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Over-expression of GATA-6 in Xenopus embryos
blocks differentiation of heart precursors
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gonads (Arceciet al., 1993) and in homozygous deficientDevelopmental Biology Research Centre, Biomedical Sciences
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C and atrial natriuretic factor (Grepinet al., 1994; Ip3Corresponding author
et al., 1994; Molkentinet al., 1994) and in some of these
promoter elements, specific interaction with GATA-4 hasXenopusGATA-6 transcripts are first detected at the
been demonstrated (Grepinet al., 1994; Ip et al., 1994;beginning of gastrulation in the mesoderm, and sub-
Molkentin et al., 1994). Roles for GATA-4 and GATA-5sequent domains of expression include the field of cells
in heart development are suggested by their expressionshown to have heart-forming potential. In this region,
patterns inXenopus, mouse and chicken, with transcriptsGATA-6 expression continues only in those cells that
in the anterior mesoderm that gives rise to cardiac pro-go on to form the heart; however, a decrease occurs
genitor cells and, in later embryonic stages, in bothprior to terminal differentiation. Artificial elevation of
endocardium and myocardium (Kelleyet al., 1993;GATA-6, but not GATA-1, prevents expression of both
Heikinheimoet al., 1994; Laverriereet al., 1994). Further-cardiac actin and heart-specific myosin light chain.
more, inhibition of GATA-4 expression prevents differenti-This effect is heart-specific because cardiac actin
ation of a pluripotent cell line to beating cardiac muscleexpression is unaffected in somites. Expression of the
(Grepinet al., 1995).earlier marker XNkx-2.5 was unaffected and morpho-

We have investigated the role of GATA-6 in the develop-logical development of the heart was initiated independ-
ment of the heart inXenopus laevis. We show that GATA-6ently of the establishment of the contractile machinery.
transcripts are present in the presumptive heart mesodermWe conclude that a reduction in the level of GATA-6
from the earliest time of heart specification, with expres-is important for the progression of the cardiomyogenic
sion declining prior to terminal differentiation, as defineddifferentiation programme and that GATA-6 may act
by the expression of cardiac actin and heart-specificto maintain heart cells in the precursor state. At later
myosin light chain. By artificially elevating the levels ofstages, when the elevated GATA-6 levels had decayed,
GATA-6 in developing embryos, terminal differentiationdifferentiation ensued but the number of cells con-
of the heart was blocked but when exogenous GATA-6tributing to the myocardium had increased, suggesting
levels dropped, the differentiation programme was com-either that the blocked cells had proliferated or that
pleted. We therefore suggest that reduction in the GATA-6additional cells had been recruited.
level is a critical step in differentiation of heart precursors.Keywords: cardiac development/differentiation/GATA

transcription factors/RNA injection/Xenopus

Results

Isolation and characterization of X.laevis GATA-6Introduction
cDNA
GATA-6 cDNA was isolated by screening an adultXenopusThe consensus DNA sequence (A/T)GATA(A/G), known

as the GATA motif, has been found in the promoters and liver cDNA library (Xu and Tata, 1992) with theXenopus
GATA-2 zinc finger region at moderate stringency. Regionsenhancers of a large number of genes expressed in a wide

range of tissues, where it is thought to function as either of homology throughout the complete predicted amino
acid sequence and particularly within the zinc finger regiona positive or a negative regulatory element. So far, six

related zinc finger-containing proteins have been described indicate that the GATA factor cDNA isolated is most
closely related to GATA-6. Within the zinc finger regionwhich recognize and bind thiscis element (Yamamoto

et al., 1990; Laverriereet al., 1994). They fall into two the peptide sequence is 97% identical to the recently
published XenopusGATA-6 (Jiang and Evans, 1996;subgroups containing GATA-1, -2 and -3 in one and

GATA-4, -5 and -6 in the other. The subgroups are defined Figure 1) and 95/96% identical to chicken and rat GATA-6
(Tamuraet al., 1993; Laverriereet al., 1994). In contrast,by both sequence homology and expression pattern, with

© Oxford University Press 355



C.Gove et al.

Fig. 1. Comparison of xGATA6 predicted amino acid sequences for the two non-allelic forms. The peptide sequences for xGATA-6a (Jiang and
Evans, 1996) and xGATA-6b (this study) were compared using the Pileup and Prettybox functions of the GCG package (University of Wisconsin).
Identity of 93% was observed over the entire sequence and 97% within the zinc finger domain (shaded). Sequence data from this article have been
deposited with the GenEMBL Data Library under accession No. Y08865.

only 91% identity is observed forXenopusGATA-4, 87% the GATA element from the promotor of the chickenβ
hatching globin gene,βHB (lane 6). No competition wasfor GATA-5 and 72, 75 and 74% for GATA-1, -2 and -3

respectively. In addition, seven residues are unique to the evident with oligonucleotides containing point mutations
within the consensus binding region (lanes 3–5), with anGATA-6 group and six more, which are only conservative

changes compared with the chicken and rat proteins, are oligonucleotide, GATC, that binds GATA-2 and -3 but not
GATA-1 (Ko and Engel, 1993; G.Partington and R.Patient,unique to the cDNA described here and theXenopus

GATA-6 sequence of Jiang and Evans (1996). Comparison unpublished results) (lane 7) or with an oligonucleotide
containing the octamer consensus (lane 8). By comparingof the complete amino acid sequence with the published

xGATA-6 revealed 93% identity (Figure 1), which is more lane 1 (programmed) with lane 9 (unprogrammed) it is
evident that GATA-6 gives rise to a number of retardeddivergent than expected between polymorphic variants but

within the range observed for non-allelic loci of the complexes, one major and several minor bands, all of
which were competed by unlabelledαG2 (lane 2). Sincepseudotetraploid Xenopus genome (Kobel and Du

Pasquier, 1986). Within the GATA family, 89% identity thein vitro translated protein migrated predominantly as
a single band on SDS–PAGE (Figure 2A), it does nothas been observed between the two non-allelic copies of

GATA-1 and 96% between the two copies of GATA-5. appear that different protein products are the reason
for the multiple bands. The highest mobility band mayThese considerations, taken together with sequence ana-

lysis of the untranslated regions of the cDNAs, have led represent a proteolytic cleavage product of the major band
and by analogy to GATA-1 the doublet of low mobilityus to the conclusion that the xGATA-6 sequences described

by Jiang and Evans (1996) and herein represent the two is likely to reflect aggregation of specifically bound protein
complexes (Visvaderet al., 1995). We conclude thatnon-allelic forms of xGATA-6 and we have therefore

designated them a and b respectively. xGATA-6 binds to known consensus GATA-binding sites.
The ability of GATA-6 to transactivate gene expression

was demonstrated using a luciferase reporter construct,DNA binding and transactivation by xGATA-6
RNA transcribed from xGATA-6b cDNA was translated containing multiple GATA-binding sites in the promotor,

co-injected with GATA-6 mRNA and aHindIII-linearizedin vitro, revealing a single major protein band of ~48 kDa
(Figure 2A). Confirmation that xGATA-6 is a GATA- TKβ-gal construct (as injection control) into the animal

pole of single cellXenopusembryos. Transactivation,binding protein was obtained by incubating the translation
mix with labelled oligonucleotides containing known related to the amount of co-injected xGATA-6 mRNA,

was detected in the injected region (animal caps) whichGATA-binding sites and mutant sequences. The oligo-
nucleotideαG2, a well-characterized GATA binding site had been dissected at the mid blastula stage (stage 8),

when gene expression begins (MBT), and cultured over-containing the motif GATAAG found in the mouseα1
globin gene promoter, was retarded by xGATA-6 in a gel night (Figure 2C). Aliquots of 20 pg GATA-6 mRNA and

