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SUMMARY

Inductive signaling is of pivotal importance for
developmental patterns to form. InDrosophila, the transfer
of TGF( (Dpp) and Wnt (Wg) signaling information from
the ectoderm to the underlying mesoderm induces cardiac-
specific differentiation in the presence of Tinman, a
mesoderm-specific homeobox transcription factor. We
present evidence that the Gata transcription factor,
Pannier, and its binding partner U-shaped, also a zinc-
finger protein, cooperate in the process of heart
development. Loss-of-function and germ layer-specific
rescue experiments suggest thapannier provides an
essential function in the mesoderm for initiation of cardiac-
specific expression otinman and for specification of the
heart primordium. u-shaped also promotes heart
development, but unlike pannier, only by maintaining

tinman expression in the cardiogenic region. By contrast,
pan-mesodermal overexpression ofpannier ectopically
expandstinman expression, whereas overexpression of
shaped inhibits cardiogenesis. Both factors are also
required for maintaining dpp expression after germ band
retraction in the dorsal ectoderm. Thus, we propose that
Pannier mediates as well as maintains the cardiogenic Dpp
signal. In support, we find that manipulation of pannier
activity in either germ layer affects cardiac specification,
suggesting that its function is required in both the
mesoderm and the ectoderm.
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INTRODUCTION

There are striking molecular and developmental similarities
between vertebrate androsophila heart development

In Drosophila bilaterally symmetric heart progenitors are (Bodmer, 1995; Bodmer and Venkatesh, 1998; Bodmer and
specified within the dorsal most region of the mesoderm. Thedgasch, 1999). Developmentally, both vertebrate and
progenitor cells then migrate to the dorsal midline where thefprosophila hearts are formed from bilaterally symmetrical
form a linear heart tube consisting of two different cell typesrows of mesodermal cells, which will eventually migrate to the
the inner contractile myocardial cells and the outer pericardiahidline, where they will fuse to form a linear heart tube. More
cells (Rizki, 1978), subtypes of which have been identifiedmportantly,tin anddpp, two factors that determine the initial
based on gene expression, function and lineage relationshifssmation of the Drosophila heart, also have vertebrate
(Alvares et al., 2003; Han and Bodmer, 2003; Ponzielli et algounterparts (Nkx2.5 and Bmp2/4, respectively) with a similar
2002; Lo et al.,, 2002). Several regulatory genes have beéanction in cardiogenesis (Harvey, 1996; Schultheiss et al.,
identified to be required for the specification of cardiacl997). In contrast t®rosophila canonical Wnt signaling in
progenitors within the dorsal mesoderm, including thevertebrates needs to be prevented for promoting heart
homeobox transcription factor Tinman (Tin), and the BGF formation in the anterior lateral plate mesoderm (Schneider and
and Wnt signaling molecules encoded dpp and wingless  Mercola, 2001; Marvin et al., 2001). However, the non-
(wg), respectively (Bodmer, 1993; Azpiazu and Frasch, 1993%anonical Wnt pathway is required for heart formation in
Frasch, 1995; Wu et al., 1995; Park et al., 1996; Azpiazu et aliertebrates (Pandur et al., 2002).

1996; Riechmann et al., 199%yg, dpp andtin are not only Six Gata transcription factors have been identified in
necessary for heart formation, but as overexpression studiesrtebrates, characterized by two conserved DNA-binding zinc
suggest the spatial convergencewaf and dpp signaling on  fingers (Evans and Felsenfeld, 1989; Tsai et al., 1989;
cells expressingtin is also sufficient for cardiac-specific Yamamoto et al., 1990). Gatal, Gata2 and Gata3 are largely
differentiation (Lockwood and Bodmer, 2002). A mesodermakxpressed in hematopoietic stem cells (reviewed by Orkin,
mediator of ectodermalvg signaling to the mesoderm is 1998), and Gata4, Gata5 and Gata6 are expressed in several
achieved by activation of a transcription factor encoded bynesoderm- and endoderm-derived tissues, including the
sloppy-paired(Lee and Frasch, 2000), but it is not known if developing heart (Arceci et al., 1993; Kelley et al., 1993;
the cardiogenidppsignal is also mediated indirectly. Heikinheimo et al., 1994; Laverriere et al., 1994; Jiang and
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Evans, 1996; Morrisey et al., 1996), where they are thought tmyocardial/pericardial progeny, but others do not (Park et al.,
regulate cardiac-specific genes (Grepin et al., 1994; Ip et all998; Ward and Skeath, 2000; Han and Bodmer, 2003; Alvarez
1994; Durocher et al., 1997; Murphy et al., 1997) (reviewed bt al., 2003), raising the question of h@nr functions in
Molkentin, 2000). Gata4 is already expressed in the earlglifferent heart progenitor populations. We have re-examined
cardiac crescent of the lateral plate mesoderm, and in mi¢ke cardiogenic role of these two genes. We find phatis
deficient for Gata4, these heart primordia fail to migrateequired for formation of atin-expressing cardiac progenitors,
towards the midline where they normally fuse into the primitiveand loss opnr function results in loss of both myocardial and
heart tube (Molkentin et al., 1997; Kuo et al., 1997). Owing tgericardial cell populations. By contrast, lossush function
these ventral closure defects, it has been difficult taid not affect the initial expression ain in the cardiac
discriminate between a direct role for Gata4 in heart formatiomesoderm, but is required for its maintenance of expression as
and an indirect involvement via its function in ventralwell as for the correct differentiation of both myocardial and
morphogenesis. Furthermore, Gata4, Gata5 and Gata6 may peticardial cells. Moreover, specific aspects of early cardiac
in part redundantly, which may further occlude theirdifferentiation were preferentially affected: most of Sexen-
cardiogenic potential. Consistent with the direct involvementip (svp-expressing cells were absent in both mutants, more
of Gata4 in heart development is the congenital heart diseakalybird (Ibe)-expressing cells were absentpinr than inush
phenotype observed in individuals heterozygous for deletionsiutants, and the heart cells expresswen-skippefeve were
of chromosome 8p23.1 region, which includes@#d’Adgene  only moderately affected ipnr and virtually not at all irush
(Pehlivan et al., 1999; Bhatia et al., 1999). mutants. Overexpression ginr in the entire mesoderm

