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SUMMARY

Heart formation in vertebrates is believed to occur in a
segmental fashion, with discreet populations of cardiac
progenitors giving rise to different chambers of the heart.

However, the mechanisms involved in specification of
different chamber lineages are unclear. The basic helix-
loop-helix transcription factor dHAND is expressed in

cardiac precursors throughout the cardiac crescent and the
linear heart tube, before becoming restricted to the right

ventricular chamber at the onset of looping morphogenesis.
dHAND is also expressed in the branchial arch neural
crest, which contributes to craniofacial structures and the

this enhancer to a 1.5 kb region and identified subregions
responsible for expression in the right ventricle and cardiac
outflow tract. Comparison of mouse regulatory elements
required for right ventricular expression to the human
dHAND upstream sequence revealed two conserved
consensus sites for binding of GATA transcription factors.
Mutation of these sites abolished transgene expression in
the right ventricle, identifying dHAND as a direct
transcriptional target of GATA factors during right
ventricle development. Since GATA factors are not
chamber-restricted, these findings suggest the existence of

aortic arch arteries. Using a series ciHAND-lacZ reporter
genes in transgenic mice, we show that cardiac and neural
crest expression ofdHAND are controlled by separate
upstream enhancers and we describe a composite cardiac-
specific enhancer that directdacZ expression in a pattern
that mimics that of the endogenous dHAND gene
throughout heart development. Deletion analysis reduced

positive and/or negative coregulators that cooperate with
GATA factors to control right ventricular-specific gene
expression in the developing heart.

Key words: Heart formation, dHAND, GATA transcription factor,
mouse

INTRODUCTION with the atrial and ventricular chambers. Following looping,
septation of both ventricular and atrial chambers occurs, and
Classical embryology and cell fate mapping experiments haygopulations of migrating neural crest cells contribute to the
defined the morphological events involved in formation of theoutflow tract and great vessels as the heart develops and grows
vertebrate heart (reviewed by Olson and Srivastava, 1996 form the mature four-chambered organ (Jiang et al., 2000;
Fishman and Chien, 1997). Cardiac precursors in the anteribe Lievre and Le Douarin, 1975).

lateral plate mesoderm become committed to a cardiogenic fateAlthough the morphologic events of cardiac development
in response to signals from the adjacent endoderm atre well characterized, the underlying molecular mechanisms
embryonic day 7.5 (E7.5) in the mouse. These cells form ththat specify different cardiac cell fates and regulate regional-
cardiac crescent and give rise to paired bilaterally symmetrigpecific patterns of gene expression in the developing heart are
cardiac primordia. As development continues and the embryanly beginning to be revealed. Recent analyses of several
closes ventrally, the cardiac primordia fuse along the midlineardiac transcription factors and the genetic cascades in which
at E8.0 to form a single, linear, beating heart tube. Shortlthey act have suggested that heart formation proceeds in a
thereafter, the linear heart tube loops to the right, signifyingegmental fashion, with each cardiac chamber governed by an
the first morphological manifestation of embryonic left-rightindividual genetic program (reviewed by Fishman and Olson,
asymmetry. Cardiac looping serves to juxtapose the future [ef997). Interestingly, atrial and ventricular cardiomyocytes,
and right ventricles, and to align the inflow and outflow tractsvhich exhibit differences in gene expression, contractility,
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morphology and electrophysiology, appear to be specified wdlboping morphogenesis, an apparent absence of the left
before chamber morphogenesis (Yutzey and Bader, 1995)entricular chamber (Lyons et al., 1995), and downregulation
There are also molecular distinctions between cardiomyocyted eHAND expression, suggesting thaHAND is a key

in the right and left ventricular chambers, but how these celldownstream target of Nkx2.5 that may contribute to cardiac
acquire their distinctive features is unknown. defects in these animals (Biben and Harvey, 1997).

Members of the basic helix-loop-helix (bHLH) family of  Analysis of thecis-regulatory elements of several cardiac
transcriptional regulators play diverse roles in cell specificatiogenes in transgenic mice has also demonstrated the existence
and differentiation in many tissues (reviewed in Massardf anatomically restricted transcriptional programs that act
and Murre, 2000). The related bHLH proteins, dHAND andthrough independent enhancers to control transcription in
eHAND, also known as Hand2/Thing2 and Handl/Thingldifferent regions of the heart (reviewed in Firulli and Olson,
respectively, show dynamic and complementary expressiotR97; Kelly et al., 1999). In many cases, transcription factors
patterns in the developing heart (Cross et al., 1995; Cserjabiat are expressed throughout the heart are required for
et al., 1995; Hollenberg et al., 1995; Srivastava et al., 1995)egionally restricted activation of cardiac enhancers. How such
During mouse embryogenesisHAND and eHAND are  factors act selectively in specific subsets of cardiomyocytes is
expressed in the cardiac crescent concomitant with cardiogenioknown.
specification (Biben and Harvey, 1997; Thomas et al., 1998). In the present study, we analyzed tHdAND upstream
As the heart tube formslHAND is expressed throughout the region for regulatory elements sufficient to recapitulate the
ventral surface of the linear heart tube and, at the onset ohamber-restricted expression pattern of the endogenous gene.
cardiac looping, is downregulated in the future left ventricleMe describe independent enhancers that direct expression of a
(LV), with expression being maintained along the outedacZ transgene in the heart and branchial arch neural crest
curvature of the right ventricle (RV) and in the outflow tractin patterns that mimicdHAND expression throughout
(OFT) (Thomas et al., 1998). In contrastHAND is  development. Deletion analysis of the cardiac-specific
downregulated in the region of the linear heart tube thagénhancer revealed that subregions regulate transcription in the
contributes to the RV and, following looping, is expressedDFT and RV and that two conserved binding sites for GATA
along the outer curvature of the LV and in portions of the OFTiranscription factors are required for enhancer activity in the
The specific expression patterns @dHAND and eHAND  RV. These results identify GATA factors as direct upstream
exemplify the remarkable territoriality of gene expression iractivators ofdHAND and demonstrate that the transcriptional
the developing heart and intimate the existence of spatiallgctivity of the GATA family is regulated in a chamber-specific
restricted transcriptional networks acting at the very earlieshanner during heart development.
stages of cardiogenesis.