20 pg GATA-1 mRNA produced equivalent levels ofshift assay (Figure 2B, lane 1). Binding toαG2 was
competed by a 50-fold excess of unlabelledαG2 oligo- transactivation (~4- and 3-fold respectively) compared

with the reporter construct alone, while 60 pg GATA-6nucleotide (lane 2) and by an oligonucleotide containing
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Fig. 2. Translation of GATA-6 mRNAin vitro produces a protein product of 48 kDa which binds specifically to the WGATAR consensus sequence,
transactivates a co-injected reporter construct but does not prematurly activate endogenous potential target genes. (A) [35S]Methionine-labelled
translation products from a reticulocyte lysate programmed with GATA-6 mRNA and from an unprogrammed lysate were analysed by SDS–PAGE.
Molecular sizes are indicated on the left. (B) Translated products (lanes 1–8) and unprogrammed lysate (lane 9) were incubated directly with a
32P-labelled oligonucleotide,αG2, containing a WGATAR sequence and analysed on a 4% non-denaturing polyacrylamide gel. Unlabelled
oligonucleotides were added to the reaction in 50-fold excess as indicated: lane 2,αG2; lanes 3–5, oligomers containing a mutated consensus
binding region; lane 6,βHB, a WGATAR-containing oligonucleotide from the promotor of the chickenβ-hatching gene; lane 7, an alternative
consensus site, GATC, that binds chicken GATA-2 and -3 (Ko and Engel, 1993); lane 8, the octamer motif; lanes 1 and 9, no unlabelled
oligonucleotides. (C) Relative luciferase activity in neurula stage animal caps. Aliquots of 30 pg linearized luciferase reporter construct, which
contains multiple GATA-binding sites in the promoter (Igarashiet al., 1994) and 20 pgHindIII-linearized TKβ-gal construct (as injection control)
were injected into the animal pole of stage 1 embryos alone (lane 1) or together with 20 or 60 pg GATA-6 mRNA (lanes 2 and 3 respectively) or
20 pg GATA-1 mRNA (lane 4). At stage 8, animal caps were dissected and cultured overnight at 19°C to the equivalent of neurula stages judged
from sibling embryos. Luciferase activity was normalized toβ-galactosidase activity. (D) Total RNA extracts were analysed by RNase protection for
cardiac actin, XMLC2 and control cytoskeletal actin mRNAs. RNA extracts were prepared from stage 9 embryos (pools of 20) and 10 embryo
equivalents were analysed from uninjected embryos (lane 1) and embryos injected with 20 or 60pg GATA-6 mRNA (lanes 2 and 3 respectively) or
20 pg GATA-1 mRNA (lane 4). Two embryo equivalents of RNA from uninjected stage 35 embryos were run as a control (lane 5); the tRNA
control is in lane 6.

mRNA produced a 19-fold increase. No transactivation of 3). Protected bands corresponding to GATA-6 were appar-
ent in all tissues studied except brain (not shown) anda reporter lacking the GATA sites was seen (data not

shown). Intermediate levels of transactivation have been blood. When these bands were scanned and normalized
to the EF-1α loading control, the strongest signal wasseen using 50 pg of each mRNA (T.Sykes and R.Patient,

unpublished results). In contrast, RNase protection analysis present in heart but strong signals were also evident in
ovary, skin, gut (duodenum), muscle (skeletal), testis andof mRNA extracted from blastulae (stage 9 embryos, post

MBT, from the same batch of embryos as in Figure 2C) liver. Only weak signals were seen in kidney, lung,
pancreas and spleen. Two major RNA species wereinjected at the single cell stage with 20 or 60 pg GATA-6

mRNA showed no precocious transactivation of the endo- detected and their relative intensities varied between
tissues. For example, the larger species predominates ingenous cardiac-specific genes XMLC2 and cardiac actin

(Figure 2D, lanes 2 and 3), which disagrees with a recent heart (lanes 2 and 14) whilst the shorter protected product
is stronger in skeletal muscle (lane 3). The significancereport (Jiang and Evans, 1996; see Discussion). Thus,

xGATA-6 can activate transcription through GATA sites and cause of these differences are currently unclear.
Sequence analysis of the region protected by the 178 ntbut is unable to elicit premature activation of endogenous

potential target genes (see also below). probe ruled out the possibility that the two RNA species
reflect differential expression of the two non-allelic copies
of the gene, as reported for GATA-1 (Zhang and Evans,GATA-6 mRNA is widely distributed in adult

tissues but predominates in the heart 1994). Similarly, the position of intron/exon boundaries in
the genomic organization of GATA-6 (S.Nijjar, A.BomfordThe distribution of GATA-6 transcripts in a variety of

adult tissues was examined by RNase protection (Figure and C.Gove, unpublished results) make it unlikely that

357



C.Gove et al.

Fig. 3. Expression of GATA-6 in adult tissues. Total RNA was extracted from adultXenopustissues and analysed by RNase protection for the
presence of GATA-6 (178 bp probe) and control EF-1α mRNAs. Lane 14 is a lower exposure of the heart sample in lane 2 which shows that the
larger protected species predominates (see text).

Fig. 4. GATA-6 is expressed from early gastrulation (stage 10.5) inXenopusembryos, but not in ectoderm. Expression in the developing
presumptive heart fieldin vitro and in vivo declines prior to the appearance of the terminal differentiation marker myosin light chain (XMLC2). Total
RNA extracts were analysed by RNase protection for GATA-2, GATA-6 (using the 155 bp probe), XMLC2 and control EF-1α mRNAs. (A) RNA
extracts were prepared from staged embryos (pools of 20) at the time points indicated and four embryo equivalents were analysed. (B) After removal
of vitelline membranes at stage 8, embryos were incubated overnight in 13 MBS to induce exogastrulation. At the equivalent of stage 13, embryos
were dissected into ectoderm and mesendoderm fragments. RNA was prepared from 10–12 pooled embryos or fragments. Lane 1, whole embryos;
lane 2, ectoderm; lane 3, mesendoderm. (C) DLMZ (presumptive heart tissue) explants were dissected from stage 10.5 embryos and cultured to the
equivalent of stages 11, 15, 22, 28 and 33 as judged from control sibling embryos. RNA was prepared from 10 pooled explants at each stage and
four embryo equivalents were analysed. (D) Ventral portions of presumptive heart fields were dissected from embryos at stages 20, 24 and 29 and
beating hearts at stage 35. RNA was extracted from pools of 10 fragments at each stage.

splice variants are responsible for this observation, tional tissues, including skin, skeletal muscle and the
germline.although it is difficult to completely exclude splicing to a

cryptic site within the coding sequence. Whatever their
origins, the two RNA species give rise to a single protected Temporal and spatial expression of GATA-6 during

early developmentband with a probe from the 59 non-coding region (see for
example Figure 4). In conclusion, consistent with its Temporal expression of GATA-6 was determined by RNase

protection analysis using RNA extracted from embryos atposition in the -4, -5, -6 branch of the family, xGATA-6
is strongly expressed in heart and endodermal derivatives. various stages of development (Figure 4A). Transcripts

were first detected in early gastrulae (stage 10.5 ofHowever, we also detect significant expression in addi-
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Fig. 5. GATA-6 expression is observed in the marginal zone of gastrulae, is widely distrubuted in the ventro-lateral region in early neurula embryos
and is progressively restricted to regions corresponding to the heart and blood islands in mid to late tailbud stages. Embryos were probed for
GATA-6 by whole mountin situ hybridization at (A) stage 10.25, (B andB9) stage 14, (C andC9) stage 17, (D andD9) stage 20, (E andE9)
stage 22, (F) stage 24, (G) stage 26, (H) stage 28 and (I ) stage 35. Anterior is to the left in all views except (A) and dorsal is to the top in the
lateral views. Weak staining is first detected as a ring around the vegetal pole (vp) which is more intense in the region of the dorsal lip (black arrows
in A). Following gastrulation extensive ventro-lateral staining is evident in early and mid neurula stage embryos (B, B9, C and C9), by early to mid
tailbud stages strong staining is evident in presumptive heart (black arrows) and blood island (white arrows) regions (D, D9, E, E9 and F). In mid to
late tailbud embryos staining in the heart field and in the blood islands is progressively restricted until by stage 35 a strong signal is evident only in
the heart itself (G, H and I).

development) at the same time as the increase in the signal between stages 10.25 and 35 (Figure 5) shows that GATA-6
expression can first be detected weakly as a ring aroundfor EF-1α was observed (Figure 4A). Peak expression

occurred at neurula stages 11–17, with progressive reduc- the vegetal pole which is more intense in the region of
the dorsal lip (arrowed in Figure 5A). After gastrulationtion from the mid tailbud stage (stage 24) onwards, but

transcripts were still clearly present at stage 40 (swimming (stages 14 and 17), the signal is strong throughout the
ventro-lateral region (Figure 5B/B9 and C/C9), whichtadpole), the latest stage examined (data not shown).

