly, thdef2c GATA-d site
was bound efficiently by GATA4 (Fig. 5, lane 16) and

o = T T B = M e R A T this binding was specific since it was competed by

excess unlabeled oligonucleotides representing the
Fig. 5. Two evolutionarily conserved GATA sites in theef2canterior heart GATA-d site itself or théNkx2.5gs1 site (Fig. 5, lanes
fi_eld enhqncer are boynd by_ GATA4. GATA4 was transcrit_)ed and translated 07 and 19). Excess mutamtkx2.5gsl or Mef2c
vitro and incubated with radiolabeled, double-stranded oligonucleotides GATA-d failed to compete for GATA4 binding to the

spanning théef2cGATA-p site (lanes 9-14), thdef2cGATA-d site (lanes . :

15-20) or the gs1 GATA site from tiNkx2.5gene as a control (lanes 1-8). Mef2c GATA-d site (Fig. 5, Iane_s 18 and 20). Taken
GATA4 efficiently bound to all three GATA sites (lanes 2, 10 and 16). Bindingl®9€ther, all the results from Fig. 5 demonstrate that
of GATA4 to the GATA-p site was specifically competed by excess unlabeledtN® Mef2¢c GATA-p and GATA-d elements represent
Mef2cGATA-p (Gp) (lane 13) and by excess unlabelat2.5gs1 (lane 11) robust and specific binding sites for GATA4.

but not by a 100-fold excess of a mutant GATA-p site (Mp) or by a 100-fold ~ Similarly, we tested the ability of ISL1 to bind to

probe —p»

excess of a mutaitkx2.5gs1 site (M1) (lanes 12 and 14). Likewise, the each of the two conserved, perfect consensus ISL sites
binding of GATA4 to the GATA-d site was specifically competed by excess in the enhancer (Fig. 6). ISL1 bound specifically to the
unlabeled GATA-d (Gd) (lane 19) and by excess unlaléle@.5gs1 (lane ISL-p (Fig. 6, lanes 9-14) and ISL-d (Fig. 6, lanes 15-

(1&)1;3L(ﬁ;’;‘;tsbf’saaﬁgoz'g'd{;’:ggig;?g\hsr(gg;zrxdeélﬁ'&dd('z’gé)osf,{25‘:&95120) sites as well as it bound to the bona fide control
. - - I . . - - .

efficiently competed for GATA4 binding to the control gs1 GATA site from thems(;J alllghl losfl&% es:tgL(E:’?éSGi,r:a':Rz(?f% C8e)ﬁf113 ;rrlgg]rg(gifglssl_ 1
Nkx2.5enhancer (lanes 5 and 7), but mutant versions of the GATA-p (Mp) anf]o - . . "
GATA-d (Md) sites were unable to compete for binding toNkg2.5gs1 site anes 10 and 16) was specific, since it could be
(lanes 6 and 8). In samples where in vitro translated GATA4 protein was not COMpeted by excess unlabeled probe (Fig. 6, lanes 11
included (denoted by a minus sign in lanes 1, 9 and 15), an equal amount of2nd 17) but not by a 100-fold excess of unlabeled
unprogrammed reticulocyte lysate was included (lysate-derived bands are  mutant probe (Fig. 6, lanes 12 and 18). In addition,
noted). binding to both sites was competed by unlabeled
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control Insulin | probe (Fig. 6, lanes 13 and 19) but not by alSL1 sites in the critical region of théef2canterior heart field

100-fold excess of a mutant version of that probe (Fig. 6, lanenhancer are bound specifically by ISL1.