Consistent with their chamber-restricted expression patterns
the HAND genes appear to be essential for morphogenesis MATERlALS AND METHODS
their respective cardiac chambers. Mice homozygous for a n%lI : d ion of
mutation in dHAND fail to form a RV and have severe - °ningandgeneration of reporter constructs
abnormalities in the neural crest-derived aortic arch arteriedW° 0verlappingdHAND phage clones were isolated from a mouse
resulting in embryonic demise at E10.0 (Srivastava et al., 1997225V genomic library using théHAND cDNA as a probe

I ) Srivastava et al., 1997). The longest clone contained 11 kb of
Yamagishi et al., 2000eHANDnull embryos die from severe stream flanking sequence. Clones were characterized by

: i u
extraembryonic defects around E8.0, making a clear analységdonuclease restriction mapping. To generate constructs 1-7, the
of heart deVeIOpment difficult (Fll’ulll et al., 1998, R|Iey et al., indicated regions of upstream sequence were fused to the
1998). However, tetraploid rescue experiments, employed {&romoterless AU@-gal reporter.
circumvent the early embryonic lethality, have shown that One humardHAND genomic clone was isolated fromAgphage
rescued animals arrest at E10.5 with apparent defects library and characterized by restriction mapping and sequence
maturation of the left ventricular chamber (Riley et al., 1998)analysis. Sequences were aligned with the mouse genomic flanking
In the zebrafish, which has only a single ventricular chambegeduence using the Bestfit algorithm of GCG software.
only a singleHAND gene, most closely relateddslAND, has To generate constructs 8-12, a 750 bp fragment containing the

been identified (Angelo et al., 2000: Yelon et al., 2000). I_OSS(jHANDbranchlal arch enhancer (J. Charité and E. Olson, unpublished

f-functi tati in thi llednds off It i data) was blunt-cloned into thdindlll site of the hsp68lacZ vector
ol-lunction mutations In this gene, calleands oif result in Kothary et al., 1989). The orientation of the branchial arch enhancer

ventricular ablation, suggesting that this single gene in the fislas confirmed by restriction mapping and DNA sequence analysis.
shares the combined functions dHAND and eHAND in  The resulting vector (NC-hsplacZ) was digested vBthd. DNA

chamber morphogenesis in the mouse (Yelon et al., 2000). fragments were amplified from construct 2 by PCR u§tgTurbo
Several other mouse mutations result in regionally restricte(stratagene) DNA polymerase. The following PCR primer pairs were
abnormalities in cardiac morphogenesis, further reinforcing thesed: construct 8: Primer 1;-GATCTGTATTTCCCCTTAAAAA-
notion of chamber-specific transcriptional programs. MiceSAGACTG-3 and Primer 2, 5GAGGAGGGATCC-GTACCCTG-
lacking the MADS-box transcription factor MEF2C, expresseo“ATTgé(?g’éT(%%”g”Ugtn3: l;?i?’]i: 3’2’-5%3?3?536?19%%?;? .
ggggg?g uotftgefgti?g’;\)/(h(lll_)ilrt] deetfzcl:tsiggc%rd_lriﬁslosr?éz%sgg ?gCTAGTGCTTCATTCTTCCATAA-GTCTCAGG-S, and Primer
. . N : , 5-TCTGTGATGACGCTGG-TTGTGGGC-3 Construct 12:
highly reminiscent of thdHAND mutant phenotype. Whether pier 1 and primer 6/ € TTCATGGATCTTAGGAACTCAAAC-
the absence of a RV IMEF2C mutants, and the consequent cc_3.
absence oHAND expression, reflects a role of MEF2C as a construct 10 was generated Bylll digestion of construct 2, and
regulator ofdHAND s unknown. Mice homozygous for a null ligation into NC(Rev)-hsplacz, which is identical to NC-hsplacZ,
mutation in the homeobox gerékx2.5 display defects in  except the branchial arch enhancer is in the reverse orientation. All
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constructs were confirmed by restriction mapping and DNA sequenceand Primer 2. This fragment was cloned intoShed site of NC-
analysis. hsplacZ. Integrity of the plasmid was confirmed by restriction

) o mapping and sequence analysis.
Generation of transgenic mice

Reporter constructs were digested wilal to remove vector
sequences, and purified for injection using a QiaQuick spin columMpESULTS
protocol (QIAGEN). Concentrated DNA was eluted into 10 mM Tris

buffer, pH 7.4. Fertilized eggs from B6C3F1 female mice wer e . .
collected for pronuclear injection as described (Lien et al., 1999€)|.dehn;'r]:|§:rtéon of dHAND cardiac and branchial arch

Foster mother ICR mice were sacrificed at E10.5, and embryos werd!
collected and stained fd-galactosidase activity as described by In order to define theis-regulatory elements that control
Cheng et al. (1993). Following overnight staining, embryos were fixedd HAND expression during cardiac development, two
for 12 hours in 4% paraformaldehyde in phosphate-buffered salingverlapping phage clones spanning approximately 11 kb of
(PBS), pH 7.4. For sections, embryos were dehydrated in 2, Zipstream genomic sequence were isolated. To determine if
dimethoxypropane (DMP), cleared in light mineral oil, embedded inhege sequences contained regions importantdféAND
paraffin, sectioned at 40m, rehydrated and stained with Nuclear Fagexpression, a fragment from theuitranslated region (UTR)
Red (Moller and Moller, 1994). to —11 kb was fused ttacZ and tested for expression at E10.5
Mouse mutants (Fig. 1, construct 1). Transgenic embryos showed X-gal

Mice with mutations iHAND (Srivastava et al., 199 EF2C(Lin ~ Staining in the heart as well as the first and second branchial
et al., 1997)Nkx2.5(Lyons et al., 1995)jnv (Yokoyama et al., 1993) arches. Expression in the heart at E10.5 was primarily localized
andGATA4(Molkentin et al., 1997) have been described previouslylo the outer curvature of the future RV and the OFT. Lower
Inbred C57/BL6 mice were used for intercrosses WhHAND-lacZ  levels of expression were detected in the future LV (Fig. 1), a
transgenic mice. Genotypes of embryos were determined by Southguattern that recapitulates that of endogenallSAND

blot analysis of yolk sac DNA. transcripts (Thomas et al., 1998). Stable transgenic lines
harboring construct 1 showed the same expression pattern of

Electrophoretic mobility shift assays lacZ at E10.5 as that seen ig ffansgenics (data not shown).

Oligonucleotides corresponding to the conserved GATA binding siteé)f . . : : ;
; ; note, this 11 kb upstream region did not direct expression
at-3039 and-3140 were synthesized (Integrated DNA Technologles)In lateral mesoderm Fimb buds ?)r sympathetic ganglig where

as_fggg\gz, 5-TCGAGGTGAGGATGCRTCTGGAGCT-3; dHAND is also _expressed (Charité et aI., 2000, Srivastava et
~3039B, 5 TCGAGAGCTCCAGATAGCATCCTCAC-3: al.,, 1995). This suggested that the regulatory elements
—3140A, 3-TCGAGGTAATTAACTGATAATGGTGC-3; responsible for expression within these tissues are located
-3140B, 5>TCGAGGCACCATTATCAGTTAATTAC-3". elsewhere.

