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SUMMARY

In vertebrates, heart development is a complex process Inhibition of either GATA5 expression or NF-ATc
requiring proper differentiation and interaction between  activation, blocks terminal differentiation at a pre-
myocardial and endocardial cells. Significant progress has endocardial stage and GATA5 and NF-ATc synergistically
been made in elucidating the molecular events underlying activate endocardial transcription. The data reveal that
myocardial cell differentiation. In contrast, little is known  transcription factor GATAS is required for differentiation
about the development of the endocardial lineage that gives of cardiogenic precursors into endothelial endocardial
rise to cardiac valves and septa. We have used a novel in cells. This, in turn, suggests that the GATA5 pathway may
vitro model to identify the molecular hierarchy of be relevant to early stages of valvuloseptal development,
endocardial differentiation and the role of transcription  defects of which account for the majority of human birth
factor GATAS5 in endocardial development. The results malformations.

indicate that GATA5 is induced at an early stage of

endothelial-endocardial differentiation prior to expression  Key words: Endocardium, GATA5, Heart Development,

of such early endocardial markers as Tie2 and ErbB3. Transcription Factors, NF-AT

INTRODUCTION myocardial and an inner endocardial layer which will give rise
to the valves and septa. In recent years, significant progress has
In human, cardiac septal and valvular abnormalities are the mdsten made towards elucidating the molecular pathways
frequent birth defects, yet few regulators of these importaninderlying patterning of the myocardium and differentiation of
developmental events are known. Valvuloseptal tissues arisardiomyocytes. Indeed, several cardiomyocyte transcription
from endocardial cells that undergo a mesenchymdhactors have been identified and shown to be required for various
transformation, a process regulated by the myocardiurstages of cardiomyocyte development and heart morphogenesis.
(Eisenberg and Markwald, 1995). Thus, as cardiac developmefhis includes the zinc finger protein GATA4 (Grépin et al., 1997;
progresses, differentiation and cell-cell interaction betweeflrispino et al., 2001), the homeodomain containing protein
cardiomyocytes and endocardial cells are critical for normaNkx2-5 (Lyons et al., 1995; Tanaka et al., 1999), the T-box factor
heart morphogenesis and function. Disruption of genes essenti&bx5 (Bruneau et al., 2001), the MADS protein Mef2C (Lin et
for these processes perturbs normal heart development as balst 1997), and the basic helix-loop-helix proteins Hand1 and
exemplified by mutations in two myocyte-specific transcriptiorHand?2 (Srivastava et al., 1995; Firulli et al., 1998; Srivastava et
factors, Nkx2-5 and Thx5, which have been linked to humaal., 1997). In contrast, the molecular events and transcription
congenital cardiac septal defects (Basson et al., 1997; Schottfattors underlying endocardial differentiation remain largely
al., 1998). Mutations iNkx25 are also associated with valvular undefined. In fact, the embryonic origin of endocardial cells is
abnormalities but the molecular basis for these is undefinestill being debated. Evidence for distinct origin of endocardial
(Kasahara et al., 2000). In mice, inactivation of ©hgballele  and vascular endothelial cells was only recently provided from
recapitulates the cardiac defects observed in Holt-Oram patierdgsalysis of the zebrafish mutants faust and cloche — which lack
(Bruneau et al., 2001) and indicates that Thx5 is a key regulatendocardial but not vascular endothelial cells (Reiter et al., 1999;
of cardiomyocyte differentiation. Similarly, inactivation of the Liao et al., 1997). In mice, the Tie2 (Tek- Mouse Genome
Nkx25 gene in mice reveals an essential role for Nkx2-5 in thénformatics) receptor tyrosine kinase was found to be essential
expression of several cardiac genes (Tanaka et al., 1999) andan endocardial development but dispensable for vascular
heart morphogenesis (Biben et al., 2000). endothelia (Puri et al., 1999) and expression of NF-ATc marks
Commitment and differentiation of the myocardial andendocardial but not vascular endothelial cells (de la Pompa et
endocardial lineages are among the earliest events af, 1998) indicating that the two endothelial subtypes are
cardiogenesis as the primitive heart tube is formed of an outeiochemically distinct. At present, NF-ATc is the only
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Fig. 1.Characterization of the A) B) ©) D)
TC-13 cells. (A) When grown - aVEGF Extracts “Biy -
on matrigels, TC13 cells forn

row-like structures reminisce -RA +RA  Antibody
of angiogenesis in vitro
(—-aVEGF). When treated wit :

an antibody against VEGF \ G D < Oct
(+aVEGF), row formation is \ gg_—: i '
inhibited and the cells stay :
rounded. (B) GATAS = G5 -
transcripts are present only i +OVEGF
differentiated cells. Northern 2l 3
blot analyses using 30y of -

total RNA isolated from v L . -
undifferentiated (—RA) or
differentiated (+RA) TC13
cells were used to detect Ga
or Gata5 mRNA as describec
in Materials and Methods.
(C) Identification of GATA
binding activity. Gel Shift
assays were carried out usin
5 ug of nuclear extracts and

probe corresponding to the E) -
—90 bp GATA element of the o GATA4 Hoechst o GATAS Hoechst o Von-Willebrand Hoechst

BNP promoter as detailed in &

Materials and Methods. Note

that GATA4-containing N

complexes have a higher .

(D) Control Oct1/2 binding I l. l.
using the same extracts as C.