In vitro, Gatad interacts with a wide array of proteins,produces ectopitin expression, which is strongly antagonized
including the Tinman homolog Nkx2.5, the bHLH protein by co-overexpression afsh suggesting a dual role fash
Hand and the multiple zinc-finger protein Fog2 (Durocher ebne that is necessary for cardiogenesis and another that
al., 1997; Sepulveda et al., 1998; Lee et al., 1998; Lu et akpunteractpnr function. The heart phenotype of either mutant
1999; Sepulveda et al., 2002; Svensson et al., 1999; Tevosienrescued by mesoderm-specific expression of wild-pype
etal., 1999; Dai et al., 2002). Fog2 apparently modulates Gatar ush cDNA, respectively; and mesodermal expression of a
mediated transcriptional regulation not only as a repressor, bdbominant-negative form opnr (pnrEnR) mimics the heart
also as an activator, depending on the promoter and on cell tydefects ofpnr mutants when expressed in the mesoderm.
(Lu et al.,, 1999). Fog2 is co-expressed with Gata4 irnterestingly, dorsal ectodermalpp expression fades after
embryonic and adult cardiomyocytes, and Fog2-deficient micgermband retraction ipnr mutants and cardiac differentiation
exhibit severe developmental heart defects, suggesting a diréstalso compromised whepnrEnR is overexpressed in the
cardiogenic requirement (Tevosian et al., 2000; Svensson et agtoderm. Moreover, mesoderm-specific expressidimioker
2000). Moreover, these heart defects are rescued by cardigbrk), a repressor aipptarget genes (Jazwinska et al., 1999;
specific transgenic expression of Fog2, providing stron@hang et al., 2001), has a similar phenotypprasnutants or
evidence for a cardiac autonomous function (Tevosian et amesodermapnrEnR expression, suggesting tipatr may be
2000). mediating, at least in part, the cardiogedpp signal in the

The three Gata factors foundDmosophila(pannier, serpent  mesoderm. Thus, we propose a dual role gor in heart
and grain) also play important developmental roles (Abel etdevelopment: (1pnr functions as a mesodermal target and
al., 1993; Ramain et al., 1993; Winick et al., 1993; Lin et al. mediator of the ectodermally derivelgp signal by acting in
1995; Heitzler et al., 1996; Rehorn et al., 1996; Sam et alconcert withtinman and (2) pnr is also required in the
1996; Riechmann et al., 1998; Gajewski et al., 1999; Browectoderm for maintaining dorsal strigpp expression.
and Castelli-Gair Hombria, 2000; Calleja et al., 2000; Herranz
and Morata, 2001)serpentis required for endodermal gut
development, mesodermal fat body formation andMATERIALS AND METHODS
hematopoiesis.grain is involved in filzkorper and head
skeleton morphogenesipannier (pnr) is best known for its
requirement during embryonic and adult dorsal closure, and f

dorsomedial patterning. T@rosqphllacounterpart of Fogz, . put nine amino acids of thpnr-coding region at the N terminus
U-shaped (Ush), can _physma]ly mteract.Wlth Pnr, and (as Vf”t&‘eitzler et al., 1996)Df(2)ushev18is a null allele that deletes the
Gata4 and Fog2) this interaction is mediated by the N-termin@hjre gene and some flanking genomic DNA (Cubadda et al., 1997).
zinc finger of Pnr, which is thought to antagonize the role ofsisexpression of full-length transgenes was achieved using the Gal4-
Pnr as a transcriptional activator (Haenlin et al., 1997; Cubaddsns system (Brand and Perrimon, 1993), using the following stocks:
et al., 1997). At blastodernpnr and ush are expressed in UAS-pnr(Haenlin et al., 1997)JAS-ush(Cubadda et al., 199)AS-
response to the dorsal morphogen encodedpipy(Winick et pnrD4 (Haenlin et al., 1997)JAS-tin(Ranganayakulu et al., 1998),
al., 1993; Jazwinska et al., 1999; Ashe et al., 2000), and akAS-brk(Jazwinska et al., 1999)AS-pnEnR (see below), da-Gal4

thought to be part of the process that subdivides the dors@lodarz etal., 1995), ZKr-Gal4 (Frasch, 1995), 69B-Gal4, 24B-Gal4
ectoderm (Herranz and Morata, 2001). (Brand and Perrimon, 1993), twi-Gal4 (Greig and Akam, 1993) and

It has been proposed thanr promotes myocardial as twi-Gal4;24B-Gal4 (Lockwood and Bodmer, 2002). twi-Gal4, 24B-

dt icardial cell fat ithin th di d Gald and twi-Gal4;24B-Gal4 drive expression of UAS constructs
Opposed 1o pericardial cell fales within theé cardiac meso erl@(clusively within the entire trunk mesoderm, without detectable

(Gajewski et al., 1999; Gajewski et al., 2001) and tsdt  expression in the ectoderm. twi-Gal4 initiates expression earlier (at
antagonizes this function (Fossett et al., 2000; Fossett et gbast by stage 9) than 24B-Gald (stage 11). ZKr-Gald drives
2001). Recent lineage studies, however, have indicategkpression exclusively in the dorsolateral ectoderm, with highest
that some heart progenitors give rise to mixedevels in segments T3-A3, whereas 69B-Gal4 drives expression

Drosophila stocks

dihe following mutant stocks were usguhrVX6is considered to be
a null allele, because it contains a small deletion that eliminates all
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Fig. 1.Expression patterns phr andushin

stage 11 embryos. (A-C) Confocal optical
section (2um) through the mesoderm of two
abdominal segments double labeled for Mef2
(A,C) protein angnr RNA (B,C). Note that

pnr RNA is present at high levels in the cardiac
mesoderm surrounding Mef2 labeled nuclei.
(D) A wild-type embryo cross-section showing
the relative patterns ¢ih, pnr, ushanddpp
expression.
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predominantly throughout the ectoderm but with less germ layethe 2.9 kbdpp E55 fragment (Padgett et al., 1987), tingorobe from
specificity than ZKr-Gal4. da-Gal4 drives expression ubiquitouslya 1.7 kb insert (Bodmer et al., 1990), e probe from a 3.1 kb

The following stocks were used for the rescue experiments: insert (Mlodzik et al., 1990), thenr probe from a 1.6 kb fragment
UAS-pnr;pnrVX6/TM3-P[twi-lacZ] (Ramain et al., 1993) and thandprobe from a 0.5 kb insert (Moore
twi-Gal4;pnrVX6/TM3-P[twi-lacZ] et al., 2000).