Normalization of the signals to the EF-1α control signal includes precursors of the heart and blood (Kau and
Turpen, 1983; Sater and Jacobson, 1990). Transverseshows that the apparent reduction in expression at stage

20 was due to uneven RNA loading (Figure 4A). To sections of stage 14 embryos confirm that expression is
in the mesodermal layer (Figure 6I) and the anterior limitinvestigate which germ layers express GATA-6, ectoderm

and mesendoderm fragments from exogastrulated embryos of GATA-6 staining at this stage is close to the anterior
boundary of the ventral mesoderm (Figure 5B9) (Hausenat the equivalent of stage 13 of development were analysed

by RNase protection analysis (Figure 4B). GATA-6 tran- and Riebesell, 1991). During neurula stages, elongation
of the embryo occurs in an anterior direction as the neuralscripts were evident in whole embryos (lane 1) and in the

mesendoderm fragments (lane 3), but not in ectoderm tube grows and extends and, at the same time, prospective
heart mesoderm begins to move laterally from its dorsal(lane 2). Expression of GATA-6 in whole embryos and

mesendoderm was similar when normalized to the EF1α position towards the ventral midline. By late neurula the
two heart anlagen fuse immediately posterior to the cementsignal. In contrast, GATA-2 was most strongly expressed

in the ectoderm fragments (lane 2), with low levels of gland and anterior to the ventral blood island, leaving a
hole between the two (Mangiaet al., 1970; Hausen andexpression detectable in the mesendoderm (lane 3), as

previously noted by Walmsleyet al. (1994). Riebesell, 1991). Thus by stage 22 the anterior boundary
of the ventral mesoderm observed at stage 14 resides atWhole mountin situ hybridization ofXenopusembryos
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Fig. 6. GATA-6 is expressed in the developing heart field in the antero-ventral mesoderm of mid tailbudXenopusembryos where it co-localizes with
cardiac actin, a marker of terminal cardiac differentiation. Later, as the heart tube closes, expression of GATA-6 is in the myocardium and
pericardium but not the endocardium. Serial transverse sections of embryos at developmental stage 26 were hybridizedin situ to digoxigenin-labelled
RNA probes. (A) GATA-6 staining revealed a continuous arc of expression in the ventral mesoderm; (B) in the adjacent section probed with cardiac
actin, staining was seen in the corresponding area of ventral mesoderm and unexpectedly in sensorial ectoderm; (C) the specificity of these signals is
shown by the lack of staining in the adjacent section probed with the digoxigenin-labelled sense strand of GATA-6. Sections taken more posteriorly
show that the ventral mesodermal expression domain of GATA-6 is increasingly separated into two symmetrical patches (D andE). The dark colour
of the outer ectodermal cells (A–E) is due to pigmentation, as these are unbleached sections of non-albino embryos. (F) Viewed from the ventral
aspect the staining pattern describes a V shape with the arms pointing backwards (hatched). The blood islands (stippled) and the cement gland
(ellipse) are also marked. Transverse sections through whole mount embryos [position of sections indicated in (J)] hybridized in situ show:
(I ) GATA-6 to be expressed in the ventral mesoderm of early neurula embryos (stage 14); (G) at the closing heart tube stage (stage 28) GATA-6 is
expressed in the myocardium (frequently stains blue with BM purple) and pericardium but not in the endocardium; (H) at the same stage (stage 28)
transcripts for the terminal differentiation marker, XMLC2, are present in the myocardium.
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the point indicated by the white arrow in Figure 5E/E9 elements around the rudiment of the endocardium
(Balinsky, 1970).and the migrating heart mesoderm has reached the point

indicated by the black arrows in Figure 5E/E9. All this
GATA-6 expression falls as heart precursorsmesoderm is GATA-6 positive. However, viewed from the
differentiateventral aspect there is a clear gap in the GATA-6 staining
Comparison of the intensity of staining for GATA-6 inof the heart mesoderm spanning the midline (Figure 5D9
the developing heart from neurula to late tailbud suggestsand E9).
that expression is reduced as differentiation proceedsIn Xenopusat stage 20 of development, a field of
(Figure 5C–I). To quantitate expression during this periodmesodermal cells, present as a broad ventro-lateral band
dorso-lateral marginal zone (DLMZ) explants (presump-posterior to the cement gland, has the ability to form
tive heart tissue; Sater and Jacobson, 1990) were dissectedbeating heart tissue, while by stage 28 the cells with heart-
from stage 10.5 embryos (early gastrulae) and culturedforming potential have become restricted to the most
until sibling embryos reached stages 11, 15, 22, 28ventral part of this region (Sater and Jacobson, 1990). By
and 33. GATA-6 expression, as determined by RNasewhole mountin situhybridization at stage 20, the GATA-6
protection, was highest at stages 11 and 15, thereafterexpression domain includes the region capable of forming
declining progressively to stage 33 (Figure 4C), in aheart tissue (Figure 5D). Subsequently, the signal for
similar way to that observed in whole embryos (FigureGATA-6 is steadily restricted, so that by stage 28, expres-
4A). In contrast, XMLC2 expression was first apparent atsion in this region is limited to the most ventral mesoderm
stage 28 and increased by stage 33 (Figure 4C), informing the heart (black arrows in Figure 5E–H). Further
agreement with observationsin vivo (Chamberset al.,evidence that this expression culminates in heart mesoderm
1994). DLMZ explants are capable of differentiating intowas provided by hybridizing serial sections of a mid
tissues other than heart and a possible explanation for thetailbud embryo (stage 26) to GATA-6 and cardiac actin
reduction in GATA-6 signal is the progressive dilutionprobes (Figure 6A and B respectively). Both probes
when normalized to the EF-1α signal originating fromlabelled the mesodermal layer to a similar extent, sug-
other types of tissue. As a second more rigorous test andgesting that many of the cells in this region express both
to avoid this dilution effect, similarly sized explants ofmRNAs. No staining was observed when the opposite
developing heart tissue (corresponding to the discretestrand of the GATA-6 probe was used (Figure 6C). We
cardiac region seen in Figure 5H) were dissected fromtherefore conclude that the predominant site of GATA-6
the antero-ventral region of embryos at stages 20, 24 andexpression at the time of heart tube formation is in cells
29 and, finally, at stage 35 the beating heart itself waswith heart-forming potential.
removed (Figure 4D). When four separate experimentsSections taken more posteriorly show that the ventral
were quantitated by scanning densitometry, relative to themesodermal expression domain of GATA-6, which is in
EF-1α loading control, a consistent reduction in GATA-6a continuous arc anteriorly (Figure 6A), is increasingly
expression level was revealed. Although the majorseparated into two symmetrical patches (Figure 6D and
decrease occurred between stages 20 and 24, this was

E). Thus, viewed from the ventral aspect, the expression followed by a more gradual decline to stage 35, in
domain describes a V shape with the arms oriented agreement with the observations inin situprobed embryos
posteriorly (hatched region in Figure 6F), this boundary (Figure 5). The decrease in the EF-1α signal probably
defining the anterior edges of the hole in the mesoderm reflects reduced efficiency of RNA extraction as organo-
described earlier (Figure 5E9). genesis proceeds. Expression of the terminal heart differen-