(E) Immunocytochemical staining of untreated (—RA) and treated (+RA) TC13 cells. Cells were fixed in methanol and incub#tm®n wit
different antibodies was carried out overnight at 4°C as described in Materials and Methods. Staining was revealed byidmB)TC-a

mobility than GATA5
complexes. The GATA4

conjugate antibody. Green fluorescent nuclear staining for GATA proteins and cytoplasmic labeling for Von Willebrand tdaterare.
Note that only endothelial cells (elongated shape) are positive for GATAS and Von Willebrand factor.
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antibody totally supershifted
the GATA binding in the
undifferentiated cell extracts.
GATADS binding was present
only in extracts from RA-
treated cells and it was block
by the GATAS antibody. +RA
GATA4 binding was still

detected after RA treatment

but GATAS represented the

majority of GATA binding.

transcription factor shown to be essential for endocardigStainier et al., 1995); whether this reflects specific dependence
development (de la Pompa et al., 1998; Ranger et al., 1998).on cloche for endocardial differentiation of a bipotent
Retroviral labeling studies in chick and quail embryosprecursor or the existence of distinct myocardial and
(Schultheiss et al., 1997; Mikawa et al., 1992) as well as cefindocardial precursors cannot be resolved at this stage. Finally,
lineage tracing in zebrafish embryos (Lee et al., 1994) suggest birds, the characterization of the JB3 antibody, which
that endocardial and myocardial precursors are present in thecognizes a fibrillin-like protein, suggests that there are at
heart-forming regions, but, whether they share a commoleast two endocardial subpopulations, a*JBBe originating
progenitor remains uncertain (Lough and Sugi, 2000). Theithin the precardiac mesoderm field, which gives rise to
establishment of the QCE-6 cell line, which originates fromendocardial cells of the cushion and valves, and a JB3
MCA-treated tissue explants of HH stage-4 Japanese quagibpulation originating from the nearby heart field mesoderm,
embryos, and which can be differentiated into both endocardiathich gives rise to the remaining endocardial cells of the heart
and myocardial cells (Schultheiss et al., 1997), supports th&/unsch et al., 1994). Thus, at present, the spatial and temporal
existence of a common bipotent cardiogenic precursoappearance of endocardial progenitors as well as the signaling
However, theelochemutation in zebrafish results in a heart thatpathways underlying the various stages of endocardial
is deficient only in endocardial but not myocardial cellsdifferentiation remain major unanswered questions. The
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Fig. 2. Endocardial expression of GATA4
and GATADS in the developing heart.
Immunocytochemical staining of staged
mouse embryo sections with anti-GATA4
and -GATAS polyclonal antibodies.

(A) Low magnification of E10.5 stained
embryos reveals abundant expression of
GATA4 in atrial (A) and ventricular (V)
myocytes, in endocardial cells, and in
some cells of the endocardial cushion G4
(EC). GATAGS labeling is restricted to
endocardial (E) and endocardial cushion

cells both in the atrio-ventricular cushion

and in the truncus arteriosis (TA), which

will give rise to the outflow tract. Staining

is absent in the myocardium (M).

(B) Expression of GATAS is transient in
endocardial cells. Note how GATAS G5
staining is undetectable at E12.5 whereas
GATA4 is still present both in endocardial

and myocardial cells. Counterstaining with
Eosin and Hematoxylin.

identification of stage-specific molecular markers and th&MATERIALS AND METHODS

development of in vitro models of endocardial differentiation

will help greatly to identify key regulators of endocardial TC13 cell culture and differentiation

development and heart morphogenesis. The TC13 cell line was obtained from Dr Lorraine Chalifour (al
We report the characterization and use of such an in vitrbloustafa and Chalifour, 1993). The cells were maintained in

model consisting of a mesodermal cell line derived from théulbecco’s Modified Eagle Medium (DMEM) supplemented with

hearts of polyomavirus large T-antigen (PVLT) transgenic micd0% horse serum (GibcoBrl Great Island, USA). For endothelial

which can be differentiated into endothelial cells upon retinoidifferentiation, cells were treated with M RA in presence or not

acid (RA) treatment (al Moustafa and Chalifour, 1993)_of serum. GATA5-deficient TC13 cell lines were obtained using the

Differentiation with RA leads to down-regulation of early cardiacpCDNAS expression vector harboring a 350 bp GATAS cDNA in the

. . . ntisense orientation. To ensure specificity, the cDNA used
mesoderm markers, including GATA4, Twist and Tbx20, anqioresponded to the C-terminal portion of GATAS, which is the least

activation of an endocardial endothelial phenotype characterize@nserved among the GATA4, 5, and 6 family and did not include the
by the sequential appearance of various molecular markers. fiyhly conserved zinc finger sequence. Briefly, undifferentiated TC13
this system, downregulation of GATAS expression or inhibitioncells were transfected with the GATAS5 antisense or the backbone
of NF-ATc activation blocks endocardial differentiation at a pre~vector using the calcium-phosphate precipitation method. Selections
endocardial stage. Moreover, GATA5 and NF-ATc, which arevere carried out using 128 of G418 (GibcoBRL) per ml of culture
presently the only known transcription factors required fofmedium. A pool of at least 20 clones was analyzed and 5 antisense
endocardial differentiation, synergistically activate endocardiafones were isolated by the conventional limiting dilution assay and
transcription, suggesting that they cooperate in endocardiilher characterized.

differentiation. The results pave the way for the identification oPlasmids and transfections

upstream regulators and downstream targets of GATAS that mayie ANF 0.7 kbp and the ET-1 1.4 kbp promoters fused to luciferase
be relevant to endocardial development and heart morphogenesis.well as the GATAS full length expression vector were described
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A) B)