UAS-pnr;pnrVX6,da-Gal4/TM3-P[ftz-lacZ] For expression analysis, 25-50 embryos were used as a sample size.
Df(2)ushev1§CyO-P[wg-lacZ];UAS-ush Embryos were placed in categories based on expression: +, less than
Df(2)usHev1§CyO-P[wg-lacZ];24B-Gal4 1/4 staining or expression when compared with wild type; ++, 1/4 to
UAS-pnr;pnrVX6,ZKr-Gal4/TM3-P[ftz-lacZ] 1/2; +++, 1/2 to 3/4; ++++, 3/4. When ZKr-Gal4 was used, only the

All crosses were performed at 29°C. Combinations of transgensegmentsT3-A3 were assayed.
insertions were generated using standard genetic crosses. Oregon-R
was used as the wild-type reference strain.

Dominant-negative Pannier RESULTS

The dominant-negativenr (UAS-pnEnR) was constructed according : :
to the strategy described by Fu et al. (Fu et al., 1998). Basically thoenr. and' ush are requ_lred for both myocardial and

construct contains the repressor domain fesrgrailed(EnR, amino pericardial cell formation

acid 2-298) (Jaynes and O'Farrell, 1991; Smith and Jaynes, 199pNr andushare both expressed in the mesoderm at the time of
Tolkunova et al., 1998) and the two N-terminal zinc-finger domain€ardiac mesoderm formation (Fig. 1), in addition to their
from pnr (amino acid 153-293) (Ramain et al., 1993). Phezinc-  expression in the dorsal ectoderm. Mesodermal expression of
finger domains were PCR amplified from the full-lengtit cODNA  pnr s restricted to the dorsal cardiogenic margin, wheunshs

(5 primer, CATCTCGAGATGCAGTTCTACTCGCCAAACGCC;  extends more laterally (Fig. 1D) (Gajewski et al., 1999; Fossett
Sprimer, GCTCTAGACTACCTCCAAAGTGGAGCCTGTTC) and g 51 2000). In order to assess the requirememtrioandush

inserted into Xhd- and Xbd-digested pUAST vector already . . .. . . . i -
containing the EnR domain (Fu et al., 1998; Han et al., 2002)'”. initiating cardiac mesoderm and cardiac cell type-specific

Transgenic flies were generated as previously described (Brand aqgferent'at'on’ we first examinedtin —expression at

Perrimon, 1993). progressively later developmental stages in null mutants for
both pnr and ush During mid-stage 11tin is expressed
Immunohistochemistry and in situ hybridization segmentally in two regions of the mesoderm (Fig. 2A). The

Immunohistochemistry and in situ hybridization were performed a§lorsal clusters of cells correspond to the cardiac precursor
described (Wu et al., 1995), except that Cy3- or FITC-conjugate€ells, whereas the lateral clusters will become part of the
secondary antibodies (The Jackson Laboratory) were used faisceral mesoderm. In same stgg® mutant embryostin
fluorescent confocal microscopy. Fluorescent in situ double labelingxpression is dramatically reduced in the clusters that
was performed as described (Knirr et al., 1999). For Lbe staining théorrespond to the cardiac precursors, indicating that
TSA Plus Fluorescence System was used (Perkin Elmer). Embryggrdiogenesis is not being initiated (Fig. 2B,@).expression
were mounted in VectaShield (Vector Laboratories). Fluoresceqh the visceral mesodermal clusters, as weliragxpression

embryo staining was analyzed by using a Zeiss LSM510 confoc ‘o : . :
microscope. Primary antibodies were used at the following dilution %arller in development, is unaffected, suggesting the heart is a

rabbit anti-Eve, 1:300 (Frasch et al., 1987); mouse anti-PC 1:1563(:6“_ point f_or pnr f“”Ct'OU’ Whmh IS consistent Wlth. Its
(Yarnitzky and Volk, 1995): mouse anti-Lbe 1:40 (Jagla et al., 1997)c@rdiac-restricted expression in the mesoderm (Fig. 1)
and rabbit anti-Mef2 1:2000 (Lilly et al., 1995). Biotinlylated (Gajewski et al., 1999). By contragish mutant embryos
secondary antibodies (Vector Laboratories) were used at 1:200. THaitially seem to exhibit normain expression (Fig. 2C,D). At
following RNA probes were used: tligp probe was generated from later stages, whetin expression is solely restricted to the heart



3030 S. Klinedinst and R. Bodmer

WT pnrVXé Df(2)ush M pnr Mush

A TS R —-
. £ 60%
S P e RE 11
By w e - Swe * 0% s
e tinman
E F G - H 100%

uy - £ 80%
-y 4. . < 60%
- _— € 40%
- . - k-
----- - f ‘ 1 |
0% ..