Mutant oligonucleotides were also synthesized as follows: To further localize the regulatory elements responsible for
mut3140A, 5TCGAGGTAATTAACCCGGGATGGTGC-3 cardiac expression alHAND, a fragment extending from the
mut3140B, STCGAGGCACCATCCCGGGTTAATTAC-3 5'UTR to —5.5 kb was fused tacZ (Fig. 1, construct 2). This

mut3039A, 5TCGAGGTGAGGATGGGCCCTGGAGCT-3

MUt3039B. 5TOGAGAGOTCCAGGGCCOATCCTCAC!S construct directethcZ expression only in the developing heart,

Oligonucleotide pairs were resuspended, boiled for 10 minutes, aABIplylng that the branchla_l arch enhancer I"’.‘y between 5.5 and
annealed by slowly cooling to room temperature. Annealed 1 kb, whereas the cardiac reg'ulatory'reglon was downstream
oligonucleotides were radiolabeled witF#]dCTP using Klenow ©Of —5.5 Kb. Subsequent analysis localized the branchial arch
fragment of DNA polymerase and purified using G25 spin column&nhancer to the region betweeBl0 and-7.75 kb (J. Charité
(Roche). COS-1 cells were transfected with pcDNA1-GATA4 (Lu etand E. Olson, unpublished data). The level of cardiac
al., 1999) or empty vector. Whole cell extracts were isolated aexpression from construct 2 was lower than from construct 1,
previously described by Brockman et al. (1995). DNA binding assayalthough both showed preferential expression in the right
were performed as described by Scott et al. (1994). Unlabeled wildrentricle. Since we found no cardiac regulatory sequences
type and mutant competitor oligonucleotide was added to reactions getween-5.5 and-11 kb, the higher level of expression
the |nd0|cated concentrations. DNA-protein complexes were resolvegjracted by the 11 kb region may reflect the existence of a
on a 5% nondenaturing polyacrylamide gel inOrBE. guantitative element in this region that cannot function alone
Site-directed mutagenesis or sensitivity of the shorter region to integration effects.
Conserved GATA sites at —3039 and —3140 were mutatefdcand To facilitate a rapid analysis of the location of regulatory
Sma sites, respectively, as follows. DNA was amplified from Sequences responsible for cardiac expressidhiéNDand to
construct 2 using Primer 1 and Primer 2 (see above), and subcloné@ntrol for possible integration effects, we included the
into plasmid BK-pBSK for mutagenesis reactions. Two rounds obranchial arch enhancer in all subsequent deletion constructs.
PCR-based mutagenesis on BK-pBSK were performed ugfug First, however, to rule out potential interference between the
Turbo DNA ploymerase and a QuickChange protocol (Stratagenejwo regulatory regions, we tested the branchial arch enhancer

The following primers were used: fused to the 5end of construct 2 (Fig. 1, construct 3). This
GATAMU3140A, 5CCCCTGGATTGTAGTAATTAACCCGGG-  congtruct directethcZ expression in the branchial arches and

éEi%Ei?ggggg%TTGTﬁATTiéRgXETl&O:%GGg%?s?T%AAE:rﬁ: heart. Staining in the heart was identical to construct 2, leading
mMut3039A. B-CACTTGTGAGGATGGGCCCTGGAGCTACGAA. USTO conclude that the branchial arch enhancer did not interfere
GCC-3: GATAMUt3039B, 5GGCTTCGTAGCTCCAGGGCCC- With the cardiac regulatory region when placed directly
ATCCTCACAAGTG-3. upstream (data not shown). Construct 4, which contained the

Restriction analysis confirmed the presence of the mutations, addfanchial arch enhancer and deleted the region from —7.5
the insert from GATAmutBK-pBSK was again amplified using Primerto —2.7 kb, abolished cardidacZ expression. In conjunction
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Fig. 1. Transgene constructs A 1kb

. f i 10.
used to identify thedHAND e = E'p"’s“"‘mE 2= _
branchial arch and cardiac ~_ gonstmer, 10 AT = W AL i B
enhancers. (A) Shown at th
top is the genomic
organization of the mouse ~ 1: -11kb [ lacz ] + + 22
chiANDlocus nd SHarkng 2 e 1+ - v
indicated on the left, and the ~ 3: NC:-5.5kb [z ] + + aa
corresponding expression N BT | ) [ laez 1 - + "
pattern is summarized on tk e, i
right. The far-right column 5: 114 (-7.5 to -4.5) lacZ ] + e a3
e e o o & 7o | T
heart expression that also 7: 1A (-4.2t0 -2.7) 1 lacz | e * 22
showed branchial arch T i e - ) | & + s
expression, except for ilaging 2
construct 2. For that constrt Branchial Arch Cardiac
(indicated by ), which lack: Enhancer Enhancer

the branchial arch enhance!
we observed X-gal staining
the hearts of 5 out of 9 stab
transgenic lines and in one
embryo. (B) Representative
embryos obtained with eact
construct (indicated in uppe
left corner of each panel) ar
shown. Embryos with
constructs 1 and 2 are from
stable transgenic lines,
whereas those with constru
4,6, 7 and 8 are fromgF
transgenics. Constructs 1-7
contained the indicated
dHANDupstream region linked to the promoterless Ad@ reporter. Construct 1, which directed expression in the first and second branchial
arches and heart, contained 11 kb of upstream sequence. Cardiac expression was primarily noted at highest levelsRvVtaadiu@HE.

Because the embryo shown expredaed at a very high level, low levels of transgene expression can also be seen in the future LV. Construct
2, containing 5.5 kb of upstream sequence, was expressed specifically in the heart. Construct 3 (not shown), which cdméainkiklaech
enhancer<8/-7.75 kb) and the sequence in construct 2, prodia@atexpression in the branchial arches and heart. Construct 4, which fused
the branchial arch enhancer to —2.7 kb, was active in the branchial arches, but not in the heart. Construct 5 (not sinedrihedritakb

upstream region with a deletion from —7.5 to —4.5 kb, and directed branchial arch and cardiac expression. Construct éheddidined

upstream region with a deletion from —4.7 to —3.2 kb, and directed expression in the branchial arches and in only a fie Els i

Construct 7 contained the 11 kb upstream region with a 1.5 kb deletion from —4.2 to —2.7 kb, and was expressed onlyl ertinaschia
Construct 8 fused the neural crest enhancer and the region from —4.2 to —2.7 kispb&i@cZeporter. This construct directed branchial arch
and cardiac expression. Branchial arches are indicated by arrowheads. * Indicd&eg thairession was seen in only a few cells that were
always restricted to the right ventricle. rv, right ventricle; lv, left ventricle; oft, outflow tract.

with construct 2, this suggested that the cardiac regulatogonclude that the cardiac enhancerdofAND lay between
region was located between -5.5 and —2.7 kb. Deletion of 24.2 and —-2.7 kb.

kb from —7.5 to —4.5 kb from the entire 11 kb upstream region _ _ _

did not abolish cardiac expression (Fig. 1 construct 5)EXpression of the dHAND cardiac enhancer during
suggesting that a cardiac enhancer was between —4.5 kb a#i@ibryonic development