He -RA +RA

GATA4 ‘a—“- — ‘
Fig. 3.Endocardial identity of GATAS | —
differentiated TC13 cells. Epicardin[ - W Cx37
(A) Semi-quantitative RT-PCR e e
analysis was carried out on total
RNA isolated from undifferentiate Tbx5 ‘ T—— l
(-RA) and differentiated (+RA)
cells following 4 days of RA Tbx20 ‘ — N — ‘
treatment, as well as from hearts
(He) of neonatal Sprague Dawley MEF2C [ |
rats. Tubulin transcript
amplification was used as control Hand1 ‘ e ] Cx40
The oligonucleotides and
conditions used are listed in Tabl Hand2 )._ ‘
1. The results shown are from on
representative experiment. Tubulin | = !
(B) Immunocytochemical detectic
of the Cx37 and Cx40 gap-junctic

proteins. Note the specific green
fluorescent labeling of the cell membrane with the anti-Cx37 antibody but not with the anti-Cx40 antibody. RNA analysifraisa toe
presence of Cx37 but not Cx40 transcripts in these cells (not shown). Nuclei are stained with the Hoechst dye.

previously (Nemer et al., 1999). The NF-ATc expression vector wagVestern blots

a kind gift from Dr G. Crabtree (Stanford University, USA) and wasnyclear extracts (2Ag) of TC13 cells were boiled in Laemmli buffer
described previously (Beals et al., 1997). TC13 cells were transfecteghd resolved on SDS-PAGE. Proteins were transferred on Hybond-
using the calcium phosphate precipitation method. Briefly, 30 00@yvpDF membranes and immunoblotted using the Renaissance
cells per well were plated on a 12 wells platgglof reporter gene  Chemiluminescence system (NEN Life Sciences, Boston). Rabbit
was used per well and total DNA was kept constant py.3For  GATA4 and GATAS5 antibodies were used at a dilution of 1/500, and

synergy assays, 25 ng of each expression vector (GATA5 and Nigyealed with an anti-rabbit horseradish peroxydase antibody (Sigma)
ATc) were used. Luciferase activity was measured 36 hours aftef 4 dilution of 1/10,000.

transfection by an LKB luminometer. The results are the mean of 3

independent experiments, each done in duplicate. Immunocytochemistry

Gel shift assays TC13 cells were plated on 35 mm Petri dishes and f@xed with 100%
) ) ) ) methanol. The GATA5 antibody was produced in rabbits by

were obtained as described previously. Each binding mixturgarminal domain) fused to GST. The purified GATA5 antibody was

contained 3-5ug of nuclear extracts. The probe used for GATA ysed at a dilution of 1/50 and revealed by an anti-avidin D FITC or

binding corresponded to the —90 BNP promoter GATA site (5yhodamine or peroxydase conjugate. The anti-Von-Willebrand and

CAGGAATGTGTCTGATAAATCAGA GATAACCCA 3). For  anti-GATA4 antibodies were purchased from Santa Cruz

NFAT, the probe used was the -927 BNP (CTATCC-gjotechnology and used at a 1/200 dilution. The Cx37 and Cx40

TTTTGTTTTCCAT CCTG) that was shown to interact with NFAT3 antihodies were purchased from Alpha Diagnostic, and used at a

(Molkentin et al., 1998). In the mutant NFAT probe, the binding sitegjjution of 1/200. An avidin-D fluorescein-coupled antibody was

was altered as follows: TTTGAWGGA. The octamer probe and sed to visualize the staining.

conditions for octamer and GATA binding were described previously Staged mouse embryos at E9.5, 10.5 and 12.5 were dissected, fixed

(Grépin et al.,, 1994). NFAT binding was carried out according tqn 49 paraformaldehyde and paraffin embedded. GATAS staining was

Timmerman et al. (Timmerman et al., 1997). carried out as described above. Counterstaining was done with 1%

RNA extraction and PCR analysis Eosin.

Total cellular RNA was extracted according to the thiocyanate-

phenol-chloroforme method. cDNAs were generated fropg5f  RESULTS

total RNA using an oligonucleotide @f1gin the presence of AMV-

RT (Promega). Semi-quantitative PCR was conducted using specif6ATAS expression is induced in differentiated TC13

oligonucleotides for each gene and a dose-response assay was cargefls

out to determine the optimal amount of cDNA to be used for PCW\/h . . :
Dy ; . . en treated with 18 M RA, TC13 cells fully differentiate

amplification using the following: 3 minutes at 94°C, 30 seconds a S ’ : .

94°C, 30 seconds annealing temperature for each oligonucleotide p ,to endothelial-like cel!s expressing the Von Willebrand factor

and 1 minute/kb at 72°C, repeated for 29 cycles. Amplification of@l Moustafa and Chalifour, 1993). TC13 cells can also grow

tubulin was used as an internal control. PCR products were resolv&l matrigels in serum-free medium and form tubular and
on 1.2% agarose gels. The analysis was carried out in duplicate wi#gsicle-like structures reminiscent of in vitro angiogenesis
RNA isolated from at least two different experiments. (Fig. 1A). This is inhibited when the cells are incubated with
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Table 1. Oligonucleotides used for RT-PCR

Annealing temp. Length

Gene Species Oligonucleotide sequences °C) ( (bp)