——— |||'|mar|

100%
. 5 4 o & S e e 2 80%
L 54 \ £ 60%
. £ 40%
= 20% _l
T o9 - . |
At +
tinman
P 100%
80%
Z 60%
5 qow
L
£ 20% I
0% -
Eanad Eand ++ +
Eve
T 1o
£ 80%
£ 60%
< 40%
#20%
0% - sl
-+ b ++ +

x 100%

" 80%

w
s ’ B - i L
Mw« | qu' T

Y1 2 LYY Ys Sk

2 80%
= 60%
40%
A A A £ 20%
0% -
+

ericardin

<
B

e of embryos

raw

cells, ush mutants display a progressively more severe2000; Han et al., 2002). To determine which heart cells are
reduction intin expression, approaching the phenotyperaf  affected inpnr andushmutants, we examined mutant embryos
mutants (Fig. 2E-L). Thus, botinr andushare required for with various markerseve for example, is co-expressed with
heart-specifitin expression, althougishseems to be initially tin in 11 clusters of heart progenitors (Fig. 2M), and these
dispensabile. lineages give rise to a subset of pericardial cells (Frasch et al.,
Even thoughin is initially expressed in all heart progenitors, 1987).eveexpression is only moderately reducedpimr and
its expression is later turned off in some specific lineages, bbardly at all inushmutants at early as well as later stages (Fig.
continues to be expressed in many myocardial and pericardiaM-S; note, however, the patterning defects at progressively
cells (Bodmer, 1993; Ward and Skeath, 2000; Venkatesh et alater stages in Fig. 2R,S). By contrast, ltheeexpressing heart
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Fig. 2. pnrandushare required for myocardial and pericardial cell ~ pnr can activate but not efficiently maintain ectopic

formation. (A-L)tin expression. (A-D) Mid-stage 11. (A) Wild-type  tin expression

embryo expressintin segmentally in two clusters of cells. The Analysis of pnr and ush mutants suggests that both genes
dorsal clusters (arrow) correspond to the cardiac precursors and they,netions are required for heart formation. In order to explore
lateral clusters (arrowhead) correspond to visceral mesoderm. their functional relationship in heart development further, we

(B) pnr mutant embryo exhibiting normth expression only in the . g -
lateral clusters (arrowhead), but not in dorsal clusters (arrow). performed overexpression studies. Whem is expressed

(C) ushmutant expressingn normally. (D) Histogram ofin throughout the mesodermtin expression is no longer
expression in the heart progenitoraf andushmutants at mid- confined to the heart precursors by late stage 11, but is
stage 11. (E-H) Late-stage 11. (E) Wild-type embryos expreising expanded laterally throughout the mesoderm, suggesting that
in the cardiac mesoderm. (F)r and (G)ushmutants exhibiting a pnr is sufficient to ectopically initiatéin expression within
reduction intin expression (arrow). (H) Histogram tirfi expression  the mesoderm (Fig. 3A,B). This is in contrast to mesodermal
in the heart progenitors phr andushmutants at Iate-stggg 11. overexpression oftin, which does not seem to cause
(I-L) Stage 13 embryos. (#r and (K)ushmutants exhibiting significant initiation of cardiogenesis without spatially

reducedin expression (arrow). (L) Histogram tifi expression in ; ; ; ; :
the heart progenitors ghr andushmutants at stage 13. (M-P) Late intersecting withdpp (and wg) signaling (Lockwood and

stage 11 embryos stained for Eve. (M) Wild-type embryo expressingﬁOdmer’ .2002)'dMUCh of this Igtersl expgnsmrtlnf;jrlvenh
Eve in 11 clusters of cells. (N) pnr mutants, the number of Eve y ectopicpnr does not persist beyond stage 13, where

cells is reduced (arrow). (O) ishmutants, Eve stained cardiac ectopictin is reduced to small ventrolater_al cell clusters (I_:lg.
clusters are indistinguishable from wild type. (P) Histogram of Eve 3H). These results suggest tipar can activate early ectopic
expression in late stage por andushmutants. (Q-T) Stage 13 expression ofin, but by itself is insufficient to maintain it at
embryos stained for Eve (red) and Lbe (green). (Q) Wild-type significant levels.

embryo. (R)pnr mutant embryo exhibiting dramatically reduced Lbe o )

staining and moderately reduced Eve staining (arrowugs) ush is likely to play a dual role in heart development

mutant embryo exhibiting near normal amounts of Lbe and Eve  As ush is required to maintairin expression in the heart-
staining, although the segmental pattern is perturbed (compoundedforming region, we wanted to seetish can also provide a

by defects in germ band retraction). (T) Histogram of Lbe expressiopnaintenance role ectopically. Pan-mesodeushexpression,

in stage 1pnrandushmutants. (U-X) Stage 13 embryos expressing ) \yever, does not cause an expansion but rather a reduction of
svpRNA in the cardiac mesoderm (indicated by arrows). (U) Wild cardiac-épeciﬁdin expression (Fig. 3C,1), similar tashloss

type. (V)pnrand (W)ushmutant embryos exhibiting severely . . I
reducedsvpexpression in the heart. (X) Histogramswbexpression of function (Fig. 2G,K). These findings suggest that a correct

in stage 13nrandushmutants. (Y-Z) Dorsal view of stage 16 amount ofushactivity is crucial for heart development, which
embryos stained for the late pericardial cell marker Pericardin is consistent with a model in which Ush and Pnr act in a
(Yarnitzky and Volk, 1995; Chartier et al., 200@jr, ushandraw multiprotein complex. To examine this idea further, we co-

mutants do not complete dorsal closurey) Wild type. (Y2) pnrand  overexpressed both genes throughout the mesoderm. Similar to
(Y3) ushmutants exhibiting a severe decrease in pericardial cells overexpressingush alone, co-overexpression results in a
(arrowheads). (¥) Histogram of Pericardin expression in stage 16  reduction intin expression (Fig. 3D,J), unlike what is observed
pnrandushmutants. (Z) Dorsal operaw mutant exhibiting an with overexpression abnr alone, suggesting that excassh
excess in pericardial cell staining. inhibits the level otin activation bypnr in normal as well as

ectopic locations. This repressor functiorushis reminiscent

of its role in adult mechanosensory bristle formation and thorax
progenitors, which produce both myocardial and pericardialevelopment (Cubadda et al., 1997; Sato and Saigo, 2000;
cells, are dramatically reducedgnr but less so inlshmutants ~ Tomoyasu et al., 2000). These results further support the idea
(Fig. 2Q-T). Moreover, thesvpexpressing cells, which also that the appropriate level ofhactivity is crucial for correct
give rise to a mixed lineage, but cease to co-expiress later  heart development.
stages, are dramatically reduced in both mutants (Fig. 2U-X). Previous data suggest that Ush exerts its inhibitory activity
Thus, all lineage markers we assayed are reduced in bdby binding to the N-terminal zinc finger of Pnr, an interaction
mutants, but each is affected with disproportional severitythat is blocked in the allelenrD4, which has an amino acid
which is consistent with the idea that the formation of each ceflubstitution in this domain and thereby abolishes Ush binding
type has a direct requirement fonr andush to Pnr (Haenlin et al., 1997). When we overexpressed this gain-