—2.7 kb. Construct 6, which contained a deletion from —4.¥Ve next sought to determine whether thdAND cardiac

to —3.2 kb, abolished all cardiac gene expression, except inemhancer was sufficient to recapitulate the complete
small number of cells always localized to the RV. Deletion ofpatiotemporal pattern of expression of endogebiAND.

the region between —4.2 and —2.7 kb, in the context of 11 Kbherefore, we generated stable transgenic lines with construct
of upstream region, abolished all cardiac gene expressi®) containing the 5.5 kb upstream region fuseth¢@. Nine

(Fig. 1, construct 7). This demonstrated that sequences in thiginsgenic lines were obtained, five of which showed
region were required for cardiatiAND expression. To test comparable expression patterns during heart development.
whether these elements were sufficient to direct cardiacine 165 showed robust expressioriadZ, and was therefore
expression, we fused the region from —4.2 to —2.7 kb and thehosen for further characterization.

branchial arch enhancer to thep68basal promoter upstream At E7.75, line 165 showeldcZ expression throughout the

of lacZ (Fig. 1, construct 8). This construct directiedZ  cardiac crescent, in a pattern identical to endogedbldg\ND
expression in the branchial arches and heart, allowing us toRNA (Fig. 2A,l) (Thomas et al., 1998). At E8lacZ was
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Fig. 2. Expression of theHAND cardiac
enhancer throughout embryonic development.
Embryos from stable transgenic line 165
harboring construct 2 were analyzed at various
times during mouse embryogenesis.

(A-H) Whole-mount photographs of embryos or
isolated hearts from E7.75-E18.5. The embryo in
D is the same as in Fig. 1B2. (I-Q) Nuclear Fast
Red counterstained transverse sections. Note
strong staining in the cardiac crescent (cc) at
E7.75 (Al). As the linear heart tube forms,
expression is detected throughout the primitive
myocardium (pm) of the linear heart tube (B,J).
Note lack of expression in the primitive atrium
(pa; B). Following cardiac looping at E9.5 (C,K),
X-gal staining is detected at high levels primarily L
in the outer curvature of the future right ventricle
(frv), but at low levels, in a patchy pattern, in the
future left ventricle (flv). Serial sections of an
E10.5 embryo (D,L-O) show strong expression in
the outer curvature of the right ventricle and '
portions of the outflow tract (oft); howevéacZ
expression is not seen in the atria or aortic sac
(as). Lower, patchy levels are again noted in the
future left ventricle (flv). Later during
development, between E11.5-E18.5, (E-H,P,Q),
lacZ expression is detected at lower levels, but is
still restricted primarily to the right ventricle (rv),
especially at the apex and in portions of the
interventricular septum (ivs), and regions of the _
outflow tract (E,F). Lower levels can be seen at frv
the base of the left ventricle (lv; E-F). hf, head
folds; ba, branchial arches; fra, future right
atrium; fla, future left atrium; ra, right atrium.

detected throughout the myocardial layer of the linear headontinued to mimic the pattern of endogendd®\ND mRNA.
tube (Fig. 2B,J). At the onset of cardiac looping (E8.B&), At E10.5, the graded right-left ventricular expressiortac”
expression was downregulated in the future LV, mirroring thavas readily visible (Fig. 2D,L-O). Serial transverse sections of
regulation of endogenouHANDtranscripts (data not shown). an E10.5 embryo revealed expression along the outer wall of
Following the completion of cardiac looping (after E8lagZ  the OFT and RV (Fig. 2L-N), as well as the base of the RV
expression was detected along the outer curvature of the futuieig. 20). Expression dacZ was never detected in the atrial
RV, OFT and pericardium, while lower levels were seen in thehambers (Fig. 2N-Q). At later stages of cardiac development,
future LV (data not shown and Fig. 2C,D,K). Because thdacZ expression was downregulated; however, overnight X-gal
expression pattern of this enhancer replicates the dynamstaining allowed us to detect low levels of activity. At E11.5-
pattern of endogenoudHAND mRNA expression during 12.5, expression was detected at low levels in the RV and OFT,
cardiac looping, we believe it responds to the signalingvith the highest levels noted at the base of the RV near the
pathways that establish chamber-restricted expression pfnction of the interventricular septum (IVS; Fig. 2E,F,P,Q). At
endogenousHAND. E15.5 and E18.5, low levels cZ expression were detected
Following heart looping, the pattern d¢dicZ expression in the RV (Fig. 2G-H). The highest levels of transgene
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dHAND+-  dHAND-- NKx2.5+/- NKx2.5-/-

C-/-

M

Fig. 3. Altered expression of th#HAND cardiac enhancer in mice with aberrant ventricular development. Construct 2 (Fig. 1) was introduced
by breeding into the indicated mutant backgrounds and embryos were stailaed éxpression. (A) Frontal views afv/ ~ andinv-

embryos at E9.5. In homozygoins mutants]acZ expression is reversed from the right to the left side of the heart, marking the position of the
developing pulmonary ventricle (pv). (B) Frontal viewsMEF2C" ~andMEF2C7~embryos at E9.5, showing the losdaifZ expression

from the right ventricular (rv) region, but maintained expression in the outflow tract (oft). (C) Lateral vigtAND" - anddHAND -

embryos at E9.5. These mutant embryos show similar distortidasziexpression to those seenMEF2C7~embryos. (D) Lateral views of
Nkx2.57~andNkx2.5/~ embryos at E10.0acZ expression extends into the right ventricular region of the mutant heart, which is
morphologically distorted.

expression detected at later time points were at the apex of tagtended from the conotruncus into the more posterior region

RV and IVS (Fig. 2G,H). of the heart tube (Fig. 3D). We interpret this to indicate that
. S the right ventricular region is present in these embryos, but

Anatomic reversal of  dHAND enhancer activity in defects in looping and possibly in left ventricular development

inv/inv mice (Biben and Harvey, 1997) result in an altered distributiopr of

The right ventricular expression @dHAND is anatomically gal-positive cells in the remainder of the heart.

reversed irinv/inv mice, which display a reversal of left-right . B o )
asymmetry, reflecting the orientation of the pulmonaryRegion-specific elements withinthe  dHAND cardiac
ventricle to the left and the systemic ventricle to the righ€nhancer

(Thomas et al., 1998). To test whether th¢AND cardiac  To more precisely define the regulatory elements within the 1.5
enhancer also responded to the inv pathway in a mannkb enhancer, we created a series of deletions of this fragment,
analogous to the endogenous gene, we introduced transgeare analyzed their transcriptional activity inéfmbryos using
construct 2 into thev/inv background by breeding. As shown the hsp68-lacZ reporter and thedHAND branchial arch

in Fig. 3A, the enhancer was active on the left side of the heaghhancer as an internal control for integration effects. As
in inv/inv embryos, corresponding to the position of thementioned above, the region from —4.2 to —2.7 kb (construct
pulmonary ventricle. We conclude that tHelAND cardiac ~ 8) was sufficient to direct expressionla€Z in the developing
enhancer responds to transcriptional signals specific for theeart (Fig. 4B). Deletion of —4.2 to —3.7 kb completely
pulmonary ventricle, which normally is on the right, rather tharabolished cardiac expression, suggesting that the enhancer was

signals for left-right asymmetry per se. located in this region (Fig. 4A,C, construct 9). However, this
o . ) 500 bp alone, or with an additional 1 kb of upstream sequence,