Msxl Mouse CAGCATGCACCCTACGCAA 59 502
CCGCTGCTCTGCTCAAAGA

BMP2 Mouse AGCAAGGGGAAAAGGACA 59 541
CCGGGAACAGATACAGGAAG

Gatab Rat GAACCAGTGTGCAACGCCTG 58 409
CGCAGGGCCAGGGCACACCA

Gatad Rat GACACCCCAATCTCGATATG 58 730
TTACGCGGTGATTATGTCCC

Gata6 Mouse CAAACCAGGAAACGAAAAC 55 457
AACAAAGGCACAGAAATCAC

Nkx2-5 Mouse CCTCTAGAGCAGAGCTGCGCGCGGAGATG 61 278
GGTGGCTTCCGTCGCCGCCGTGC

Hand2 Mouse TACCAGCTACATCGCCTAC 55 120
TCTTTCTTCCTCTTCTCCTC

Hand1 Mouse AACCTCAACCCCAAAAGCC 59 278
GGAAGGGAAAGGAAGGGAAAG

ET-1 Mouse ATGGATTATTTTCCCGTGAT 54 608
TCAATGTGCTCGGTTGTGCG

ErbB3 Mouse GGAGGCTTGTCTGGATTCTG 58 283
ATTGCCATCCTCTTCCTCTA

Gata2 Mouse ACCCGATACCCACCTATCCC 60 300
AGTCACCATGCTGGACGGGT

Cx37 Mouse TTCCTCTTCGTCAGCACACC 59 243
TCTTACACAGCACGCTGACC

Cx40 Mouse ATGGGTGACTGGAGCTTCC 53 255
CACAAAGATGATCTGCAGTACCC

T (brachyury) Mouse CAATGCCATGTACTCTTTC 57 364
GGCTGTAATCTCCTCATTC

Epasl Mouse AGTTGGCTCATGAGTTGCCC 59 595
GATGGGTGCTGGATTGGCTC

Nfatc Mouse AGGTGCAGCCCAAGTCTCAC 60 620
GTGGCCATCTGGAGCCTTCT

Mef2C Mouse GCCCTGAGTCTGAGGACAAG 58 472
ATCGTGTTCTTGCTGCCAG

Epicardin Mouse CCTAGGCAAGAGGAGGAAGG 60 300
ATAAAGGGCCACGTCAGGTT

Tie2 Mouse CCATCCAAACATCATCAATCTC 58 464
CCTCCTAAGCTAACAATCTCCC

Tenascin X Mouse GGCTCAGGTGCCCCTGGTGG 59 752
TTCTACAGTGCCCAGCTGCGGG

Fltl Mouse CCCCTCTTTCAACATCTTC 55 620
CCACACCTGCTTCAAAAC

Thx5 Mouse CAAACTCACCAACAACCACC 59 423
GCCAGAGACACCATTCTCAC

Thx20 Mouse GCAGCTCCTCAAACAGATGG 59 300
TCAGTGAGCCTGGAGGAGTC

Tubulin Rat TCCATCCACGTCGGCCAGGCT 61 537

GTAGGGCTCAACCACAGCAGT

anti-VEGF antibody, consistent with the key role of VEGF inendocardial cells whereas GATAS5 mRNA is largely restricted
regulating angiogenesis and vasculogenesis (Carmeliet et db,endocardial cells (Morrisey et al., 1997; Kelley et al., 1993).
1996; Ferrara et al., 1996). Because TC13 cells were deriv8the presence and identity of GATA factors in undifferentiated
from the heart, we hypothesized that they may represeand differentiated TC13 cells was assessed using Northern blot
cardiogenic progenitors that differentiate into endotheliabanalysis (Fig. 1B), gel shift assays (Fig. 1C) and
endocardial cells. To test this hypothesis, we analyzetnmunocytochemistry (Fig. 1E). GATA4 transcripts were
expression of various molecular markers, including the cardiambundant in undifferentiated cells and downregulated in cells
subfamily of zinc finger GATA proteins, GATA4, and GATAS. treated with RA (Fig. 1B). In contrast, GATAS transcripts and
GATA4 is an early marker of the precardiac mesoderm; withimprotein were detected only in differentiated cells (Fig. 1B,C)
the heart, GATA4 transcripts are present in myocardial andnd only nuclei of differentiated TC13 cells stained positive for
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an anti-GATA5 specific antibody (Fig. 1E). Gel shift analysisfactor EPAS1 (Tian et al., 1997) is also consistent with the in
using anti-GATA4- and GATA5-specific antibodies identified vivo temporal expression pattern (Tian et al., 1997; Burch et
GATA4 as the exclusive GATA binding activity in al., 1995; Kurihara et al., 1995). TC13 cells also express the
undifferentiated cells and GATA5 as the major GATA bindinggap junction protein connexin 37 (Cx37) found in all
activity in RA-treated cells, which also contained GATA4 (Fig.endothelia but do not express Cx40 (Fig. 3B), which marks the
1B). The presence of both GATA4 and GATAS in differentiatedvascular endothelium but not the endocardium (Delorme et al.,
TC13 cells accurately reflects the in vivo distribution of thel997). Finally, the constitutive presence of NF-ATc transcripts
proteins within endocardial and endocardial cushion cells (Figs consistent with the in vivo detection of NF-ATc mRNA in
2). Nevertheless, the temporal expression pattern of the twwrecardiac cells of D7.5 mouse embryos and throughout
proteins is distinct with GATA4 labeling of endocardial cellsendocardial differentiation although NF-ATc is activated at
being more persistent while GATA5 transcripts and proteidater stages and in specific cells through nuclear translocation
become undetectable in the heart by E12.5 (Fig. 2B). Th@e la Pompa et al., 1998). Similarly, while NF-ATc mRNA
transient expression of GATA5 in endocardial cells islevels remained unchanged following RA-induced
reminiscent of the cardiac expression pattern of transcriptiodifferentiation (Fig. 3A), NF-ATc DNA binding activity was
factor NF-ATc which is essential for progression ofupregulated in nuclear extracts of differentiated TC13 cells
endocardial cell differentiation and valve development (RanggiFig. 3C). Together, these results are consistent with the
etal., 1998; de la Pompa et al., 1998). In order to further defirg/pothesis that TC13 cells represent an early cardiogenic
the molecular identity of the TC13 cells, we carried out semiprogenitor capable of differentiating into endocardial
gquantitative RT-PCR to assess the presence of other knowemdothelial cells.

cardiac transcription factors. The results show that factors o ) .