By stage 16, dorsal closure is complete and the linear heast-function allele ofpnr in the mesoderm, we also observed

tube has assembled beneath the dorsal midline. A genersdtopic induction of ventrolateréih expression in late stage
marker for pericardial cells shows a severe reduction in thesel embryos (Fig. 3E), as with overexpression of the wild-type
cells in both mutants (Fig. 2YY4). As pnr andushmutants  form of pnr (Fig. 3B). At later stages, however, ectofiit
fail to undergo dorsal closure, we wanted to determine if thifevels increase dramatically in the ventrolateral mesoderm and
process was a prerequisite for cardiac cell-type specificatioexceed those of wild-typ@nr mesodermal overexpression
by perhaps causing heart defects indirectly. As a test of th{gig. 3H,K). Unlike co-overexpression of wild-tygmr and
hypothesis, we examined another dorsal closure mutamt, ush usingpnrD4in conjunction withushdoes not causeush
(Byars et al.,, 1999), in which we observe pericardial cellike phenotype but rather one likenrD4, which produces
staining that is normal or in excess along the dorsal mesodemctopictin expression (Fig. 3L), suggesting theshis unable
(Fig. 22). This increase in cardiac differentiation is probablyto inhibit the gain of function of thisnr allele. Taken together,
due to an excess idpp signaling. Thus, a dorsal open these data are consistent with a dual functiougf (1) a
phenotype in itself is insufficient to compromise cardiacpositive role in maintainingtin expression within the
differentiation. cardiogenic region and (2) a negative role in limiting the level
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Fig. 3. Pan-mesodermal A
expression in progeny of the cro

between twi-Gal4;24B-Gal4 drivi el
and UAS-cDNA containing W P

transgenic flies. (A-Fjn
expression in late-stage 11
embryos. (A) Wild type. (BUAS-
pnrembryo shows ectopic D
expression in the ventrolateral
mesoderm (arrow). (3Q)AS-ush
embryo shows unaltered or
slightly reducedin expression
(arrows). (D)UAS-ush,UAS-pnr g - A s e §

embryo shows a moderate UAS-ush,UAS-pnr : UAS-ush;UASpnrD4
reduction intin expression
(arrow). (E)UAS-pnrD4shows an @ H .

increase irin expression in the i gy~
ventrolateral mesoderm, similar ]
UAS-pnrembryos (B). (FUAS-
ush;UAS-pnrDZ&mbryo shows ar
increase ifin expression in the
ventrolateral mesoderm, similar
UAS-pnrD4embryos (E).

(G-L) tin expression in stage 13
embryos. (G) Wild type. (HYAS-
pnrembryo shows moderate
ectopic expression in the
ventrolateral mesoderm (arrows
(I) UAS-ustembryo shows a
moderate reduction itin
expression. (YAS-ush,UAS-pnr
embryo shows a similar decreas
in tin expression as iWAS-ush
embryos (I). (K)UAS-pnrD4
embryo shows dramatic ectopic
expression in the ventrolateral
mesoderm. (LYAS-ush;UAS-
pnrD4 embryo shows a similar
increase in ectopitin expression as IWAS-pnrD4embryos (K). (M-OHandexpression in stage 13 embryos. (M) Wild type. (IS-pnr
embryo shows moderate ectopic expression in the ventrolateral mesoderm,tas(#jth(O) UAS-tin;UAS-pnembryo shows an increase in
ectopicHandexpression in the ventrolateral mesoderm that is comparablémiétkpression in embryos with mesodermal overexpression of
UAS-pnrD4(K).

UAS-ush

UAS-ush;UASpnrD4

UAS-pnr

UAS-tin;UAS-pnr

and spatial distribution gdnr activity (see Fig. 1D for normal patterning information is required for heart development
patterns of expression). (Bodmer, 1993; Azpiazu and Frasch, 1993; Frasch, 1995; Wu
To determine ifponr cooperated within in heart formation, et al., 1995; Park et al., 1996; Azpiazu et al., 1996; Lockwood
we examined other markers of cardiac-specific differentiatiorand Bodmer, 2002). Agnr andushare expressed in both of
Similar to the presence of ectopim (Fig. 3H), ectopic these germlayers (Fig. 1) (Winick et al., 1993; Heitzler et al.,
expression oHand, a general heart marker (Fig. 3M) (Kolsch 1996; Calleja et al., 2000; Gajewski et al., 1999; Fosset et al.,
and Paululat, 2002), is also observed ventrolaterally yghen 2000; Herranz and Morata, 2001), it is possible they are
is induced throughout the mesoderm (Fig. 3N). Interestinglyrequired for heart development in either or both germlayers.
more ectopiddandexpression is induced by co-overexpressingWe already showed that mesodermal overexpressionraind
pnras well agin (Fig. 30), similar to the extent of ectopin ushalterstin expression, demonstrating that these two genes
with pan-mesodermainrD4 (Fig. 3K). This indicates thainr  can influence heart development within the mesoderm. In order
and tin act synergistically in their ability to induce heartto test for a specific germlayer requirement directly, we
formation (overexpression ¢fh alone does not cause ectopic overexpressed these genes in the respective mutant background
heart induction) (see Lockwood and Bodmer, 2002), and thaither in the mesoderm or the ectoderm (see Materials and
the presence of ‘activated’ PnrD4 is sufficient to sustain heaiMethods). We then assayed for restoration (i.e. rescug) of

formation. expression within the heart-forming mesoderm of these rescue
) o embryos. Whenpnr or ush is rescued in the mesoderm

pnr and ush are required within the mesoderm and specifically, 57% and 52% of the embryos, respectively, show

ectoderm for heart development cardiac-specifidin expression that is restored close to wild-