Activity of the  dHAND cardiac enhancer in mouse was nearly inactive, directing only low level expression in a

mutants with altered ventricular development few cells of the distal OFT (data not shown and Fig. 4A,D,

We also introduced transgene construct 2 into several mousenstructs 10 and 11).
mutants with altered ventricular development as a means of Based on these data, it was possible that we split a critical
analyzing the fates afHAND-expressing cells in hearts with element at —3.7 kb. To test this possibility, we fused the region
various dysmorphologies. IMEF2C mutant embryos, the from —4.2 to —3.2 kb to thiesp68-lacZreporter (construct 12).
right ventricular region fails to develop (Lin et al., 1998). Asinterestingly, this construct directed expression in the OFT, but
shown in Fig. 3BdHAND-lacZexpression was localized to the not the right ventricle (Fig. 4E). This suggested that separable
conotruncal region oMEF2C mutant hearts at E9.5, with elements were present in the 1.5 kb enhancer, which controlled
almost no staining in the more posterior region of the hearexpression in different regions of the developing heart. In
confirming that right ventricular cells that would normally addition, because this deletion abolished RV expression,
expressiHAND are absent in this mutant. ventricular expression must require sequences in both #mel 5

In dHAND mutant embryosdHAND-lacZ expression was 3’ regions of the 1.5 kb fragment. This is consistent with the
essentially identical to that IMEF2C mutants (Fig. 3C), expression pattern of construct 6 (Fig. 1), in which the region
consistent with the conclusion that the right ventriculafrom —4.7 to —3.2 kb was deleted. In this context, most cardiac
chamber is missing in these embryos (Srivastava et al., 199TacZ expression was abolished; however, a few cells, always
Expression ofacZ was maintained in the conotruncal region, located in the RV, stained with X-gal. This implies that elements
demonstrating that these cells do not require dHAND fodownstream of —3.2 kb have some activity in cells of the RV.
specification or survival. The expression dfIAND-lacZ in .
these cells of the mutant also suggests that dHAND does ngPnservation of dHAND regulatory elements
positively autoregulate its expression in these cells. To guide us in identifying potential regulatory elements within

In Nkx2.5 mutant embryos,dHAND-lacZ expression the dHAND cardiac enhancer, we isolated a hund&AND
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Fig. 4.Fine mapping of chamber-specific A (-5.2) (42)  (37) (32) (27)

enhancer elements. Deletions of the 1.5 kb Construct: Sp Bg Bg Kp Heart Expression
dHAND cardiac enhancer (contained in —Nucleotides _ s
construct 8) were generated and fused to the
hsp68laczZeporter downstream of the 8: -4.210-2.7 kb
dHANDbranchial arch (ba) enhancer.

Construct number and fragment location are

indicated at the left, and th&cZ expression 9: -3.7t0-2.7 kb
pattern at E10.5 is summarized on the right.

Numbers of empryos with the indicated 10: -4.210-3.7kb
cardiac expression patterns out of all

embryos showing branchial arch staining are

indicated in parentheses. (A) Map of the 1.5 11: -5.210 -3.7 kb
kb enhancer and reporter constructs.

(B) Staining pattern of embryo harboring
construct 8. (C) Construct 9 contained the
region from —3.7 to —2.7 kb, and did not
produce any cardiac gene expression in 13: -4.210-2.7 kb
transgenic embryos. (D) Construct 10, R GVeR)
containing the region from —4.2 to —3.7 kb,

and construct 11, containing the region from

—5.2 t0-3.7 kb, resulted in identical patterns B c D E
of expression, withacZ detected in a few

cells of the outflow tract (oft). (E) Construct
12 contained the region from —4.2 to —3.2 kb,
and directed expression in the OFT. ! -
Construct 13, derived from construct 8, > _\ﬂq oft
contained mutations in two GATA binding oft '
sites (indicated as G1 and G2) and directed oft”
weak expression in the OFT (see Fig. 7B). '
Note strong X-gal staining in the branchial

arches (arrowhead). rv, right ventricle; oft,

outflow tract. 8 9 11 12

OFT + RV (4/4)

-l T

|
Ll
]
L]
L]
L]
L]

'&

None (0/6)

'
[

R T N
[

Weak OFT (1/1)

Weak OFT (2/4)

12: -4.210-3.2kb Weak OFT (2/2)

'G1 G2
1] Weak OFT (4/10)

19900
|

i "

genomic phage clone and compared the upstream sequencesaitext of the 1.5 kb fragment4.2 to —2.7 kb) and generated
mouse and humadHAND. This alignment revealed a high Foembryos with this construct (Fig. 4A, construct 13; Fig. 7B).
degree of homology to the corresponding mouse sequent®e 10 embryos expressinigcZ in the branchial arches at
throughout the upstream region. The degree of homology wamrying levels, cardiac expression was dramatically reduced,
not significantly different within the putative cardiac enhancecompared to the wild-type construct (Fig. 7, compare A (wild-
compared to flanking regions (data not shown). Alignment ofype) and B (mutant)). As expected from our deletion analyses
the 1500 bp enhancer, which is both required and sufficient f¢Fig. 4, constructs 10 and 11), which showed OFT expression
ventricular expression, revealed conservation of severalith constructs extending upstream-&7 kb and lacking the
potential transcription factor binding sites (Fig. 5 and data natbove GATA sites, residual expression was detected in the OFT
shown). In particular, two consensus GATA factor binding sitesvith construct 13 (Fig. 7B).

at —3039 (G2) and —3140 (G1) bp were completely conserved To test whether GATA4 was uniquely required for enhancer

in mouse and human sequences. activity in vivo, we crossed the 5.5 kb enhancer transgenic line
. o (construct 2) into &ATA4mutant background (Molkentin et
GATA-dependent regulation of ~ dHAND transcription al., 1997). Analysis dicZ expression itGATA4null embryos

To determine if the conserved GATA sites were capable aghowed that transgene expression was maintained in the
binding GATA4 in vitro, we performed electrophoretic absence of GATA4 (Fig. 7GpATA4dmutant embryos exhibit
mobility shift assays (EMSA) using oligonucleotide probes.cardia bifida due to a defect in ventral morphogenesis of the
COS-1 cells were transfected with a GATA4 expression vectoembryo (Molkentin et al., 1997; Kuo et al., 1997). Intriguingly,
and whole cell extracts were used in the assay. As shown diHAND-lacZ expression was much stronger in the right
Fig. 6, GATA4 specifically shifted the wild-type probe compared to the left cardiac tube in the mutant, suggesting that
containing the GATA site at —3140 bp, and DNA binding waghe mechanisms that restridHHAND expression to the right
effectively competed by an excess of unlabeled cognateentricular chamber at the onset of cardiac looping are at least
competitor. However, the unlabeled mutant site was unable fmartially intact in these embryos. The finding that the GATA-
compete for GATA4 binding. Similar results were seen withdependentdHAND enhancer was active iGATA4 mutant
oligonucleotide probes containing both the —3039 and —314@mbryos suggests that GATA5 or GATAG, which are expressed
GATA sites. in an overlapping pattern with GATA4 during cardiac