Members of the GATA-4, -5, -6 subfamily of transcrip- tiation marker XMLC2 was first detected at stage 29, with
tion factors show early developmental expression in myo- a strong signal present in the beating heart at stage 35
cardium (GATA-4 and -6) (Heikinheimoet al., 1994; (Figure 4D). Taken together, these findings suggest that a
Jiang and Evans, 1996) and endocardium (GATA-5 and reduction in the level of GATA-6 expression occurs prior
-6) (Kelley et al., 1993; Jiang and Evans, 1996). We to the appearance of terminal differentiation markers.
examined the distribution of xGATA-6 transcripts within These observations inXenopusare in agreement with data
the developing heart tube in transverse sections throughfrom the chick (Laverriereet al., 1994).
mid tailbud embryos (stage 28) which had been hybridized
in situ. We found that, at this stage, when expression of Over-expression of GATA-6 blocks differentiation
the heart-specific isoform of myosin light chain (XMLC2) of the heart
is found in the myocardium (Figure 6H), GATA-6 is To test whether the decline in levels of GATA-6 expression
expressed in myocardium and pericardium but not in the are essential for the completion of the cardiomyogenic
endocardial tube (Figure 6G). The absence of GATA-6 programme we artificially maintained GATA-6 expression
expression in the endocardial precursors is also evident atin developing embryos by mRNA injection. Cardiac actin
stage 20 as the gap in GATA-6 staining , described earlier, (Mohunet al., 1988) and XMLC2 (Chamberset al., 1994),
in the ventral midline anterior to the hole in the mesoderm detected by whole mountin situ hybridization followed
(Figure 5D9). Fusion of the two presumptive heart anlagen by sectioning, were used as markers for terminal differenti-
begins at stage 16 and is completed by stage 19 to produceation of cardiomyocytes. Embryos at the two cell stage
a single, continuous anlage with the endocardial elementwere injected with GATA-6 mRNA into the mesoderm-
in the ventral midline (Nieuwkoop and Faber, 1967). The forming equatorial region of a single blastomere, leaving
narrowing of the gap in GATA-6 staining at stage 22 the uninjected side of the embryo as a control. The injected
(Figure 5E9) and closure by stage 26 (Figure 6A) reflects side was identified in developing embryos by staining for

β-galactosidase produced from co-injected mRNA. Atthe continued wrapping of the myocardial and pericardial
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Fig. 7. Perturbation of the developing heart field in the ventral mesoderm in tailbud embryos by over-expression of GATA-6.Xenopusembryos were
injected in a single blastomere at the two cell stage with 50 pg GATA-6 mRNA or with mutant GATA-1 or GATA-1 mRNA as controls along with
50 pgβ-galactosidase mRNA as a lineage tracer. Embryos were harvested and fixed at developmental stages 27, 28 and 29 (tailbud) and the lineage
tracer developed to give a turquoise nuclear stain. Embryos were analysed by whole mountin situ hybridization using probes for the terminal cardiac
differentiation markers cardiac actin and XMLC2 and sectioned transversely. (A) Section of a tailbud embryo (stage 27) probed with cardiac actin
(purple stain) revealing markedly reduced staining in the ventral mesoderm on the side injected with GATA-6 mRNA (indicated by the turquoise
nuclear staining) as compared with the uninjected side. (B) The specifity of this reduction in expression of cardiac actin in the ventral mesoderm is
evident by comparing this signal with the unperturbed signal in the somites. (C) A second cardiac differentiation marker, XMLC2, which is normally
expressed concurrently with cardiac actin in the ventral mesoderm, showed a parallel reduction in signal on the GATA-6 mRNA-injected side. These
effects were not produced by injection of mutated GATA-1 mRNA (D) or GATA-1 mRNA (E), where the intensity of staining was similar on both
sides of the section. In (F) stage 28 and (G) stage 29 embryos, the signal for XNkx-2.5, which is expressed in presumptive heart cells from early
gastrulation, was not perturbed by GATA-6 over-expression.

stage 27/28, transverse sections through the developing are seen on the uninjected side of the embryo (e.g. in the
sensorial ectoderm in Figure 7C). In a very few embryosheart region showed a marked reduction of the field of

expression of both cardiac actin and XMLC2 on the where theβ-galactosidase had spread throughout the
complete heart field, obliteration of the XMLC or cardiacinjected (turquoise nuclear stained) side of the embryo

(Figure 7A and C). Because of incomplete cleavage during actin signal occurred on both sides (data not shown). This
effect was specific to GATA-6-injected embryos and wasearly cell division inXenopus, occasional turquoise cells
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Table I. GATA-6 down-regulates cardiac actin and myosin light chain 2 expression in heart precursors without altering XNkx-2.5

mRNA injected Embryos injected Embryos surviving to Unilateralβ-gal in heart Embryos with decreased Percentage affected
stage 28 region signal

(A) Myosin light chain (XMLC2) or cardiac actin (CA)

GATA-6 c.600 c.450 24 20 83
GATA-1 c.300 c.250 18 2 11
mGATA-1 c.600 c.500 8 0 0

(B) XNkx-2.5

GATA-6 c.300 c.120 21 0 0
GATA-1 c.100 c.70 12 0 0

Embryos were injected into one of two cells with the synthetic RNA shown (50 pg) together with RNA encodingβ-galactosidase (50 pg). When
embryos had developed to stage 28 they were fixed, stained forβ-galactosidase and analysed by whole mountin situ hybridization for the RNA
shown. Sectioned embryos were then scored for the presence ofβ-galactosidase unilaterally in the heart region and asymmetry of the mRNA
expression under test (A and B).

not seen in control embryos injected with mRNA for Recovery from ectopic GATA-6 expression results
in increased myocardial muscle thicknesseither mGATA-1 (encoding a severely truncated GATA-1

protein) (Figure 7D) or GATA-1 itself (Figure 7E). The Despite the earlier block to differentiation, injected
embryos allowed to develop to the beating heart stage hadspecificity of this effect for heart mesoderm can be seen

by comparing the disturbed actin signal in the heart macroscopically normal, beating hearts. Whole mountin
situ hybridization with XMLC2 at stage 35 confirmed thatprecursor cells with the undisturbed staining in the somites

(Figure 7B). A major problem with these over-expression well-defined hearts were formed, both in embryos injected
at the one cell stage (data not shown) and unilaterally atexperiments is the difficulty in achieving precise targeting

of injected mRNA to the region of interest. Thus, of ~450 the two cell stage (Figure 8B compared with uninjected
controls in Figure 8C). Whilst these hearts could deriveGATA-6 injected embryos that appeared normal as intact

embryos at stage 28, only 24 had unilateralβ-galactosidase from the remaining unaffected cells, the increase in
myocardial tissue (see below), together with the continuedstaining in the presumptive heart region when sectioned.

Importantly, 83% of these correctly targeted embryos expression of XNkx-2.5 in the injected cells, suggests an
alternative explanation, namely that the block to differenti-showed a reduction in XMLC2/cardiac actin staining on

the injected side (Table IA). The majority of the remaining ation is reversible. A likely cause of such reversibility
would be turnover of the injected RNA. To monitor this,GATA-6-injected embryos showed unilateralβ-galactosid-

ase staining in a variety of areas outside the presumptive RNase protections were carried out using theβ-globin 59-
and 39-untranslated sequences present in the injectedheart region (including adjacent tissues) but no reduction

in XMLC2/cardiac actin staining was observed on the GATA-6 RNA. Theβ-globin RNA containing these
sequences is not itself expressed in the embryo untilinjected side of these embryos. In contrast, only 11%

of GATA-1-injected and none of the mGATA-1-injected metamorphosis (Banville and Williams, 1985). Protected
bands corresponding to the 59- and 39-untranslated regionsembryos showed a reduction on the injected side (Table

IA). We conclude that over-expression of GATA-6 in of the injected GATA-6 RNA were detected up to and
including stages 24 and 28, with a much reduced signalthe heart-forming cells of the antero-ventral mesoderm

prevents their differentiation to the stage at which they by stage 35 (Figure 8A). Similar half-lives of injected
RNAs have been estimated by others (Harland and Misher,express myosin light chain and cardiac actin.