It is well established that both ectodermal and mesodermalpe levels (Fig. 4A-C). The ubiquitous da-Gal4 driver confers
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Fig. 4. Germ layer-specific A Pannier Rescue

requirement opnr andushfor S i c E
heart formation. oS00 | EoamE g "

(A,B) Histograms otin _§'au% : g

expression in stage J#r and E 40% - o ?“

ushmutants with (‘rescue’) or 3 20% A -""'W

without mesodermal s 0% - . =
overexpression of wild-type HH + EPRALE L0 P
cDNA for pnrandush B U-shaped Rescue

respectively (see Materials an B D2)ush

Methods). (A) Mesodermal 100% 7 @24BGal4 rescue

(vellow) and ubiquitous (blue) gggi

pnr restoregin expression wheil £ 40% |

. B 0
compared witlpnr mutants < 20% | I o I .
(red); however, ectodermal e 0%

rescue (orange) moderately A 3
restoregin expression in a sme
percentage of embryos. G

(B) Mesodermal (bluedish

rescue also restorés

expression in a large proportio -

of embryos when compared w v 2.
ushmutants (red). (Cpnr

mesodermal rescued embryo

shows restoretin expression, J

when compared with wild type

(Fig. 2E). (D)pnr ectodermal o mm
rescued embryo exhibits

moderately decreaséia

expression (brackets indicate 1

embryonic domain affected wit..

the ZKr-Gal4 driver). (E-L) Overexpression @AS-pnENR (see Materials and Methods) in either the mesoderm or the ecttid€iyF) and
Eve (G-L) expression. (E,G-l) Late stage 11. (F,J-L) Stage 13. (E) Mesodermal overexprgssim@fcauses a dramatic reductioriim
expression already at late stage 11. (F) Ectodermal overexpression causes a moderate retfuekipression that occurs only in later stage
embryos. (G,J) Wild type. (H,K) Mesodermal overexpressiggndEnR causes a decrease in mesodermal Eve, simpar toutants (Fig.

2N). (I,L) Ectodermal overexpression causes a moderate reduction of Eve only in later stage embryos (L).

similar levels of rescue (Fig. 4A), which suggests that forceémbryos). Similar observations were obtained when assayed
mesodermal expression of these genes is sufficient to initiafer Eve staining (Fig. 4G-L), except that Eve is affected less
proper heart formation. However, this interpretation does ndhantin at early stages, similar tmr null mutants (Fig. 4E,H,
exclude the possibility that ectodernpair andushexpression  compare with Fig. 2D,P). The fact that interference \pith
is also a contributor to heart-specifit expression. Ectoderm- function predominantly in the ectoderm leads to a reduction in
specific rescue opnr, using ZKr-Gal4 (Frasch, 1995) (see cardiac differentiation indicates strongly thatr function is
Materials and Methods), restores a considerable amodint of normally required not only in the mesoderm, but also in the
expression in a small but significant numberpaf mutant  ectodermal germlayer in order to achieve wild-type levels of
embryos (Fig. 4A,D), suggesting thanr activity in the cardiogenesis. Apnr codes for a transcription factor, its
ectoderm can also contribute to cardiogenesis. Because tbetodermal role in heart formation is probably indirect,
level of ectodermal rescue is low, we cannot rule out that thisequiring induction across germlayers.
ectodermal driver also allows low levels of mesodermal
expression, which may be sufficient to achieve considerabliaintaining dpp expression in the dorsal ectoderm
rescue. Nevertheless, these results are consistent with tfggluires pnr and ush
hypothesis thapnr and ush are mediators of an ectodermal As previously described, the expression patterpnoAndush
cardiogenic signal within both germlayers. are initially broadly induced bypp in the dorsal ectoderm

To test the idea further thphr is normally required in both  (Winick et al., 1993; Ashe et al., 2000). Later, these expression
germ layers, we interfered withnr activity by expressing a patterns are further refined but continue to overlap spatially
dominant-negative form opnr (pnrEnR, see Materials and with ectodermaldpp (as well aswg) expression, but their
Methods) in the ectoderm or the mesoderm. WheknR is  genetic relationship at later stages is not known. The
expressed throughout the mesoderm, a dramatic decragase inmaintenance oflpp expression in a thin dorsal ectodermal
expression is observed (Fig. 4E). WhawENR is expressed stripe (Fig. 5A) is thought to be essential for controlling dorsal
in the ectoderm using the 69B-Gal4 driver, which is broademorphogenesis and closure by regulating a number of target
but slightly less ectoderm-specific than ZKr-Gal4, eaity = genes (Winick et al., 1993; Heitzler et al., 1996; Calleja et al.,
expression is undiminished (data not shown), but at later stag2800; Herranz and Morata, 2001). pgr also exhibits an
a moderate decrease is observed (Fig. 4F, typical of 10% of teetodermal requirement for heart development, we
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Fig. 5. pnrandushmutants exhibit
reduceddppexpression. (A-C) Stage 11.
(D-F) Stage 13. (A,D) Wild-typdpp
expressiondppis expressed in two D
stripes, one along the dorsal edge of the
ectoderm and the other more latergpiyr i ;
andushmutants exhibit normalpp e
expression at stage 11 (B,C), but reduced
expression at later stages (E,F). Note gaps
in dppexpression (arrows).

hypothesized thginr may be needed for maintaining latep

Df(2)ush

first by mediating the early Dpp signal within the mesoderm

expression (Herranz and Morata, 2001), which in turrand later by maintaining ectodernaygp expression.
contributes to the progression of cardiogenesis (Lockwood and To test if the immediate target genes of the cardiogenic Dpp