To determine if these GATA sites were required fordevelopment, can substitute for GATA4 to activatedHAND
transgene expression in vivo, we mutated these sites in tle@hancer.
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-4.2kb

Bl
mouse ATCTGTATTTCCCCTTARARAGAGACTGAAG. « .+ « « TTAARAAAATATTTAGTTTAARACAGA . . GCTT. e e v v v s hAAAGTCATATCTChChThGGG

I|||1|||I||l|||||| I|IIII IIIIIII III|I|I|I|II|I‘||I I||||II|II |
..AG

human ATCTGTATTTTCCC . TAARAC CTARAAGATTTTTTTAAAA. . . . .« 'TTARAC CABATTGATTTTTTCAAGTAT&AT&ATAT

GGTTCCCCAGCCTTTTTCTTGCCCTTTGAGTCTTTT

CAAAAAATGTTTGCANCG «++GAGA. .. AGAAMAGAGACAAATANCATG.
0 I O IIIIIII LU T |||| |||| L LLLLLEEEEL T
ACCAAAATGTTTGCATGGCCATGTTCAGCCTCTCTGC TGCTCTTTCCGTCTTTTTCCAGAGARAGAAGTAGCAGTGACGGCAMAGAGACAAGAGACATGA

ACAAAGT GTTTGAAACTAGCCTTGCCCCTTCAGCTGA. . . . GCTTGTGATGTACAGAGCTGTAGGTACACCATCAGCCTCARAGAGGATTATG

GAC
| |||J|J|1I|1|l| I T N T
GGAGCARAN ACAACARAGGT . . . .

GAACCAGATTCTGTCTATTTGGC TGAAGGCAGTTGACATGTGCAGTACAGTAGGTACACCATCAGCT.

GACACAGARATCTCCAACACT CTAAACCTGGGCTGCCTTCCTGTGA. . . . . . TGATGTGCAGACCCAGGGCC. v v v v GGCCCTTAGCCTCC

IIIIIiIHlHIIIiIII|IIII|I||||III|||||I [ 11 1] UL I|||||||I|||l|
. « - ACAGAA

TGCCTCCTTEGTGAAGCAGTTTCTGGACACGAGTAAGGC! Eg?“ CCTCAGCCTCT
g\
- TCCTCTATGETATTCCTCCCTAGGCACCCAGAATGGCCCACAACCAGCGTCAT

GGGGGAG. . AGATAA. . . CACAGATCTATGGTG 4+ IT
COLEL L L] [N i NN I|||||II|I| LT 1L ] |I| LHL I ||||||| la

AGGAGAGGCAGAGAAGCACTCCTAGCTAAGATTCCTCCACAGGCAC GGAGCCCCCAG ....... CAGTTCCCTGGGCCTTTGAGTAC

CTAAhTGTCTATCTTAAAEhGCAG TCACCAGAGGTCCCGCTTGTACAGCCCAN GGCTGACATCT&AGTTAGAAACTAT&C AR

LALLE . LI |||II|| |||||IIII|||||||||| CLCELECEE LT
cmcnmmc.\'rc ................. ACACTAGTGCAGCCCAGGAGTGEGETCCCCATGC TGACATCGATETCAGGGACTGTGCCTTTC

CATTCTTCTTCCACCTTCTTCCTGATCACCAAACGC TCCCTGTCA ATCACC . CTGTTAGTTCCCTCATAATCACCCCCTGGGGTGGE

|||i|i|1||1|i||| 1||||||||||||||||| T T S T [ ]

TTTCTTCTCCCACTTTCCCTCTCATCACC CACCCTCTCCTTCATTGCCACCACCGCCAACACCTCCATCACTA CACC . & s s AGGATGC
CAGACTTTCTAAACTAGGGACTAATTTAAAATAGCATCTTAGATTCAGAGTTTGCCARAGCAGCARGTTTACCTGGCAGTCCARARTTAC

GGARGTAMA
III L] | II|I|IIIIIIIIIII|II||I 0 1 1 e I B 0 X
GAACARA

CCAGGACACCTAAATTGAGGGCARMACTTGAGATGECATCCTTGCTTCACAACTTCCCARAGGAGCAGGCTAACCCAGTATCNTGGAMAMCCTG

ATGTGTCAARAGATGCT. . AAAAAGARAAAARAAT GhACAATTGCAGTAAGTATA .......... ACTCRACAGCORBOC 5 ¢ i 5 4 5.9 5 4055584 554 AACT

I Y o B B |11 0 0 A i 1 ||||II||||||
ACAGGCCAAAGGACACTGCAA

111
GAGAAAGETGEATGCGTTTGTGCATTTAGGETAGAGCTCAACCAGTCAGGGCCAGCCTGGCCTCCNTGAGTCAGTTACT
ACTCATGGTAGATACCACCAAAATTTACCCACTGGTCCCCTCTC . TCCAGCCACCTACAGAACGCTATCCTACCACTCTAGTCTCTGGGTTTGAGTT

ol A 1 Y o I L] IIIIIIIIII II |I||| I| LA ] JEDLLL LV ||| I|
ACAGTTGG . GGACACCACTAGGGTTCA

TCCATTTGIC " Ve, SR TTCTAAGGCAGTGACCTCTGGATTTGGG
Hind lll G

ARGATCCATGAAGCTTTAGACCCCTGGATTGTAGTAATTAAC mn TCAGTGAGGAGTGATGGTCAGATTAGCATTTTTTA . . CAGCCCC

:;Alxéc 11 |1||||i|||| (LU L |||||I|||||I|I|I||I||||||||l||l|[ |

hTCAAGTCTT&GGCCCTTGGAECACAGCAG TAAC CACTGTGAGTGAGAACTGATGTTCAGATTAGCATCTTTTATGATTTCTT
TTTTCTGTCCCATGTTGTCCATTTCTTTTATCACTTGTGAGGATEC Tﬁ | AGCTACGAAGCCATACCCCTACTTTTTGTTGTTGGTGGTGGTGGTAG
111 ||

Fig. 5. Alignment of the ||||l|||ml__é’!‘4‘_|;]|||||l|||| |||| |||||| |||| ||||||| I%Tll.mcir'l"lr'lﬂl'sm'lr?lctl;“

dHANDY' flanking region s, R e e
T o
alignment of the region from TTAAARGCATGA. v v vvrrnns GAAAAGCTARATGTGGCAAGTTC CTTTCAARAGTGAGGCCACTCACCGCTGGTCTCTG
—4.2 to —-2.7 kb revealed GATAGCTTCTCTATCCCCAGCCCTATCTTTCTGTGGATTCTTCTTCTATCTCCCAACGCCCTGARAGTCTATT . . . TCCTGAGGCAGCCAARA

i | |
conservation of several AN N O TN TIO  O  NNTTTLLTO
potential transcription factor