This reduction in the numbers of differentiating heart 1988; Turner and Weintraub, 1994). Thus, the majority of
injected RNA present at stage 28 when the block tocells could result from loss, respecification or a block

to their differentiation. Two approaches were used to terminal differentiation is occurring has turned over by
stage 35 when an apparently normal heart is seen. Itinvestigate this question. First, whole mountin situhybrid-

ization followed by sectioning was carried out on embryos therefore seems that the block to differentiation is revers-
ible and that the cells prevented from differentiating byinjected with GATA-6 or GATA-1 mRNA, as described

above, with a probe for the homeodomain-containing gene elevated GATA-6 expression can still differentiate when
the injected RNA decays. The transient nature of thisXNkx-2.5, which is expressed in the mesoderm, including

presumptive heart cells, from early gastrulation (Tonissen effect coupled with the need for accurate targeting probably
explains the failure by other workers to observe any effectet al., 1994). No perturbation of this marker (purple

staining in Figure 7F and G) was seen in any of the (Jiang and Evans, 1996).
Closer inspection of the heart in recovered embryos,preparations in which there was unilateral staining for

β-galactosidase in the antero-ventral mesoderm (Table by vibratome sectioning, revealed an increase in the
intensity of staining for XMLC2 on the GATA-6-injectedIB). Second, the blocked cells were able to initiate the

wrapping of the endocardium apparently normally (Figure side in both the atria (Figure 8D) and ventricles (Figure
8E), in contrast to the symmetrical signal in the uninjected7F and G). These observations suggest that the heart

precursors were not destroyed or respecified by GATA-6 controls (Figure 8F and G). Increased XMLC2 expression
in injected embryos was confirmed by RNase protectionover-expression but rather that their terminal differenti-

ation was blocked. analysis (data not shown). To determine if this reflected
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Fig. 8. Injectedin vitro synthesized mRNA persists to stage 28 and then declines inXenopusembryos. XMLC2 expression is increased in the
beating heart (stage 35) by GATA-6 over-expression. (A) Total RNA extracts (five embryo equivalents) were analysed by RNase protection for
β-globin 39- and 59-untranslated regions (UTR) and control EF-1α mRNAs. Embryos injected with 120 pg GATA-6 mRNA at stage 1 and uninjected
control embryos were analysed at the time points indicated. (B) Lateral views from the injected side of cleared stage 35 embryos injected with 50 pg
GATA-6 mRNA into a single blastomere at the two cell stage and probedin situ with XMLC2 show apparently normal heart morphology when
compared with (C) uninjected embryos. (D) Transverse section through the atria and (E) ventricle of one of the embryos in (B) showing increased
staining for XMLC on the injected side in both parts of the heart compared with the symmetrical staining in the uninjected embryo (F andG).

increased tissue, the myocardial thickness was measuredDiscussion
in photographs of transverse sections through the heart

We report here the cloning ofXenopusGATA-6 cDNA, aregion. Care was taken to ensure that sections were
member of the family of zinc finger transcription factorsprecisely transverse. There was a 14.8% (P ,0.001)
that recognize the consensus sequence WGATAR. Theincrease in myocardial thickness on the injected as com-
emerging pattern of expression profiles for this family ispared with the control uninjected side of stage 35 embryos
that GATA-1, -2 and -3 are expressed in blood, with(Table II). The injected side was not consistently left
GATA-2 and -3 additionally in ectodermal derivatives,or right and uninjected embryos revealed no left/right
whereas GATA-4, -5 and -6 (Laverriereet al., 1994; Jiangdifferences in thickness. In contrast to the situation in
and Evans, 1996) are predominantly expressed in heartstage 35 injected embryos, at stage 28/29 no difference
and endodermal derivatives. We show here that xGATA-6in myocardial thickness was seen between the injected
follows this trend, although we also detect expression inand uninjected sides (Table II). It therefore seems that
skeletal muscle, skin and gonads. The RNase protectionthe hearts formed in injected embryos contain increased
probe used here is specific for xGATA-6b while it is notmyocardial tissue, as revealed by increases in thickness

and XMLC2 expression. clear to what extent the RT–PCR primers used by Jiang
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Table II. Recovery from ectopic GATA-6 expression results in increased myocardial muscle thickness

Percentage difference in myocardial thickness

GATA-6 injected embryos Uninjected embryos
(Injected versus uninjected side) (Left versus right side)

Stage 28/29 –2.16 2.1a 11.2 6 1.7a

n 5 6 n 5 10

Stage 35 114.8 6 3.3b 12.5
n 5 6 mean of 2

Embryos were injected into one of two cells within vitro transcribed GATA-6 mRNA (50 pg) together with RNA encodingβ-galactosidase (50 pg).
When embryos had developed to stages 28/29 and 35 they were fixed, stained forβ-galactosidase and analysed by whole mountin situ hybridization
for XMLC2 or cardiac actin expression and sectioned transversly. Results are expressed as the mean6 SEM; P values were calculated using
Student’st-test.
aP .0.25
bP ,0.001

and Evans (1996) would cross react with xGATA-6b. Thus As the levels of injected GATA-6 RNA decreased,
cardiac differentiation escaped from the block, giving risethe different approaches used could explain the observed

expression differences in lung and skeletal muscle. to normal cardiac structure but increased myosin light
chain expression and myocardial thickness, implying anAlthough we detect no GATA-6 in adult blood, high levels

of expression are seen in ventral blood island mesoderm increase in cell number. Whilst normal hearts could derive
from the remaining unaffected cells, the increase infrom early neurula through to late tailbud, suggesting that

GATA-6 may play an early role in embryonic blood the number of cardiomyocytes suggests an alternative
explanation. In experiments involving the over-expressionformation. Thus GATA-6 appears to be unusual for this

branch of the family in being expressed in mesoderm of another member of the GATA family, GATA-2, erythroid
differentiation was blocked leading to continued prolifer-giving rise to both embryonic blood and heart. The

role of GATA-6 in blood mesoderm is currently under ation of cells (Briegelet al., 1993). Like GATA-6 in the
embryonic heart lineage (Laverriereet al., 1994; thisinvestigation.

Expression of GATA-6 begins at the onset of gastrul- study), GATA-2 expression drops as haematopoietic pro-
genitors differentiate (Briegelet al., 1993; Leonardet al.,ation, concomitant with specification of mesodermal cell

types, including the heart (Sater and Jacobson, 1989). As 1993; Nagaiet al., 1994). In the case of embryos injected
with GATA-6 mRNA, it would appear that terminalgastrulation proceeds the signal fades dorsally but is

maintained broadly in the dorso-lateral, ventro-lateral cardiomyocyte differentiation is prevented until the exo-
genous mRNA and protein turn over. The subsequentand ventral mesoderm. The domain of expression is

subsequently restricted to the morphogenetic fields of the increase in myosin light chain expression may reflect the
higher proliferative capacity of cardiac muscle precursorsheart and blood (Sater and Jacobson, 1990; Walmsleyet al.,

1994; Bertwistleet al., 1996). Terminal differentiation of compared with their differentiated derivatives. Holding
the cells in the precursor state for a longer period wouldboth tissues is associated with a quantitative reduction in

GATA-6 expression. Thus, GATA-6 is switched on early likely increase their number. An alternative explanation
could involve cell recruitment. If GATA-6 plays a role inin cells with heart- and blood-forming potential and

subsequently switched off in those cells which do not specification of heart mesoderm, as suggested by its
expression pattern, part of which reflects the formationcontribute to these tissues but is also down-regulated in

cells which do. These observations indicate that GATA-6 and restriction of the heart field during development,
maintenance of expression in the more lateral cells of themay play important roles in heart and blood specification

and also in controlling their differentiation. heart field could facilitate their recruitment into the pool
of cells for later terminal differentiation.The role played by GATA-6 in heart formation was

investigated by over-expressing the protein in developing What is the mechanism by which GATA-6 specifies
heart mesoderm and prevents its premature differentiation?embryos. We found that differentiation of the myocardium

to the myosin light chain- and cardiac actin-expressing GATA-binding sites have been identified in the control
regions of a number of cardiac-specific genes and GATA-4stage was blocked, an effect specific both to the heart

versus the somites and to GATA-6 versus GATA-1. Speci- has been shown to bind to some of these and to transactiv-
ate transcription (Arceciet al., 1993; Grepinet al., 1994;ficity within the GATA family has also been seen in

experimental manipulation of erythroid differentiation Ipet al., 1994; Molkentinet al., 1994). An essential role
for GATA-4 in the expression of cardiac-specific terminal(Briegelet al., 1993), but these data and our own contrast

with recent reports suggesting interchangeability of family differentiation markers has been demonstrated using anti-
sense transcripts in cultured cells (Grepinet al., 1995).members (Blobelet al., 1995; Visvaderet al., 1995). The

unchanged XNkx-2.5 expression pattern shows that the More recently, mouse GATA-6 has been demonstrated to
bind in vitro a specific element within a putative naturalheart progenitors were not respecified or destroyed by