14 and 20). Similarly, unlabeled ISL-d (Fig. 6, lane 5) and ISL- To test the function of thef2cGATA and ISL sites in vivo,

p (Fig. 6, lane 7) probes each efficiently competed for theve introduced mutations into each site in the context of the

binding of ISL1 to the control ISL1 site from thesulin Igene,  Mef2cF6/Frag2lacZ transgene (Fig. 3, Frag #2) and

but mutant versions of those sites were unable to compete fdetermined the effect of those mutations on enhancer function

binding (Fig. 6, lanes 6 and 8, respectively). Taken togetheat 9.5 dpc (Fig. 7). The introduced mutations were identical to

the results from Fig. 6 demonstrate that each of the conservédtbse used in the EMSA analyses, which were shown in Figs.
5 and 6 to completely ablate GATA4 and ISL1 binding,

g e Es N e e mef2c ISL-p mef2c ISL-d respectively. The wild-typé&lef2c fragment directed

strong expression d¢dicZin the pharyngeal mesoderm,
Isl-1 == — — i 3 N 8
I it P B b i ol ot o outflow tract and right ventricle at this stage (Fig. 7A).

Double mutation of thiMef2c GATA sites completely
ablated all transgene expression in every transgenic
founder embryo examined (Fig. 7B). Likewise,
mutation of the two ISL binding sites in the enhancer
also completely disruptedlacZ expression in
transgenic embryos (Fig. 7C). We also examined the
effect of the ISL and GATA double mutations at 8.0
dpc and 11.5 dpc, and we observed no X-gal staining
R e at any stage (data not shown). Single mutation of each
alllrZ e el bl el bk of the individual GATA sites in the enhancer had a
dramatic, but not complete, effect on enhancer

Fig. 6..The ISL sites in théMef2canterior hgart field enhancer are function. Mutation of the GATA-p element only almost
spesfely by o 11 e Fersred en ot i end G i sy of e emvance, ahov
Mef2cISL-p site (lanes 9-14), thdef2cISL-d site (lanes 15-20) or a very weak expression (_:OUId S(_)metlmes be seen n the
consensus ISL1 binding site from the Ireulin | gene as a control (lanes 1-  Pharyngeal mesoderm; mutation of the GATA-d site
8). ISL1 efficiently bound to all three ISL sites (lanes 2, 10 and 16). Binding "esulted in a dramatic reduction [Rrgalactosidase
of ISL1 to the ISL-p site was specifically competed by excess unlabeled ~ activity, but the pattern dacZ expression directed by

competitor = = In min <dml-d |-p Ml-p == == |-pml-p In MIN == == |-d ml-d In min
Isl-1 — - . -~ - - - -

Mef2cISL-p (I-p) (lane 11) and by excess unlabdlesllin [ 1SL1 site (In) this mutant was unchanged, suggesting that this site
(lane 13) but not by a 100-fold excess of mutant ISL-p site (ml-p) (lane 12) has a quantitative effect on expression in vivo (data not
or by a 100-fold excess of a mutansulin | site (mIn) (lane 14). Likewise, shown).

the binding of ISL1 to the ISL-d site was specifically competed by excess In addition to the ISL and GATA sites in the
unlabeled ISL-d (I-d) (lane 17) and by excess unlableledin | site (lane enhancer, we also tested the candidate NKE and the

19) but not by a 100-fold excess of either mutant ISL-d (ml-d) (lane 18) or

min control (lane 20). ThBlef2cISL-p and ISL-d sites also efficiently . .
competed for ISL1 binding to the control ISL1 site from Itisulin | might be targets for NKX2.5 and HAND proteins,

promoter (lanes 5 and 7), but mutant versions of the ISL-p and ISL-d sites '€Spectively. The candidate NKE in thklef2c
were unable to compete for binding to thsulin | site (lanes 6 and 8). In enhancer failed to bind to any detectable amount of the
samples where in vitro translated ISL1 protein was not included (denoted bycardiac restricted transcription factor NKX2.5 under
a minus sign in lanes 1, 9 and 15), an equal amount of unprogrammed conditions in which NKX2.5 bound to the NKE from
reticulocyte lysate was included. the Gata6enhancer. Furthermore, the candidate NKE