: : : ARCACCTTTCCTAAGTTTTTTATCTGTGATTGGACAGGACATAATCATCTTACCCAGTCTACCTGTT ATAAACAAGTTTT
binding sites. Two consensus 1L L LI L] | | ] [T IRARNAEN IIIIIIIIIIIIIIII IIIIIII |
GATA factor blndlng sites are AARCTAATTTCCCTGAATTTTTATATGTTCCCAGCC., . . CCAGTGCAATCTTACTTTE -TCI}J\CCTGCTCC TGTGTTTTTATARACAGACT

i
dicated i lue. Resticton e VR0 AT B i e
sites shown in Fig. 4 are TTTC TTGAACTACCAGTATTTACACATTCGGGGTTTIC
highlighted in yellow. -2.7kb
DISCUSSION OFT enhancer, demonstrating the requirement for overlapping,

but distinctcis-regulatory regions fodHAND transcription in
dHAND is an early marker of the future right ventricle and isthese cardiac segments. We have made numerous attempts to
required for normal development of this cardiac chambefurther delineate the boundaries of these enhancers, but all
(Srivastava et al., 1997; Thomas et al.,, 1998). Thudyrther deletions have abolished all expression, suggesting that
identification of the factors acting upstreandbfANDshould ~ essential elements within these enhancers are dispersed over a
provide insight into the mechanisms for establishment ofelatively large region. In contrast, the enhancer responsible for
chamber-specific gene expression during cardiac developmetranscription ofdHAND in the branchial arch neural crest is
Our results identify an enhancer responsible for early cardidocalized to a region of only about 200 bp, located betw&en
expression oflHAND and show that it is a direct target for and-7.8 kb (J. Charité and E. Olson, unpublished data).

activation by GATA transcription factors. The modular regulation ofHAND transcription in the
developing heart is consistent with several recent studies of

Enhancer modules for distinct regions of the other cardiac genes and argues against the existence of a

developing heart general cardiac gene regulatory program (reviewed by Firulli

Cardiac expression dHANDis controlled by a 1.5 kb enhancer and Olson, 1997; Kelly et al., 1999). Instead, it appears more
(between —-2.7 and —4.2 kb) that encompasses subregidilely that cardiac transcription is controlled by unique
responsible for transcription in the RV and OFT. Deletion of theeombinations of cardiac-restricted and widely expressed
3 500 bp of the enhancer abolished ventricular expressiomanscription factors within each cardiac segment.

and diminished, but did not eliminate, expressmn in the OFT.

Although the region from —2.7 to —3.2 kb is necessary fofranscriptional regulation of  dHAND by GATA

transcription in the RV, it is not sufficient for expression in thisfactors

cardiac segment, and relies on additional sequences within tiide dHAND cardiac enhancer contains two conserved
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w(:::A:L p— Construct 8 Construct 13 GATA-47"
— % A 5 c
> (=] (=]
Competitor: © o = 2 2 2

*_ .4 oft

Fig. 7.Requirement of GATA sites for activity of tlié1AND cardiac
enhancer in vivo. ftransgenic embryos generated with construct 13

containing mutations of the GATA binding sites at —3039 (G2) and
Probe .m.. —3140 (G1) (see Fig. 4A). (A) E10.5 embryo generated with
construct 8 (See Fig. 4A) shows strong expressidacdfin the right
Fig. 6.Binding of GATA4 to thedHAND cardiac enhancer in vitro.  Ventricle (rv) and outflow tract (oft). (B) Representative embryo

A 32P-labeled oligonucleotide containing the conserved GATA site aEgrboring construct 13 with mutations in GATA sites G1 and G2 (See

—3140 bp (G1) was used for electrophoretic mobility shift assays " 19: 4A)- Note dramatically reducdaicZ expression in the heart,

with extracts from COS-1 cells. DNA binding was seen only in with low levels of e>_<pression detected primz_irily in_ the OFT'
reactions containing extract from GATA4-transfected cells (C) Strong expression of construct 2 (see Fig. 1) in both right heart

(arrowhead). The far left lane contained extract from untransfected P (rhY), left heart tube (It), and fused heart tube (fHATA4
COS-1 cells. In addition, unlabeled wild-type oligonucleotide mutant embryo. Cons_lste_nt with the expression pattern in wild-type
efficiently competed for DNA binding, whereas unlabeled mutant embryos]acZ expression is stronger on the right compared to the left

oligonucleotide did not compete. side in the mutant.

consensus binding sites for GATA factors, which bind GATA4cardiac genes lacking MEF2 sites, by association with GATA
with high affinity and are required for enhancer activity.factors (Morin et al., 2000). Thus, it is conceivable that MEF2C
GATA4/5/6 are among the earliest markers of the cardiamight regulate cardiac expressiondldAND via the essential
lineage, and are expressed throughout cardiac developmeBATA sites in thedHAND cardiac enhancer.
(Arceci et al., 1993; Jiang and Evans, 1996; Laverriere et al., GATA factors have also been shown to reguldte2.5
1994; Morrisey et al., 1996, 1997). GATA factors, which bindtranscription in the cardiac crescent and right ventricle through
DNA through a zinc-finger motif and act as transcriptionaltwo independent upstream enhancers (Lien et al., 1999; Reecy
activators (Ko and Engel, 1993; Merika and Orkin, 1993gt al., 1999; Searcy et al., 1998; Tanaka et al., 1999). Similarly,
Morrisey et al., 1997), have been shown to regulate multiplthe CARPpromoter contains a GATA binding site essential for
cardiac genes (Charron and Nemer, 1999). Experiments in Pfrf@nscription in a portion of the RV and OFT (Kuo et al., 1999).
embryonic carcinoma cells have also shown that inhibition oGATA-dependent transcriptional activation through this site is
GATA4 expression blocks cardiac muscle differentiation, andlependent on Nkx2.5 in vivo and in vitro. However, there
that overexpression of GATA4 enhances cardiogenesis (Grepate no apparent Nkx2.5 binding sites in the promoter,
et al., 1997, 19955ATA4null embryos die around E8.5 from demonstrating how transcriptional synergy can occur between
a defect in ventral closure, resulting in impaired fusion of th&SATA factors and Nkx2.5 in the absence of cognate sites for
paired cardiac tubes (Kuo et al., 1997; Molkentin et al., 1997hoth factors. Nkx2.5 also regulates transcriptioGafTAGINn
Interestingly, GATA-6is upregulated itGATA4null embryos, the RV (Molkentin et al., 2000; Davis et al., 2000). Thus,
suggesting that these factors may act redundantly. This m&§kx2.5 and GATA transcription factors participate in mutually
explain the finding that theHAND cardiac enhancer was reinforcing regulatory networks in the developing heart in
active inGATA4null embryos. which each factor can activate and maintain the expression of
The phenotype oHAND and MEF2C mutant embryos is the other.
remarkably similar, with the absence of a right ventricular ) ) ]
chamber and defects in looping morphogenesis (Srivastava B@tential mechanisms for chamber-restricted
al., 1997; Lin et al., 1997). INEF2C mutants, expression of €xpression of dHAND
the dHAND cardiac enhancer is restricted to the conotruncusilthough GATA factors are required fatHAND enhancer
raising the possiblitity that MEF2C is required fdHAND  activity in the right ventricular chamber, there is no apparent
expression in the future RV and that in the absence of MEF2€hamber-restriction of GATA factor expression in the
the dHAND-dependent pathway for RV morphogenesis is nadeveloping heart. This suggests thdiHAND expression
activated. However, there does not appear to be a conservedjuires additional factors, which cooperate with GATA factors
high-affinity binding site for MEF2 in thelHAND cardiac  to control right-ventricular transcription.
enhancer, which would require an indirect mechanism for In principle, the highly restricted expression patterd-6AND
possible regulation oflHAND by MEF2C. In this regard, in the right ventricular chamber (aetHANDIn the left) could
recent studies showed that MEF2 factors can be recruited b controlled by chamber-specific transactivators or by negative
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regulators that suppress expression of the genes in the oppositerit¢, J., McFadden, D. G. and Olson, E. N.2000). The bHLH
chambers. While we cannot rule out the latter possibility, our transcription factor dHAND controls Sonic hedgehog expression and