GATA-6 overexpression. These experiments also indicate target, the heart-specific cTnC promoter enhancer element,
and be capable of transactivating a co-transfected reporterthat the morphological development of the heart can at

least initiate independently of the establishment of the construct containing this element in a non-cardiac cell
line, CT3 (Morrisey et al., 1996). We show here thatcontractile machinery.
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region of the largest cDNA into pGEM-3Z. Antisense RNA wasGATA-6 can bind canonical GATA-binding sites and
transcribed with T7 polymerase after linearizing withBamHI. The EF-transactivate reporter constructs containing multimerized
1α probe (see Sargent and Bennett, 1990) was synthesized using SP6

copies of them when injected intoXenopusembryos. polymerase from theHinfI-linearized plasmid pSP72 as described by
However, in contrast to a recent report (Jiang and Evans,Krieg and Melton (1987). Hybrids were digested in 40µg/ml RNase A

and 2 µg/ml RNase T1 for 1 h at 37°C, followed by digestion with1996), we were unable to transactivate the endogenous
proteinase K (50µg/ml) in the presence of 0.5% SDS. The XMLC2cardiac actin gene inXenopusblastulae and neither was
probe was prepared as described (Chamberset al., 1994) and digestedthe endogenous XMLC2 gene transactivated. We note thatwith 2 µg/ml RNase T1 for 45 min. Theβ-globin untranslated region

in the reported experiments, transactivation by GATA-4 probe was synthesized using T7 polymerase andHindIII-linearized
plasmid pβ-UT2 (a kind gift of A.Rodaway), which contains theβ-globinand -5 was significantly stronger and less variable than
59- and 39-untranslated regions separated by a polylinker sequence.by GATA-6. However, our results are in agreement with
Hybrids were digested in 2µg/ml RNase T1 for 1 h at 37°C. Samplesthose of Morriseyet al. (1996), where GATA-4 and -6
were phenol extracted and precipitated with ethanol or propan-2-ol with

over-expression failed to transactivate endogenous cardiac-tRNA as carrier. RNA samples were resuspended, denatured and resolved
specific genes in the non-cardiac CT3 cell line. Thus it on 6% denaturing polyacrylamide gels. After autoradiography, the

intensities of protected species and their respective EF-1α signals wereappears that both the temporal and spatial context of the
quantitated by scanning densitometry of multiple exposures in thebinding element may be important for transactivation. The
linear range.effects of GATA-6 over-expression which we report in

the present study are the only ones carried out in the In vitro synthesis of Xenopus GATA-6 and DNA binding
studiescorrect developmental context, including the background
PCR amplification of the open reading frame of xGATA-6 was carriedof GATA-4 and -5 expression levels and the spatial
out with primers (incorporatingBamHI compatible ends) spanning thelocation. These observations are consistent with the view
initiation and stop codons. The product was sequenced after digestion

that GATA-6 expression is necessary but not sufficient to with BamHI and subcloning into theBglII site of pSP64T (Krieg and
drive the complete cardiogenic programme. It is therefore Melton, 1984). Forin vitro transcription of xGATA-6 RNA the plasmid

was linearized withEcoRI. Transcription was carried out using SP6possible that the targets for GATA-6 may not be the
polymerase as described previously (Krieg and Melton, 1987) with thecardiac genes associated with terminal differentiation
addition of GpppG (0.5 mM) to cap the RNA, which was translated inbut genes associated with the precursor state. Terminalnuclease-treated rabbit reticulocyte lysate (Promega) according to the

differentiation is more likely to be driven by GATA-4 manufacturer’s instructions in the presence of [35S]methionine. The
protein product was resolved by SDS–PAGE in 12% gels (Laemmli,or -5, since their concentrations are maintained as the
1970) and visualized by fluorography. Binding of xGATA-6 to GATAembryonic heart differentiates, in contrast to GATA-6
cis elements was determined by gel shift assays as described by(Laverriereet al., 1994; this study). It will be important
Perkinset al. (1989). Synthetic, double-stranded oligonucleotides used

to compare the effects of correctly targeted GATA-4 and to determine binding activity wereαG2 (GATCCGGGCAACTGATAA-
-5 over-expression with those reported here for GATA-6. GGATTCCCA), which contains the core WGATAR motif from the

promotor of the mouseα1 globin gene, and mutants of the regionWe conclude that the important role played by GATA-6
underlined inαG2. These wereαG8 (GAcAAG), αG9 (GATAta) andin heart cell precursors is mediated at least in part by
αG10 (GATAca) (Plumbet al., 1989). AdditionallyβHB, a WGATAR-target genes yet to be identified. containing oligonucleotide, GATCCGAAGGAAAGATA-
GCAAATTTTA, from the promotor of the chickenβ-hatching globin
gene (Plumbet al., 1989), a site-selected synthetic element which

Materials and methods contains the sequence GATC that binds chicken GATA-2 and -3
(Ko and Engel, 1993) and the octamer consensus from the mouse

Isolation and characterization of cDNA clones immunoglobulin heavy chain gene promoter were used.
An adult Xenopusliver cDNA library (Xu and Tata, 1992) inλZAPII
(Stratagene) was screened at moderate stringency (33 SET, 65°C) using Preparation and characterization of GATA-1 and mGATA-1
a 350 bp fragment from the zinc finger region ofXenopusGATA-2 expression plasmids
(Walmsleyet al., 1994). Inserts from a number of plaque-pure, positive Full-length GATA-1 cDNA (Zonet al., 1991) in pGEM-7 was partially
clones were rescued into Bluescript phagemids and characterized initially digested withNcoI and HindIII, the 1.2 kb fragment flanking the open
by restriction analysis and sequencing using thefmol DNA Sequencing reading frame was isolated and the overhanging ends filled in using
System (Promega). This allowed the identification of seven overlapping Klenow fragment. This was then ligated into pSP64T which had
clones containing a 59-region of variable length. Two of the clones previously been cut withBglII and filled in. In vitro transcription and
encoded a complete open reading frame of 391 amino acids. The translation produced a polypeptide of the expected size and injection of
presumptive initiation codon appears to be the true translation start site synthetic RNA into embryos produces anαG2 (GATA)-binding activity
because an in-frame stop codon is located 210 nt upstream and the ATGwith the same mobility as the majorXenopusblood GATA in a gel
is flanked by nucleotides appropriate for translation initiation (Kozak, shift assay (M.Guille and R.Patient, unpublished data). mGATA-1 was
1981; Cavener and Ray, 1991). A segment of 2.1 kb of the largest insert produced by partial digestion of the GATA-1 expression construct with
(3.3 kb), which contained the complete open reading frame, was BamHI, filling in with Klenow fragment and isolating clones which had
sequenced on both strands. Confirmatory sequence of the full-lengh lost the BamHI site at nt 336 of the cDNA. This produced a highly
cDNA was obtained from the overlapping clones. Sequence identity truncated peptide which did not bind DNA.
demonstrated that only one of the two non-allelic copies of the gene
(Kobel and Du Pasquier, 1986) had been isolated. Embryos and RNA injections

Xenopusembryos were obtained by artificial fertilization as described
by Smith and Slack (1983). They were dejellied in 2% cysteine, pH 7.8,RNA isolation and RNase protection analysis