whose expression is downstream of GATA4 in cardiomyocyté>ATAS expression is required for endocardial

differentiation, like MEF2C, Nkx2-5 and the Hand proteins aredifferentiation

not detected in TC13 cells. However, two cardiac-enriched Trhe upregulation of GATA5 at early stages of TC13 cell
box proteins, Thx5 and, to a greater extent, Tbx20, are presedifferentiation and its highly specific temporal expression in
in undifferentiated cells, with Tbx20 levels decreasing uporthe endocardium in vivo, which closely resembles that of NF-
differentiation. The presence of Tbx5 and 20 in

TC13 cells is noteworthy, given that Thx A) &)
expression in the lateral plate mesoderm prec +RA (hr) RA - + + +
that of Nkx2-5 (Kraus et al., 2001; lio et i GATAS IBEE Competitor - - -
2001) and that Thx5 was recently suggested :
upstream of Nkx2-5 and GATA4 (Bruneau et Cx37 NF-ATp -
2001). In addition to GATA5, expression Fit1 NF-ATc—p -
epicardin, a basic helix-loop-helix transcript
factor present in epicardial and endocar ErbB3 R — _
cushion cells of the embryonic heart (Robb e Tie2 m N.S
1998) was upregulated in differentiated cells ( '. ' U
3A and Table 1). Mot |

A time-course analysis of cardiac ¢ ET- [
endothelial genes present before and —
treatment with RA was carried out. As showi TnxX §

Fig. 4, undifferentiated TC13 cells expr
early cardiac mesoderm markers that
downregulated upon RA-depend
differentiation; they include, in addition
GATA4, the transcription factors Brachyu B)
Twist, and the growth factor BMP2. In contr:

EPASI

i i i RA(M 0 1 3 6 24
endothelial markers like Fitl, Tie2 a +RA () Fig. 4. Sequential expression of

endothelin 1 (ET-1; Ednl) are all induced u| GATAY [ e | ondothelial (A) and mesodermal
treatment with RA. Interestingly, GATA2, whic Brachyury [ ] genes (B). RT-PCR analysis was

is present in hematopoietic and vasci carried out on total RNA isolated at
endothelial cells but not in endocardial cells (| — different stages of TC13 cell

et al., 1991; Dorfman et al., 1992) is abser Cripto |—-——qﬁgh--m--@ differentiation. Each amplification
both untreated and RA-treated TC13 cells (i was carried out using the

not shown), whereas GATAS is upregulatec Tubuitio| S - appropriate amount of cDNA as
early stages of differentiation, coincident w ubulin - determined from a dose-response

: . . - curve. For PCR conditions, please
expression of Fltl and prior to |n_duct|0n of SUCQ fer to Table 1. Amplified products were resolved on 1.2% agarose gels and
early en_dothellal '.“arke.rs as Tie2, ErbB3 ANfisualized under UV light. (C) Gel shift analysis of NF-AT proteins in extracts from
Cx37 (Gja4). The induction of the genes codingc13 cells treated with RA for 0 (=) or 24 (+) hours. Specific complexes
these proteins before other markers of termingbrresponding to NF-ATp and NF-ATc (Timmerman et al., 1997) are displaced by
endothelial differentiation like ET-1, tenascin X100-fold excess of cold probe (competitor). Note how NF-ATc complexes are
(TnX) and the endothelial-specific transcriptiorincreased in RA-treated extracts. N.S, nonspecific.

BMP?2 | T |
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Fig. 5. Inhibition of endocardial A) D)
differentiation in GATAS5 antisense

transfectants. (A) Schematic -RA + RA
representation of the GATAS |CMV<E|'minul GATAS ] Neo ]

antisense construct. The cDNA o AT 4

fragment spanned from 850 bp to oA i1 £ ¥ =
1200 bp where 1 is the A of the B) pc(g:;l)As o ol 60 B &Y N

initiating methionine. (B) RT-PCR ASE() AS5(2)  PCDNA3 Rl < 4NN \
analysis was conducted on RNA = e £ el —
isolated from two different TC13 RA el G T
clones expressing antisense GAT P o= Vs
(AS5) as well as TC13 cells GmAF;I-]G: — assyf, o
transfected with the control -

pCDNAZ3 vector. The GATAS
primers used detect only the
endogenous transcripts. Note ho C) Western Blot : T
the antisense inhibits accumulatic s 7 g R
of GATAGS transcripts following RA pCDNA3 ASS AS5(2) :
treatment. (C) Western blot analy . .
confirms that antisense clones dc RA -t - + : P

not express GATAS protein. GATA — ; ,

levels are only slightly decreased GATAS . -Von Willebrand
the GATAS antisense but are furtt

decreased in response to RA, as — .
control cells. 2Qug of nuclear GATA4 - K
extracts were resolved on a 15%

SDS-PAGE and blotted on a nylo

NS

membrane with the respective E) Ct AS5(1) AS5(2) F) E’é’gﬁf;f GAsCecn S
antibodies. (D) GATA5-deficient RA - + - & w P '
TC13 cells do not elongate and NF-ATp

remain negative for Von Willebrar EPAS| | NE-ATc
factor staining even after 5 days ¢
treatment with RA. No arrest in ct ET-1 ‘

proliferation was observed in thes

|
|

cells compared to control cells. Tl TnX ] g || . . : . '
|

data shown are from two
independent clones, AS5(1) and Msx| ]
AS5(2). (E) RT-PCR analyses sh¢ '

that terminal endocardial markers Cx37 W
(EPAS-1, ET-1, Tn-X, ErbB3) are

not induced in the antisense GAT. ErbB3 ‘ == ‘
transfectants after 4 days of RA
treatment. (F) Gel shift analysis Fit1 I

using extracts from RA-treated :
GATAS antisense transfectants (/  Tubulin | |
or RA-treated control (Ctl) in
presence of cyclosporine A (CsA).
NF-AT binding is decreased in AS- and in CsA-treated cells. Note that in both cases, the decrease is greater for NF-ARG ph&indmg
was competed by 18Gelf probe (S) but not a mutant probe (M).