Bodmer, 2002). A late role fordpp in maintaining

signal transduction pathway are activated within the mesoderm

cardiogenesis has been difficult to ascertain, because the stagein the ectoderm or both, we examined the cardiogenic role
11 dorsal stripe expression could not be abolished easily of brk, a transcriptional repressor dpptargets (Sivasankaran

selectively. When we examinelppp expression ipnr andush

et al., 2000; Kirkpatrick et al., 2001; Rushlow et al., 2001;

mutant embryos, we find that dorsal ectodermal strip&aller and Bienz, 2001; Zhang et al., 2001). Whek is
expression oflppis present at stage 11, but is progressivelyexpressed throughout the mesoderm, there is a considerable
reduced after germband retraction (Fig. 5). This finding iseduction in cardiogenesis as assayetirbgndeveexpression

consistent with the idea that ectodermpat/ushfunction acts

via maintenance oflpp in a dorsal stripe overlaying the mesodermal
mesodermapnr maybe a primary target of the cardiogenic
Dpp signal. Moreovehrk overexpression in the ectoderm with

forming heart. Thugpnr/ushis likely to play a crucial role in
a crossregulatory network of the cardiogenic functiodpy

A

twi:24B=UAS-brk
E tin F tin

'\l—'-."f

ZKrGald>UAS-brk 69B>UAS-brk

H dpp

G dpp
» i /Q\‘ ‘.“H" )
““' - f"’dd’!*"‘

ZKrGal4>UAS-brk 69B>UAS-brk

(Fig. 6A-D), similar to what is observed pnr mutants and

expression opnrEnR. This suggests that

the early onset ZKr-Gal4 driver selectively reduces
cardiac-specifitin expression as early as stage 11 (Fig.
6E, compare with Fig. 2B). This is unlikely to be due
solely to an elimination of ectodermgaihr expression,
which causes a weaker and later-onset reduction of
cardiactin (Fig. 4F). Therefore, we examined dpp
expression itself is inhibited by ZKr-Gal@AS-brk
Indeed,dpp expression is significantly reduced within
the ZKr-Gal4 expression domain already at stage 11
(Fig. 6G), which is much earlier than is the casprin
mutants, suggesting théppis a direct target dirk. By
contrast, whetbrk is overexpressed with the later onset
ectodermal driver, 69B-Galdin expression appears to
be reduced later and only slightly (Fig. 6F),

Fig. 6. Mesodermal or ectodermal overexpressiohr&f
causes a decreasetiim (A,B,E,F), Eve (C,D) andpp(G,H)
expression. (A,C) Late stage 11 wild-type embryos.

(B,D) Late stage 11 twi-Gal4;24B-GaldgAS-brkembryos
exhibiting a severe reductionim expression (B) and in the
number of Eve clusters (D). (E) Mid-stage 11 ZKr-
Gal4>UAS-brkembryo exhibiting a selective reduction of
cardiac (arrow), but not visceral (arrowhetid)expression

in the domain affected by the ZKr-Gal4 driver (brackets).
(F) 69B-Gal4*JAS-brkembryo showing a slight reduction in
cardiactin expression (arrow) at stage 13, but not at earlier
stages (data not shown). (G) Mid-stage 11 ZKr-GdlS-

brk embryo exhibiting a selective reduction of dorsal
ectodermatippexpression (arrow) in the Kr domain
(brackets). (H) 69B-Gal43AS-brkembryo showing a
moderate reduction in dorsal ectoderihaph expression
(arrow) at stage 13, but not at earlier stages (data not shown).
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accompanied by a weak and late reductiodpgd expression

(Fig. 6H). These data suggest that the Dpp pathway direct dpp —— Dn,r
affects targets in the mesoderm, and fafush(along with ] e ST stage
tin) are likely mediators and effectors app signaling that is S 6

necessary for proper heart development (illustrated in Fig. 7 W ===lwist

pnr
ush stage
8-10

DISCUSSION dpp ——

It has been previously reported tlpar promotes myocardial : o

cell fates and opposes that of the Eve pericardial cell

(Gajewski et al., 1999), whereas the functionush was to

limit the development of both by interfering with dorsal dppios ——— P’

spreading of the ventrally invaginated mesoderm (Fossett et & \ ? ush e stage
2000). In this study, we present evidence tiratandushare . ' /i 1
part of the initiation and maintenance process of cardiogenes PlcMie—  Sncs
respectively, and that they are required for the formation c ush —
both myocardial and pericardial cell fates.pimr mutants tin ;

expression is normal until early stage 11, but by mid- to late dppes) ———
stage 11 becomes dramatically reduced along the dors g
mesodermal edge, where the heart precursors normally for
indicating a failure to specify cardiac mesoderm. By contras
cardiactin expression irushmutants appears normal initially,
and only later begins to exhibit a pronounced decreasa in
expression, considerably after dorsal mesodermal migration
complete, unlike what was observed in migration-defectiv?:_ — tic network involved B hilaheart
heartlessmutants (Gisselbrecht et al., 1996), indicatirstyis dlg' . € gter;e {ﬁ ne wlor mgo Ve trosgp ra eag H
involved in maintaining cardiac differentiation. evelopment. In the early embryo (stage 6), lpotrandushare

. S . . induced bydppin the early ectoderm. Twist, a bHLH factor, induces
Even thougtin expression is dramatically reduced in earlyin expression in the early mesoderm. By stage Bfiléxpression is

and late stagepnr and ush mutants, respectively, cardiac restricted to the dorsal mesoderm (DM) digpsignaling from the
subtype-specific gene expression is not affected equally. kttoderm. By stage 11, wheppis expressed in a thinner dorsal
stage 13 embryosve, Ibe- and svpexpressing cells were stripe (DS)pnr expression is initiated in the presumptive cardiac
more affected ipnr than inushmutants, presumably because mesoderm (CM) at the dorsal mesodermal margin, presumably by
the reduction in cardiam expression occurs earlierpnrthan  dppandwgsignaling from the ectoderm in the contextinf(DM).