Total RNA was isolated from staged embryos as described in Walmsley and incubated in 13 MBS until stage 6, when they were transferred to
0.13 MBS (Gurdon and Wickens, 1983). The embryos were stagedet al. (1994) and from dissected adult tissues by homogenization

in guanidinium isothiocyanate followed by acidic phenol/chloroform according to Nieuwkoop and Faber (1967). Capped RNA (50–500 pg),
prepared as described above and quantitated by UV absorption, wasextraction (Chomczynski and Sacchi, 1987). Two RNase protection

probes for GATA-6 were used, one of which protected 178 residues injected either at the one or the two cell stage. For two cell injections
β-galactosidase RNA was included as a tracer (see Griffinet al., 1995).spanning nt 1143–1321 in the 39 coding region, outside the zinc finger

domain, and was prepared by subcloning an 804 bp fragment (nt 517– The toxic level for each RNA preparation varied between experiments
but where mortality exceeded 10% the embryos were discarded. To1321) into pGEM-3Z. After linearizing withHinfI, antisense RNA was

transcribed with SP6 polymerase. The second probe, which protected induce exogastrulation embryos were devittelined at stage 8 and incubated
overnight in 13 MBS (Kintner and Melton, 1987). At the equivalent of155 residues, was prepared by subcloning nt 1–155 of the 59-untranslated
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stage 13 (judged from sibling embryos) the embryos were dissected into Banville,D. and Williams,J.G. (1985) Developmental changes in the
ectoderm and mesendoderm fragments. RNA was prepared from 10–12 pattern of larval β-globin gene expression inXenopus leavis.
pooled fragments. Explants of the DLMZ (presumptive heart tissue; Identification of two early larvalβ-globin mRNA sequences.J. Mol.
Sater and Jacobson, 1990) were dissected from stage 10.5 embryos and Biol., 184, 611–620.
cultured to stages equivalent to 11, 15, 22, 28 and 33, as assessed byBertwistle,D., Walmsley,M.E., Read,E.M., Pizzey,J.A. and Patient,R.K.
comparison with sibling embryos. At each stage RNA was extracted (1996) GATA factors and the origins of adult and embryonic blood
from 10 pooled explants. Similarly sized explants of developing heart in Xenopus: responses to retinoic acid.Mech. Dev., 57, 199–214
tissue (corresponding to the discrete cardiac region seen in Figure 5H) Blobel,G.A., Simon,M.C. and Orkin,S.H. (1995) Rescue of GATA-1-
and representing the mid ventral part of the presumptive heart field deficient embryonic stem cells by heterologous GATA-binding
described by Sater and Jacobson (1990) were dissected from intact proteins.Mol. Cell. Biol., 15, 626–633.
embryos at stages 20, 24 and 29 and the beating heart itself at stage 35Brewer,A.C., Guille,M.J., Fear,D.J., Partington,G.A. and Patient,R.K.
and RNA was extracted from 10 pooled heart fields/hearts at each stage. (1995) Nuclear translocation of a maternal CCAAT factor at the start

of gastrulation activatesXenopusGATA-2 transcription.EMBO J.,
In situ hybridization 14, 757–766.
xGATA-6 antisense and sense digoxigenin-labelled RNA probes were Briegel,K., Lim,K.-C., Planck,C., Beug,H., Engel,J.D. and Zenke,M.
transcribed from the complete largest cDNA (3299 bp) and hydrolysed (1993) Ectopic expression of a conditional GATA-2/estrogen receptor
to ~700 residues. Specificity of the signals was verified with probes chimera arrests erythroblast differentiation in a hormone dependent
transcribed from a 578 bpXbaI–EcoRI fragment from the 39-untranslated manner.Genes Dev., 7, 1097–1109.
region of the cDNA. The cardiac actin and XMLC2 probes were prepared Cavener,D.R. and Ray,S.C. (1991) Eukaryotic start and stop translation
as described by Mohunet al. (1988) and Chamberset al. (1994) sites.Nucleic Acids Res., 19, 3185–3192.
respectively. Chambers,A.E., Logan,M., Surendra,K., Towers,N., Sparrow,D. and

Whole mountin situ hybridization was performed on staged embryos Mohun,T.J. (1994) The RSRF/MEF2 protein SL1 regulates cardiac
essentially as described by Harland (1991), with the modifications muscle-specific transcription of a myosin light-chain gene inXenopus
described in Bertwistleet al.(1996). Colour development ofβ-galactosid- embryos.Genes Dev., 8, 1324–1334.
ase activity was carried out as described in Griffinet al. (1995) Chomczynski,P. and Sacchi,N. (1987) Single-step method of RNA
before bleaching. isolation by acid guanidinium thiocyanate-phenol-chloroform

Transverse thin sections of wax-embeddedXenopusembryos at stage extraction.Anal. Biochem., 162, 156–159.
27 were mounted on slides coated with 2% 3-aminopropyl triethoxysilane Grepin,C., Dagnino,L., Robitaille,L., Haberstroh,L., Antakly,T. and
as described by O’Keefeet al. (1991). In situ hybridization of sections Nemer,M. (1994) A hormone-encoding gene identifies a pathway for
was carried out using a modification of the whole mount protocol as cardiac but not skeletal muscle gene transcription.Mol. Cell. Biol.,
described by Walmsleyet al. (1994). 14, 3115–3129.

Grepin,C., Robitaille,L., Antakly,T. and Nemer,M. (1995) Inhibition of
Sectioning of whole mount embryos transcription factor GATA-4 expression blocksin vitro cardiac muscle
Following whole mountin situ hybridization, thin sections of wax- differentiation.Mol. Cell. Biol., 15, 4095–4102.
embedded embryos were cut with a microtome. Alternatively embryos Griffin,K., Patient,R. and Holder,N. (1995) Analysis of FGF function in
were embedded in a gelatin/albumen mix (phosphate-buffered saline normal and no tail zebrafish embryos reveals seperate mechanisms
containing 0.5% gelatin, 11% egg albumen and 20% sucrose) which was for formation of the trunk and the tail.Development, 121, 2983–2994.
set by the addition of a 1/10 vol. of 25% glutaraldehyde according to Gurdon,J.B. and Wickens,M.P. (1983) The use ofXenopusoocytes for
the protocol of J.D.W.Clark (personal communication) and 50µm the expression of cloned genes.Methods Enzymol., 101, 30–386.
sections cut with a vibrotome. Harland,R.M. (1991)In situ hybridisation: an improved whole-mount

method forXenopusembryos.Methods Cell Biol., 36, 685–695.
GATA transactivation assay Harland,R. and Misher,L. (1988) Stability of RNA in developingXenopus
Aliquots of 30 pg of SalI-linearized luciferase reporter construct embryos and identification of a destabilizing sequence in TFIIIA
pRBGP3-MapX3, which contains multiple GATA binding sites in the messenger RNA.Development, 102, 837–852.
promoter (Igarashiet al., 1994; a kind gift of M.Yamamoto) and 20 pg Hausen,P. and Riebesell,M. (1991)The Early Development of Xenopus
of a HindIII-linearized TKβ-gal construct (used to control for injection laevis. An Atlas of Histology. Springer-Verlag, Berlin.
variation; see Breweret al., 1995) were injected into the animal pole of Heikinheimo,M., Scandrett,J.M. and Wilson,D.B. (1994) Localization of
stage 1 embryos either alone or along with GATA-6 or GATA-1in vitro transcription factor GATA-4 to regions of the mouse embryo involved
synthesized RNA. At stage 8, animal caps were dissected and cultured

in cardiac development.Dev. Biol., 164, 361–373.
overnight at 19°C to the equivalent of neurula stages judged from sibling

Jiang,Y and Evans,T. (1996) TheXenopusGATA-4/5/6 genes areembryos. Assay of luciferase andβ-galactosidase proteins in animal
associated with cardiac specification and can regulate cardiac-specificcaps was carried out by measurement of chemiluminescence in a
transcription during embryogenesis.Dev. Biol., 174, 258–270luminometer according to the instructions of the kit manufacturers

Igarashi,K., Kataoka,K., Itoh,K., Hayashi,N., Nishizawa,M. and(Luciferase assay system, Promega and Galacto-light TM, Tropix).
Yamamoto,M. (1994) Regulation of transcription by dimerization of
erythroid factor NF-E2 p45 with small Maf proteins.Nature, 367,
568–572.Acknowledgements