ATc, suggest a role for GATAS in endocardial differentiation.protein, treatment with RA did not lead to the appearance of
To test the effect of loss of GATAS function on endocardialendothelial-like morphological and biochemical changes nor to
differentiation, stable TC13 transfectants expressing am decrease in cell proliferation as in control cells, even with
antisense GATA5 cDNA were generated. Four independerimcreasing concentration (#OM) and time (5 days) of RA
neomycin-resistant clones were fully analyzed and the resulteeatment (Fig. 5D). Furthermore, unlike control cells,
were identical in all cases. As shown in Fig. 5, GATA5endothelial markers like ET-1, Fltl, and EPAS1 were not
antisense specifically targeted GATA5, blocking both mRNAinduced in cell lines lacking GATAS indicating that GATAS
and protein accumulation in response to RA. In contrasgxpression is required for endocardial differentiation (Fig. 5E).
GATA4 protein levels were not significantly altered in In order to molecularly define the stage at which differentiation
undifferentiated cells and were similarly decreased in responseas arrested, RT-PCR analyses were carried out. As shown in
to RA treatment as control cells, indicating that antisens€ig. 5E, early endothelial markers like Msx1 and Cx37 were
GATAS transfectants are still responsive to RA (Fig. 5C). Thenduced, albeit at a relatively lower level than in control cells.
expression of the GATAS antisense cDNA had no effect on thElowever, in the absence of GATA5, NF-ATc binding was no
morphology or proliferation of undifferentiated cells (Fig. 5D longer induced (Fig. 5F) although mRNA levels were
and data not shown). However, in the absence of GATA&inchanged (data not shown). This suggests that GATAS is not
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A Fig. 6. GATA5 and NF-ATc collaborate in endocardial
o GATAS Hoechst differentiation. (A) Blocking NF-ATc activation using

cyclosporine A (CsA) inhibits TC13 differentiation and
o -

(RA). Immunocytochemistry using the GATA5 antibody
was carried out as described in Materials and Methods.
Note how cells treated with CsA do not elongate or
align (arrowheads) and show reduced but persistant
staining for GATAS (red nuclei) suggesting that GATAS
induction precedes NF-ATc activation in endocardial
differentiation. (B) GATA5 and NF-ATc synergistically
activate the endothelin 1 (ET-1) promoter. (Top) A
schematic representation of the ET-1 promoter showing
the close proximity of the NF-ATc and GATA binding
sites. (Bottom) A 1.4 kbp endothelial-specific ET-1
promoter is transcriptionally activated by GATA5S and
NF-ATc as evidenced in cotransfection with increasing
amounts (0.25, 50, 100, 250, 500 ng) of either GATA5
or NF-ATc expression vectors in TC13 cells (left panel).
At limiting amount of expression vectors (25 ng)
GATAS and NF-ATc synergistically activate the ET-1
B promoter (right panel). The empty pCDNA3 and pCD-
SRa backbone vectors of GATAS and NF-ATc,

reduces GATAS induction in response to retinoic acid
CsA 100 uM + RA

ET:1 respectively, are used as controls. The results are
-162 -134 o
- expressed as fold activation and represent the mean of
| ut'—]fu\ | i Luciferase three independent experiments, each done in duplicate.
NF-AT GATA

thereby affecting cell differentiation. For this, we
used the GATA-dependent ET-1 promoter, which
is preferentially regulated by GATA5 (Nemer et
al.,, 1999). As shown in Fig. 6B, the ET-1

30 HE 35 promoter is synergistically activated in TC13 cells

25 20 by co-expression of GATA5 and NF-ATc
. 254 - L

20 s L suggesting that these two transcription factors act
2 5] cooperatively to induce endocardial gene

10 S 10l expression. Together, the results identify a

5 5 molecular hierarchy for endocardial

0 || 04 differentiation and suggest that GATA5

il P il :

Fold activation
I
Fold activation

cooperates with NF-ATc for terminal endocardial

-+ GATAS - oq| differentiation.

GATAS NF-ATc - - + + NFAL

required for transcriptional activation of NF-ATc but that DISCUSSION
GATAS induced signals are necessary for NF-ATc activation.

In mice, NF-ATc is required for proper differentiation of Cell commitment, migration, and a balance between cell
endocardial cells into valves and septa. Although the exagroliferation and differentiation of the different cell
function of NF-ATc and its molecular targets are undefinedpopulations of the heart are crucial for normal cardiogenesis.
NF-ATc appears to be required at a post-endocardial cushigkbnormalities in the expression of any factor involved in these
stage. We used the in vitro model to test the transcription&vents contribute to congenital heart disease, which represents
hierarchy between GATA5 and NF-ATc. Treatment of TC13the largest class of birth defects in human. Mutations in
cells with cyclosporine A (CsA), an inhibitor of NF-ATc cardiomyocyte-specific transcription factors such as GATA4,
activation (Fig. 5F), blocked RA-dependent endotheliaNkx2-5 and Thx5 have already been implicated in congenital
differentiation as judged by the morphologic appearance dfuman cardiac disease (Pehlivan et al., 1999; Schott et al.,
elongated (Fig. 6A) and von Willebrand-positive cells (datal998; Basson et al., 1997). The data presented above indicate
not shown). Consistent with a role for NF-ATc at a later stagéhat GATAS is required for endothelial endocardial cell
of endocardial development, induction of GATA5 wasdifferentiation. Given that these cells give rise to the cardiac
reduced though not abolished in cells treated with CsA. leushion and valves, the results implicate GATA5, or its
cardiomyocytes, GATA-4 and NF-AThave been shown to effectors, in valve formation and possibly in cardiac
physically and functionally interact to regulate genemalformations.
expression in the setting of cardiac hypertrophy (Molkentin GATA5 is a member of the zinc finger family of GATA
et al., 1998). We therefore tested whether GATAS and NFproteins, which play critical roles in cell differentiation and
ATc collaborate in regulating endocardial transcriptionorganogenesis (reviewed by Charron and Nemer, 1999). The
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Cardiogenic progeni tor Pre-endo 1 Pre-endo 2 Endocard myocyte growth (Zhao et al., 1998; Harada et al., 1997,