in ushmutants. The largest difference in susceptibilitptos By late stage 11, we propose tbat (in conjunction with
relative toushwas observed wittbe expression. Of the three €ctodermatippandwg signaling) initiates the expressiontaf in

cardiac cell type-specific markers, Eve is the least sensitive {Be cardiac mesoderm. By late stage 11 and stageshis, needed
! 0 help maintain the expressiontof in the cardiac precursors. By

pnr Ioss-_of-functlon. We_ specu_l_ate that th.'s difference may bgtage 12/13pnr andushare also needed to maintain ectoderdpgd
due to direct versus indirect (i) regulation of the relevant  gynression in the dorsal stripe and are also mediating the ectodermal
enhancers bpnr. signal ofdppin the mesoderm. In these later stagstmay also be
Ectopic ventrolaterdin expression is observed whpnris  needed to limit the ability ginr to activatetin expression in the
overexpressed in the mesoderm. This expansiontirnin ventrolateral mesoderm. Based on the data presented here, we
expression is reminiscent to what is observed wihgm is propose the model that during the spatial convergengppfvg and
expressed throughout the mesoderm (Lockwood and Bodméin during cardiogenesis, the crucial mediator and executioner of the
2002). This raises the question of whethmr directly — dppsignalis likely to bepnr.
regulatedin expression, or indirectly througipp(or both). As
shown previously, global overexpressiorpaf causes ectopic
dpp expression in the ectoderm (Herranz and Morata, 2001)hat they both contribute to maintaining each other’s
However, we find that pan-mesodermal overexpressigmiof expression. Bottin andpnr have been shown to be targets of
does not cause an expansion apfp expression in the Dpp signaling at stage 9/10 (Xu et al., 1998; Ashe et al., 2000).
mesoderm or the ectoderm (data not shown). This suggests the¢ propose thadppis necessary again at stage 11 to activate
pnrmust be able to activate the expressiotinagither by itself  and maintairpnr andtin expression in the cardiogenic region
or with some other factors, excludinglpp in this of the mesoderm (Fig. 7). Firgipris activated with the help
overexpression assay. This does exclude the possibility that early stage 11in, which is expressed broadly throughout
normally pnr and ectodermal Dpp signaling could act inthe dorsal mesoderm, adgp which is expressed in a narrow
parallel to activatdin expression in the heart primordial (see dorsal ectodermal stripe. Then, at mid-stageit1s restricted
below). The ability ofponr to activatetin is likely to be direct, to the cardiogenic region with the help of mesodenpmalas
as a heart-specific enhancer tof (Venkatesh et al., 2000) well as continuous ectodermal Dpp signaling. Once both are
contains several consensus Gata sites (M. Liu and R.Bactivated in the cardiogenic mesoderm, they are likely to
unpublished). As shown by transcription assays (Gajewski ebntribute to the maintenance of each other’s expression,
al., 2001),pnr is also a likely direct target d@in, suggesting probably aided again, but only moderately, by ectodermal Dpp

pAL
u?h i stage
— 12-13
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signaling. This interpretation is consistent with mesodermahe thin dorsaldpp stripe (Fig. 1D). The early ectodermal
versus ectodermal expression of dominant-negaiivEnR  expression ofishis restricted to the presumptive amnioserosa,
(Fig. 4) and thalpptarget repressor encoded brk (Fig. 6). and by germband extensiomsh also overlaps with the
They are both equally effective in reducing cardiac-speaific dorsalmost region of the ectoderm (Fossett et al., 2000;
when expressed in the mesoderm, but ectodermal repressiorHisrranz and Morata, 2001). These patterns of expression
more effective when dorsal-stripgpp at stage 11 is also suggest thapnr andushmay be acting in both germ layers.
affected (as in the case of ZKr-GaldaS-brkshown in Fig.  Our genetic data, including germ layer-specific expression of
6G, but not with ZKr-Gal4BAS-pnEnR, data not shown). wild-type and dominant-negativenr constructs, as well as
Mesodermal overexpression akh and co-overexpression germ layer-specific rescue experiments suggest strongly that
with pnr results in a decrease in the amount of cardiac-specifignr andushfunction is not only needed in the mesoderm, but
tin expression, suggesting thash may not only be required also in the ectoderm for heart formation (see model in Fig. 7).
along withpnr for heart development, but also play an inhibitoryThe ectodermal requirement fgonr and ush in heart
role. To test this hypothesis further, we overexpregadd4, an  development is probably achieved via the maintenandgmf
allele that abolishes Ush binding to Pnr, and found not onlgxpression, as dorsal strigpp expression diminishes ipnr
ectopictin expression at early stages of cardiogenesis, but alsnd ush mutants and ectodermal interference wpthr, ush
undiminished and even increased levels of expression at lat@nd/or dppsignaling function compromises the normal
stages. A similar phenotype was observed when@ofd4and  progression of heart development.
ushwere expressed throughout the mesoderm, suggesting that
ushplays an anti-cardiogenic role by antagonizing the activity We thank Ken Cadigan, Tom Kerppola and Jim Skeath for their
of wild-type Pnr, but not that of PnrD4. It would be interestingheme' discussions. We also thank Manfred Frasch, Marc Haenlin,
to see if pan-mesodermal overexpression of wild-fypein a  Anthea Letsou, Marek Miodzik, Adrian Moore, Philippe Ramain,
ushmutant background results in ectopicexpression similar Christine Rushlow and the Bloomington Drosophila Stock Center for

. . AL ; providing fly stocks and reagents essential for this work. S.K. is
to pnrD4, or if a minimal amount afishactivity is required to supported by a predoctoral fellowship from the American Heart

maintain normal and ectoplin expression even with forcgmr  aggociation. This work was funded by grants from the National

expression. Interestingly, overexpression of bptih andtin  |nstitutes of Health (NHLBI) and the American Heart Association to
together in the mesoderm also causesr®4-like phenotype, R.B.

as assayed withland expression, suggesting thatr andtin
collaborate during initiation and subsequent differentiation of
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