candidate E boxes to determine if these putative sites

Fig. 7. TheMef2canterior heart field enhancer is |
dependent on GATA and ISL sites for function in
vivo. The wild-typeMef2cenhancer transgene
constructMef2cF6/Frag2facz, or transgenes
carrying mutations in either the two GATA sites ¢
the two ISL sites in that context, were used to
generate transgenic mice. Representative trans(
embryos at 9.5 days post coitum (dpc) are show
The wild-type fragment directed strong expressi
to the pharyngeal mesoderm, outflow tract and r
ventricle (A). Mutation of the GATA-p element
nearly completely eliminated transgene express
in vivo, although very weak expression could
sometimes be seen in the pharyngeal mesoderr...

Mutation of the GATA-d site had a dramatic impact on the level of transgene expression, although the pattern of expréssibn rema
unchanged. Mutation of both GATA sites in the enhancer (MGATA) completely elimiaaiexpression (as shown in B). For the double

GATA mutant, eight independent transgenic events were analyzed, and none showed any expression in the heart. Mutaansaéboth |
(mISL) in the enhancer completely eliminated all transgene expression (C) in all six independent transgenic events aaalizetyp€h

3970 bp enhancer construct directed robacsZ expression, as shown in (A), in 16 of 17 transgenic lines. Arrowheads denote expression in the
pharyngeal mesoderm/anterior heart field. RV, right ventricle.