; ; ; ; stablishment of the zone of polarizing activity during limb development.
deletion analyses failed to reveal evidence for negative regulatorfaevelopmennzz 24612470,

elemem_s that, when _deleted' . result in ectopic expr_essm_n eﬁarron, F. and Nemer, M. (1999). GATA transcription factors and cardiac

dHAND:In the I_eft ventricle, leading us to favor_a model in which  developmentSemin. Cell Dev. Bioll0, 85-91.

chamber-restricted coregulators cooperate with GATA factors t6heng, T. C., Wallace, M. C., Merlie, J. P. and Olson, E. N(1993).

confer right ventricular-restricted expressiordtdAND. Separable regulatory elements governing myogenin transcription in mouse
: embryogenesisScience261, 215-218.

_AS described above, GATA4 h.as been Shown to COOpera&ﬁoss, J. C., Flannery, M. L., Blanar, M. A., Steingrimsson, E., Jenkins,
with Nkx2.5 and MEF2 to activate cardiac target genes . A copeland, N. G., Rutter, W. J. and Werb, Z(1995). Hxt encodes
(Durocher et al., 1997; Sepulveda et al., 1998; Morin et al., a basic helix-loop-helix transcription factor that regulates trophoblast cell
2000). Transcriptional activity of GATA factors has also been developmentDevelopment21, 2513-2523. _
shown to be inhibited by the multitype zinc-finger proteinCseresi. P.. Brown, D., Lyons, G. E. and Olson, E. N1995). Expression
FOG2, expressed predominantly in the heart (Tevosian et al of the novel basm_hellx-loop-hehx gene eHAND in neural crest derivatives

J p p y “and extraembryonic membranes during mouse developBewntBiol 170,
1999; Sevensson et al., 1999; Lu et al., 1999). However, nonese4-678.
of these factors show selective expression in one ventricle Orvis, D.L., Wessels, A. and Burch, J.§2000). An Nkx-dependent enhancer
the other. One possibility is that chamber-specific signals mayregulates cGATA-6 gene expression during early stages of heart
be interpreted by cardiac transcription factors that themselvesdevelopmentDev. Biol 217, 10-22.
e . . %?Jrocher, D., Charron, F., Warren, R., Schwartz, R. J. and Nemer, M.
do not show chamber-specificity of expression, but Which (1997). The cardiac transcription factors Nkx2-5 and GATA-4 are mutual
activate cardiac target genes onIy in the presence of appropriateofactors EMBO J.16, 5687-5696.
signals. In this regard, the transcription factor NFAT3, whichrirulli, A.B. and Olson, E.N. (1997). Modular regulation of muscle gene
is activated by specific calcium-dependent signals, can transcription: A mechanism for muscle cell diversitgnds Genetl3, 364-
cooperatg with  GATA factors to _aCtlvate transCrlptlonFiruIIi, A. B., McFadden, D. G., Lin, Q., Srivastava, D. and Olson, E. N.
(Molkentm et al., 1998), and repression of GATA_-depend.ent (1998). Heart and extra-embryonic mesodermal defects in mouse embryos
transcription by FOG-2 can be relieved by certain signaling lacking the bHLH transcription factor Handdat. Genet18, 266-270.
pathways (our unpublished results). Possible activation of sut?r'ﬁh”;?“vt M. g- and (d3h'<?”_' K@- R-(|1997)- Egzh'z%rgggztlhﬁ vertebrate heart:
; P ; ; earliest embryonic decisionBevelopment24, - .
path\.NayS I.n SpeCIfIC.Segmems of the heart, e|th§r by reg|0na_l shman, M. C. and Olson, E. N(1997). Parsing the heart: genetic modules
restricted ligands or in response to hemodynamic or contractilesor organ assembliygell 91, 153-156.
differences along the looping heart tube, could provide a signalepin, C., Nemer, G. and Nemer, M.(1997). Enhanced cardiogenesis in
for the highly speciﬁc expression patterns of cardiac genes. embr?/onic stem cells overexpressing the GATA- 4 transcription factor.
; ; ; ithi ; Developmenii24, 2387-2395.

ﬁnalySIS (.)f thecls-actflnlgtreglu]!atogy eledr.neniﬁ within k():'al’dtlaq ?repin, C., Robitaille, L., Antakly, T. and Nemer, M. (1995). Inhibition of
_en anc,ers IS a pow_er ul tool 1or aeco _lﬂg € combina Or,la transcription factor GATA-4 expression blocks in vitro cardiac muscle
mte_ractlons regulating chamber—sp_emflc gene  expressionifferentiation.Mol. Cell Biol. 15, 4095-4102.
during heart morphogenesis. A key issue for the future is tgollenberg, S. M., Sternglanz, R., Cheng, P. F. and Weintraub, H1995).
determine how broad|y expressed transcription factors !dentification of a new family of tissue-specific basic helix-loop- helix

cooperate with restricted factors to execute the individuaJi;’r:gte)'(”sF‘a’f;witihmg'hgbrgofiﬁg”‘go'Mccﬂ'ai'(‘)’r'{ 12’ ?F’,8iﬁ'd3§2uzcb LM

developmental programs in each cardiac chamber. (2000). Fate of the mammalian cardiac neural cBestelopment 27, 1607-
1616.
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