-« -« Schattemann et al., 1996; Shimizu et al., 1999). Additionally,

since GATAS is present in a few myocytes, a cell autonomous

® > - - role in the myocardium cannot be excluded. Experiments in
Xenopusembryos also revealed a critical role for GATAS in

endoderm differentiation (Weber et al., 2000) but did not

address its role in the heart.

Tbx20 Thx20 Tbx20 Tbx20 In contrast to the situation in zebrafish ancKenopusthe
GATA-4 GATA-4 GATA-4 GATA-4 role of GATAS in mammalian development remains uncertain
m;&";‘ﬁ M st M-Twist gi’}r;CS largely because of the phenotype of mice in whichGh&a5
¢ GATAS GATAS Miow1 gene was mutated. These mice were viable and fertile but
Msx-1 EPAS-1 females displayed genitourinary abnormalities, raising the

possibility that other GATA factors may compensate for
differentiation. Only transcription factors present at the different GATAS in endoderm and heart development (Molkentin et al.,

stages are indicated. Note that GATAS is the earliest factor that is ZOQO)' While this possibility cannot be exclu_ded, It IS worth
transcriptionally induced followed by Msx1 and EPAS1. Expression N0ting that the strategy used targeted the first coding exon,
of GATA4 and Thx20 is maintained, though at a reduced level. resulting in deletion of the first 157 aa; a truncated protein
Reduced expression of GATAS5 following cyclosporine A treatment containing both zinc fingers and the C-terminal activation
suggests that calcium signaling may be an upstream GATA5S activat@omain could still be produced and would be transcriptionally
in endocardial cells. The results obtained suggest that GATAS is  active (Nemer et al., 1999). In fact, characterization of the
required at an early stage of endocardial differentiation. Consistent Gata5 locus and cDNA analysis has already revealed the
with in vivo data, NF-ATc transcripts are present from_ the earliest presence of two alternate non-coding first exons (MacNeill et
sages of endocardal conmiment bu N ATe s acvated i 1007) resuling n two cstinct GATAS transcrpts, one of
The role of Msx1 and EPAS1 in endocardial differentiation is still which lacking the entire exon 2 (which was tar_geted In thg
undefined; Msx1 is present in endocardial cushion cells but not in th ouse model). S!JCh N-terminal truncated pro'teln — which is
endocardium, consistent with a role in epithelial-mesenchymal ound in embryonic but not adult heart (MacNeill et al., 1997)
transformation (Chan-Thomas et al., 1993). EPAS-1 is required at — r€tains DNA binding and transcriptional activation properties
terminal stages of endothelial maturation and remodeling (Peng et (Nemer et al., 1999). Given that alternate splicing and alternate
al., 2000). The appearance of both factors after GATAS during in  translation initiation have also been reported for GATAL (Ito

Fig. 7. Hierarchy of transcription factors during in vitro endocardial

vi_tro_ent_jocardial diffe_rentiation is consistent with the_ir in vivo etal., 1993; Calligaris et al., 1995; Ito et al., 1993), the possible
distribution and function, at later stages of endocardial presence of truncated GATAS protein in the GATAS5 ‘null’ mice
differentiation. cannot be ruled out. Consequently, the role of GATA5 in

mammalian development and more specifically its conserved

Gata5 gene is expressed during early embryogenesis in th@le in the heart cannot be unequivocally determined based on
primitive endoderm and in the precardiac mesoderm; withithe mouse model.
the heart, GATAS is largely restricted to the endocardial cells The work presented here, using a novel in vitro cell system,
where it is present until mid gestation when it is switched offndicates that GATA5 is essential for differentiation of
in the heart but persists in other organs like lung, gut epitheliuommitted cardiogenic precursors into endothelial endocardial
and the urogenital ridge. This pattern of expression as well &lls, suggesting that GATA5 function in heart development is
the primary GATAS sequence are conserved across speciggleed conserved across species. The results also provide
(Morrisey et al., 1997; Laverriere et al., 1994; Kelley et al.further evidence for an autonomous role of GATAS in cardiac
1993; MacNeill et al., 2000; Reiter et al., 1999). cells as suggested by analysis of the zebrafish faust mutant