Mef2c anterior heart field enhancer 3939

in the Mef2c enhancer was completely dispensable forA GATA- and ISL1-dependent model for
enhancer function in vivo (data not shown). Similarly, wetranscriptional activation in the anterior heart field
tested whether either of the E boxes inNtef2canterior heart The Gata4/5/6genes are among the earliest markers of the
field enhancer were bound by HAND proteins. Because HANRardiac lineage in the developing mouse, with expression
proteins have been shown to bind as homodimers or appearing throughout the precardiac mesoderm as early as the
heterodimers with each other and with E proteins (Firulli et al.expression ofNkx2.5 (Arceci et al., 1993; Parmacek and
2000), we tested the ability of dHAND/E12, eHAND/E12, Leiden, 1999). This very early expression suggests that GATA
dHAND/dHAND, and dHAND/eHAND dimers to bind to each transcription factors are likely to be involved in the initial
of the candidate E boxes in the enhancer. In no case were wjgecification of cardiomyocytes, which is supported by
ever able to detect any binding by these candidate factors studies in embryonal carcinoma stem cells that showed that
either of the sites in the enhancer under conditions in which expression of GATA4 dominantly induced precocious cardiac
control site from the ANF gene was bound efficiently bydifferentiation (Grepin et al., 1995). Furthermore, expression
dHAND/E12 heterodimers in EMSA (data not shown). of a dominant negative form of GATA4 in those cells blocked
Taken together, the results of the EMSA and mutationatardiac differentiation (Grepin et al., 1997). Additional
analyses demonstrate that théef2c anterior heart field evidence for a role for GATA factors in cardiac specification
enhancer is bound by GATA factors and by ISL1 and that theomes from studies in zebrafish, which demonstrated that
evolutionarily conserved binding sites for these factors ar&GATAS5 could dominantly induce cardiogenesis and the
completely required for enhancer function in vivo. These dataxpression of Nkx2.5 (Reiter et al.,, 1999). Likewise,
also suggest thaef2cexpression in the anterior heart field is misexpression of murine GATA4 iDrosophila results in
not dependent on direct activation by NKX2.5 or HAND expansion of cardiac cells in the dorsal mesoderm (Gajewski
proteins. Overall, the results presented in this study supportet al., 1999).
model for anterior heart field expression MEf2c that is The expression directed by tihdef2c enhancer described
dependent on cardiac restricted GATA transcription factors anldere is restricted to the anterior heart field throughout
ISL1 through direct binding and activation of a discretedevelopment. This enhancer contains two conserved GATA
anterior heart field enhancer module. sites, which are bound by GATA4 with high affinity and are
required for enhancer activity. These results indicateMief2c
. . is a direct target of GATA factors and support a model in which
Discussion GATA factors play a crucial role in the specification of
Embryos lackingMef2chave severe defects in the outflow tractmyocytes in the anterior heart field. Additional support for this
and fail to form a right ventricle (Lin et al., 1997), which is model comes from studies showing tiNkx2.5and dHAND
consistent with the strong expressionMf2cin the anterior  also appear to be direct transcriptional targets of GATA factors
heart field. At the time of cardiac loopiniglef2c transcripts  in the anterior heart field (Lien et al., 1999; McFadden et al.,
are present in the left ventricle and atria but are much mo2000; Searcy et al., 1998). Importantly, the cardiac restricted
robustly expressed in the right ventricle, outflow tract andSATA transcription factors, GATA4/5/6, are expressed more
pharyngeal mesoderm (Fig. 1A) (Edmondson et al., 1994jroadly than the anterior heart field restricted pattern of the
These observations suggest a key role for MEF2C in th®lef2c-lacZtransgene described in this study (Arceci et al.,
transcriptional pathways controlling myoblast differentiation1993; Morrisey et al., 1996; Morrisey et al., 1997; Parmacek
in the anterior heart field. Thus, identification of theand Leiden, 1999). The broader expression pattern of the
transcription factors functioning upstreamMdéf2crepresents GATA factors suggests that additional regulators must be
a critical step toward understanding the regulation of geneequired to restrict enhancer function to the anterior heart field.
expression in the anterior heart field and the functidief2c  Indeed, in this study, we show that thkef2c anterior heart
in the embryonic heart. In this study, we identify afield enhancer is also a direct target of ISL1. As is the case for
transcriptional enhancer from tief2cgene that is sufficient the GATA factors, ISL1 expression within the embryo is
to direct robust expression to the anterior heart field, and weroader than the pattern directed by tklef2c enhancer
show that this enhancer is a direct target for activation by th@escribed here, but expression of ISL1 within cardiogenic
LIM-homeodomain protein ISL1 and the GATA family of zinc lineages appears to be limited to the anterior heart field (Cai et
finger transcriptional regulators. The observation kefi2cis  al., 2003). Thus, these data suggest a model for anterior heart
a direct transcriptional target of ISL1 in vivo is consistent withfield-specific transcriptional activation dependent on the
the observations that targeted disruption of either of thoseombined activities of ISL1 and GATA transcription factors.
genes results in nearly identical phenotypes. Mice lacking The Mef2c enhancer described here is the first identified
either Mef2c or Isl1 exhibit gross abnormalities in the heart, direct transcriptional target of ISL1 in the anterior heart field.
which fails to loop, and have severely affected or abserit will be interesting to determine if other anterior heart field
outflow tract and right ventricle (Cai et al., 2003; Lin et al.,restricted genes or enhancers are also dependent on ISL1 for
1997). The nearly identical defects in the outflow tract andctivation. Notably, the GATA-dependent cardiac enhancer
right ventricle demonstrate the essential role of each of thedem the Nkx2.5gene, which appears to direct expression to
transcription factors in anterior heart development and furthahe anterior heart field, also contains a perfect consensus site
support the observations presented hereMePcis a direct for ISL1 in close proximity to the essential GATA binding site,
target of ISL1. These observations, taken together with thalthough the function of the ISL1 site in that enhancer was not
results of the work presented here, strongly support a role famvestigated (Lien et al., 1999). GATA factors have been shown
MEF2C as a key downstream effector of ISL1 in the anterioto function cooperatively with other transcription factors
heart field. expressed in the heart, including SRF, NKX2.5, dHAND and
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MEF2C (Dai et al., 2002; Durocher et al., 1997; Lee et al., The expression pattern bfef2cduring mouse development
1998; Morin et al., 2000; Sepulveda et al., 2002), and it wills complex. Transcripts are abundant in heart, skeletal muscle,
be interesting to determine if GATA factors function as part of/asculature and neural crest (Edmondson et al., 1994; Leifer et

a cooperative transcriptional complex with ISL1 as well. al., 1993; Lyons et al., 1995a). The studies presented here have
defined for the first time a transcriptional enhancer fktef2c