Ip,H.S., Wilson,D.B., Heikinheimo,M., Tang,Z., Ting,C.-N., Simon,M.C.,
We would like to thank Qi-ling Xu for theXenopusliver cDNA library, Leiden,J.M. and Parmacek,M.S. (1994) The GATA-4 transcription
Paul Krieg for XNkx-2.5, Tim Mohun for the cardiac actin and myosin factor transactivates the cardiac muscle-specific troponin C promoter-
light chain probes and Masi Yamamoto for the luciferase GATA reporter enhancer in nonmuscle cells.Mol. Cell. Biol., 14, 7517–7526.
construct. We are also grateful to Phil Cunningham for assistance with Kau,C. and Turpen,J.B. (1983) Dual contribution of embryonic ventral
the GCG computer packages, to John Pizzey for help and advice during blood island and dorsal lateral plate mesoderm during ontogeny of
embryo sectioning and to Adam Rodaway and Toby Sykes for critical hemopoietic cells inXenopus laevis. J. Immunol., 131, 2262–2266.
reading of the manuscript. This work was supported by the MRC, the Kelley,C., Blumberg,H., Zon,L.I. and Evans,T. (1993) GATA-4 is a novel
Wellcome Trust and the Liver Research Trust and by studentships to transcription factor expressed in endocardium of the developing heart.
S.N. (JRC, King’s) and D.B. (BBSRC1 MRC CASE with Jim Smith, Development, 118, 817–827.
Mill Hill). Kintner,C.R. and Melton,D.A. (1987) Expression ofXenopusN-CAM

RNA in ectoderm is an early response to neural induction.
Development, 99, 311–325.References

Ko,L.J. and Engel,J.D. (1993) DNA-binding specificities of the GATA
transcription factor family.Mol. Cell. Biol., 13, 4011–4022.Arceci,R.J., King,A.A.J., Simon,M.C., Orkin,S.H. and Wilson,D.B.

Kobel,H.R. and Du Pasquier,L. (1986) Genetics of polyploidXenopus.(1993) Mouse GATA-4: retinoic acid inducible GATA-binding
Trends Genet., 2, 310–315.transcription factor expressed in endodermally derived tissues and

Kozak,M. (1981) Possible role of flanking nucleotides in recognition ofheart.Mol. Cell. Biol., 13, 2235–2246.
the AUG initiator codon by eukaryotic ribosomes.Nucleic Acids Res.,Balinsky,B.I. (1970) An Introduction to Embryology. W.B.Saunders,

Philadelphia, PA. 9, 5233–5252.

367



C.Gove et al.

Krieg,P.A. and Melton,D.A. (1984) Functional messenger RNAs are Xu,Q. and Tata,J.R. (1992) Characterisation and developmental
expression ofXenopusC/EBP gene.Mech. Dev., 38, 69–81.produced by SP6in vitro transcription of cloned cDNAs.Nucleic

Yamamoto,M., Ko,L.J., Leonard,M.W., Beug,H., Orkin,S.H. andAcids Res., 12, 7057–7070.
Engel,D. (1990) Activity and tissue-specific expression of theKrieg,P.A. and Melton,D.A. (1987)In vitro synthesis with SP6 RNA
transcription factor NF-E1 multigene family.Genes Dev., 4, 1650–polymerase.Methods Enzymol., 155, 397–415.
1662.Laemmli,U.K. (1970) Cleavage of structural proteins during the assembly

Zhang,C. and Evans,T. (1994) Differential regulation of the two xGATA-of the head of bacteriophage T4.Nature, 227, 680–685.
1 genes duringXenopusdevelopment.J. Biol. Chem., 269, 478–484.Laverriere,A.C., MacNiell,C., Mueller,C., Poelmann,R.E., Burch,J.B.E.

Zon,L.I., Mather,C., Burgess,S., Bolce,M., Harland,R.M. and Orkin,S.H.and Evans,T. (1994) GATA-4/5/6: a subfamily of three transcription
(1991) Expression of GATA binding proteins during embryonicfactors transcribed in the developing heart and gut.J. Biol. Chem.,
development inXenopus laevis. Proc. Natl Acad. Sci. USA, 88,269, 23177–23184.
10642–10646.Leonard,M., Brice,M., Engel,J.D. and Papayannopoulou,T. (1993)

Dynamics of GATA transcription factor expression during erythroid
Received on August 2, 1996; revised on September 27, 1996differentiation.Blood, 82, 1071–1079.

Mangia,F., Procicchiani,G. and Manelli,H. (1970) On the development
of the blood island inXenopus laevisembryos. Acta Embryol.
Experientia, 2, 163–184.

Mohun,T.J., Garrett,N., Stutz,F. and Spoh,G. (1988) A third striated
muscle actin gene is expressed during early development in the
amphibianXenopus laevis. J. Mol. Biol., 202, 67–76.

Molkentin,J.D., Kalvakolanu,D.V. and Markham,B.E. (1994)
Transcription factor GATA-4 regulates cardiac muscle-specific
expression of the a-myosin heavy-chain gene.Mol. Cell. Biol., 14,
4947–4957.

Morrisey,E.E., Ip,H.S., Lu,M.M. and Parmacek,M.S. (1996) GATA-6: a
zinc finger transcription factor that is expressed in multiple cell
lineages derived from lateral mesoderm.Dev. Biol., 177, 309–322.

Nagai,T. et al. (1994) Transcription factor GATA-2 is expressed in
erythroid, early myeloid and CD341 human leukemia-derived cell
lines.Blood, 84, 1074–1084.

Nieuwkoop,P.D. and Faber,J. (1967)Normal Table of Xenopus laevis
(Daudin). North Holland, Amsterdam, The Netherlands.

O’Keefe,H.P., Melton,D.A., Ferreiro,B. and Kintner,C. (1991)In situ
hybridisation.Methods Cell Biol., 36, 443–463.

Perkins,N.D., Nicolas,R.H., Plumb,M.A. and Goodwin,G.H. (1989) The
purification of an erythroid protein which binds to enhancer and
promoter elements of haemoglobin genes.Nucleic Acids Res., 17,
1299–1314.

Plumb,M., Frampton,J., Wainwright,H., Walker,M., Macleod,K.,
Goodwin,G. and Harrison,P. (1989) GATAAG; acis-control region
binding an erythroid-specific nuclear factor with a role in globin and
non-globin gene expression.Nucleic Acids Res., 17, 73–92.

Sargent,M.G. and Bennett,M.F. (1990) Identification inXenopusof a
structural homologue of theDrosophilagenesnail. Development, 109,
967–973.

Sater,A.K. and Jacobson,A.G. (1989) The specification of heart mesoderm
occurs during gastrulation inXenopus laevis. Development, 105,
821–830.

Sater,A.K. and Jacobson,A.G. (1990) The restriction of the heart
morphogenic field inXenopus laevis. Dev. Biol., 140, 328–336.

Smith,J.C. and Slack,J.M.W. (1983) Dorsalisation and neural induction:
properties of the organiser inXenopus laevis. J. Embryol. Exp.
Morphol., 78, 299–317.

Soudais,C., Bielinska,M., Heikinheimo,M., MacArthur,C.A., Narita,N.,
Saffitz,J.E., Simon,M.C., Leiden,J.M. and Wilson,D.B. (1995) Targeted
mutagenesis of the transcription factor GATA-4 gene in mouse
embryonic stem cells disrupts visceral endoderm differentiation
in vitro. Development, 121, 3877–3888.

Tamura,S., Wang,X.-H., Maedea,M. and Futai,M. (1993) Gastric DNA-
binding proteins recognise upstream sequence motifs of parietal cell-
specific genes.Proc. Natl Acad. Sci. USA, 90, 10876–10880.

Tonissen,K.F., Drysdale,T.A., Lints,T.J., Harvey,R.P. and Krieg,P.A.
(1994) XNkx-2.5, aXenopusgene related to Nkx-2.5 and tinman:
evidence for a conserved role in cardiac development.Dev. Biol., 162,
325–328.

Turner,D.L. and Weintraub,H. (1994) Expression of achaete–scute
homolog 3 inXenopusembryos converts ectodermal cells to a neural
fate.Genes Dev., 8, 1434–1447.

Visvader,J., Crossley,M., Hill,J., Orkin,S. and Adams,J. (1995) The
C-terminal zinc finger of GATA-1 or GATA-2 is sufficient to induce
megakaryocytic differentiation of an early myeloid cell line.Mol.
Cell. Biol., 15, 634–641.

Walmsley,M.E., Guille,M.J., Bertwistle,D., Smith,J.C., Pizzey,J.A. and
Patient,R.K. (1994) Negative control ofXenopusGATA-2 by activin
and noggin with eventual expression in precursors of the ventral blood
islands.Development, 120, 2519–2529.

368