A critical role for GATA5 in endoderm and heart (Reiter et al., 1999). Based on the time course expression of
development was demonstrated by the finding that ththe different endothelial markers, it is also suggested that
zebrafisifaustmutant, characterized by defects in endocardiaGATAS is not essential for initiation of endocardial endothelial
and myocardial differentiation and migration, mapstas  differentiation but rather it appears to be required for
(Reiter et al., 1999). The sequence of G&tab gene infaust ~ progression of the differentiation program. This is consistent
mutant reveals a splicing defect resulting in a 31 bp insertiowith the in vivo expression pattern of GATA5S and the findings
that introduces a frame shift disrupting the entire C-terminah thefaustmutant. Interestingly, the role of GATAS in terminal
domain of the protein or a deletion within the second zinendocardial differentiation is reminiscent of the role of GATA4
finger (Reiter et al., 1999). These mutations would result in thi@ myocyte differentiation (Grépin et al., 1997) of GATAL in
production of a transcriptionally inactive protein unable to binderminal erythroid differentiation (Shivdasani et al., 1997), and
DNA or activate transcription; moreover, the most frequentlyGATA3 in T-cell differentiation (Ting et al., 1996).
isolated cDNA encodes the C-terminal frame shift mutant The molecular basis underlying the role of GATA5 in
which, based on structure:function studies (Nemer et al., 199¢ndocardial differentiation is not defined yet but the in vitro
may act as a dominant-negative GATA protéaustmutants  system described here will allow identification of GATAS
lack endocardial cells and have reduced number of myocyteigrget genes as well as GATAS collaborators. It is noteworthy
since GATA5 expression is predominantly in endocardial cellshat many endocardial genes may well be direct GATAS targets
the defect in myocytes may be the result of defectivés they contain conserved GATA binding sites in their
endocardial-myocardial signaling including decreased levels gfromoter. These include Msx1 (Chen and Solursh, 1995), P-
paracrine factors like neuregulins, ET-1 and PDGF that act oselectin (Pan and McEver, 1993), TnX (Matsumoto et al.,
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1994), and ET-1, which was shown to be a preferential GATAS Bristow, J. (1995). Embryonic expression of tenascin-X suggests a role in
target (Nemer et al., 1999). It is also possible that GATA5 may limb, muscle, and heart developmebev. Dyn.203,491-504.
be the nuclear target of inductive signals required fOEalllgarls, R., Bottardi, S., Cogoi, S., Apezteguia, |. and Santoro, C.

. . o (1995). Alternative translation initiation site usage results in two
endocardial differentiation, such as T&;ERadee” and functionally distinct forms of the GATAL transcription fact®roc. Natl.

Markwald, 1997). In this regard, it is noteworthy that, in Acad. Sci. US®2, 11598-11602.
myocardial cells, GATA4 is targeted by cardiogenic factors offarmeliet, P., Ferreira, V., Breier, G., Pollefeyt, S., Kieckens, L.,

the TG family (Schultheiss et al., 1997; Monzen et al Gertsenstein, M., Fahrig, M., Vandenhoeck, A., Harpal, K., Eberhardt,
1999) . ’ " C., Declercq, C., Pawling, J., Moons, L., Collen, D., Risau, W. and Nagy,

.. . . . A. (1996). Abnormal blood vessel development and lethality in embryos
In addition to the myocardium, GATA4 is also prominently |acking a single VEGF allelVature 380, 435-439.

expressed in endocardial cells in vivo and in TC13 cell€han-Thomas, P. S., Thompson, R. P., Robert, B., Yacoub, M. H. and
throughout differentiation (Figs 1-5). Recent genetic evidence Barton, P. J. (1993). Expression of homeobox genes Msx-1 (Hox-7) and

suggests an important role for GATA4 in valve development 2";;_'221%"'0"'8) during cardiac development in the chisy. Dynam197,

and heart morphogenesis as revealed from a knock-in mutati@farron, F. and Nemer, M. (1999). GATA transcription factors and cardiac
affecting GATA4 interaction with its cofactor FOG2 (Crispin0  developmentSem. Cell Dev. Bioll0, 85-91.
et al., 2001). Whether this reflects a requirement for GATA4 ir¢hen, Y. and Solursh, M.(1995). Mirror-image duplication of the primary
the endocardium or in the myocardium (OI’ bOth) remains axis and helazrtén Xgnopus embryos by the overexpression of Msx-1 gene.
. . . . J. Exp. Z0ool273,170-174.

_uncerta'r_] given that the role of GATA4 in the end_ocard!u”brispino, J. D., Lodish, M. B., Thurberg, B. L., Litovsky, S. H., Collins,
is undefined. Interestingly, other GATA factors, including T, Molkentin, J. D. and Orkin, S. H. (2001). Proper coronary vascular
GATA5, which is coexpressed with GATA4 in the developmentand heart morphogenesis depend on interaction of GATA4 with
endocardium, did not compensate for GATA4 absence. OurﬁO%COfaCt%rsfe”T‘?s Dels, 833'8:4-T imoto. H.. Yoshida. H.. Ei
. H : : e la Fompa, J. L., limmerman, L. A., lakKimoto, R., Yosnida, H., 1a,
fmdmg t_hat . GATA_4 . expression _precedes GATAS in A. J., Samper, E., Potter, J., Wakeham, A., Marengere, L., Langille, B.
endocardial dlﬁerentlatlon may explain why GATAS could not | | crabtree, G. R. and Mak, T. W. (1998). Role of the NF-ATc
compensate for GATA4 in the mutant mice and suggest thattranscription factor in morphogenesis of cardiac valves and sepature
GATA4 may be essential for survival and/or proliferation of 392,182-186. _ _ ,
endocardial progenitors. The characterization of an in vitr@elome. B, Dahl, E., Jarry-Guichard, T., Briand, J. P., Willecke, K.,
del of endocardial differentiation will greatly help elucidate Gros, D. and Theveniau-Ruissy. M.(1997). Expression pattern of
moael o . 9 - y p - connexin gene products at the early developmental stages of the mouse
the molecular pathways and genes involved in commitment andcardiovascular syster@irc. Res81, 423-437.
differentiation of the endocardial lineage, including upstreanorfman, D. M., Wilson, D. B., Bruns, G. A. and Orkin, S. H.(1992).
GATA4 and GATAS regulators and downstream targets. This gr‘g;‘%’;nég’mzﬁgplt'ggnggg:esgﬁﬁénc'i;’t'ﬁ;ri‘;ewggl ?ﬁ;ﬁ;‘é’? of
in turn might provide much needed insight into valvuloseptal 1,79 1565 ’
morphogenesis, defects of which account for the majority ofisenberg, L. M. and Markwald, R. R. (1995). Molecular regulation of
congenital heart defects. atrioventricular valvuloseptal morphogenesisc. Res.77, 1-6.
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