Distinct transcriptional hierarchies in the primary sufficient to direct expression only to the anterior heart field,

and secondary heart fields and previous studies have identified a transcriptional enhancer

A GATA- and ISL1-dependent transcriptional cascade in thérom Mef2c that functions only in skeletal muscle (Dodou
anterior heart field contrasts with the hierarchy present in thet al., 2003; Wang et al., 2001). The identification of these
primary heart field and in tHerosophilaheart. InDrosophila ~ discrete enhancer modules strongly suggests that the
the Nkx2.50rtholog,tinman is the earliest marker of the heart expression oMef2cis controlled by separate transcriptional
(Frasch, 1999) and is thought to be the initial transcriptionaénhancers in each lineage where it is expressed. This type of
activator responsible for cardiac specification (Cripps andnodular model for transcriptional regulation dependent on
Olson, 2002; Frasch, 1999). In the fly heart, the GATAmultiple, separate enhancers has been proposed previously as
transcription factor genpannier, is a direct downstream target a mechanism for regulatory diversity (Firulli and Olson, 1997).
of Tinman, which also directly activates the transcription ofThis seems to be the case fdef2¢c as we have recently
Mef2 (Gajewski et al., 1997; Gajewski et al., 2001). A similaridentified additional enhancers from thief2cBAC (Fig. 1A)

NKX dependent hierarchy appears to exist in the primary heatthat are capable of independently directiaciZ expression to

field in vertebrates as well. NKX2.5 is among the earliesvascular endothelium, smooth muscle and neural crest (M.V.,
known cardiac transcription factors expressed in the primary.A. and B.B., unpublished observations). It will be interesting
heart field in vertebrates (Brand, 2003; Harvey, 1996; Lints €b determine whether these enhancers function as truly
al., 1993), and some evidence suggests that NKX2.5 may playdependent modules or whether they operate together in the
a role in cardiomyocyte specification (Yamagishi et al., 2001)context of the entirdlef2clocus.

Furthermore, recent studies of tRkx2.5gene have identified

several enhancers regulating expression in the heart (SchwartVe are grateful to Nathan Heintz and Xiangdong Yang for the in
and Olson, 1999). One of these enhancers directs expressiy BAC recombination reagents and to Eddy Rubin, Jim Bristow
to the cardiac crescent and primary heart tube and was sho@ff! Jan-Fang Cheng for BAC sequence and VISTA analyses, which

S . were supported by the Berkeley PGA from the National Heart, Lung,
to be dependent on SMAD proteins in vivo (Liberatore et al'and Blood Institute. We thank Jeff Molkentin and Mike German for

2002; Lien et aI.,_ 2002). These obsgrvati_ons suggest thfi'rtoviding plasmids and Analeah Heidt, Stephanie Greene and Eric Ho
Nkx2.5may be a direct target of BMP-inducing activity, andfo, assistance with these studies. M.P.V. was supported by a

that this enhancer may serve as the initiator of cardiagredoctoral fellowship from the Howard Hughes Medical Institute and
specification in the primary heart field (Liberatore et al., 2002E.D. was supported in part by a postdoctoral fellowship from the
Lien et al., 2002). Taken together, all these observation&merican Heart Association, Western States Affiliate. This work was
suggest that the transcriptional hierarchies for myocytsupported by grants from the National Heart, Lung, and Blood
development in the two vertebrate heart fields might bénstitute and the American Heart Association, Western States Affiliate
divergent, with NKX2.5 as the critical factor in the primary t© B.L.B.

heart field and GATA factors, along with ISL1, as the key
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