Proc. Natl. Acad. Sci. USA
Vol. 95, pp. 9366-9371, August 1998
Developmental Biology

Differential rescue of visceral and cardiac defects in Drosophila
by vertebrate tinman-related genes

MAUON PARK*, CAROL LEWIs*, DAVID TURBAYT, AMY CHUNGE, JAU-NIAN CHENS, SyLvia EvansT,
ROGER E. BREITBARTHI, MARK C. FiSHMANS, SEIGO IZUMOT**, AND ROLF BODMER* T

Departments of *Biology and TInternal Medicine, University of Michigan, 830 N. University, Ann Arbor, MI 48109-1048; ¥Department of Cardiology, Children’s
Hospital and Harvard Medical School, 300 Longwood Avenue, Boston, MA 02115; $Cardiovascular Research Center, Massachusetts General Hospital, Harvard
Medical School, Charlestown, MA 02129; and ﬂDepartment of Medicine, University of California, San Diego, School of Medicine, La Jolla, CA 92093

Communicated by Walter J. Gehring, University of Basel, Basel, Switzerland, May 26, 1998 (received for review December 10, 1997)

ABSTRACT tinman, a mesodermal NK2-type homeobox
gene, is absolutely required for the subdivision of the early
Drosophila mesoderm and for the formation of the heart as
well as the visceral muscle primordia. Several vertebrate
relatives of tinman, many of which are predominately ex-
pressed in the very early cardiac progenitors (and pharyngeal
endoderm), also seem to promote heart development. Here, we
show that most of these vertebrate tinman-related genes can
readily substitute for Drosophila tinman function in promoting
visceral mesoderm-specific marker gene expression, but much
less in promoting cardiac-specific gene expression indicative
of heart development. In addition, another mesodermal NK2-
type gene from Drosophila, bagpipe, which is normally only
needed for visceral mesoderm but not heart development,
cannot substitute for zinman at all. These data indicate that the
functional equivalence of the tinman-related subclass of NK2-
type genes (in activating markers of visceral mesoderm de-
velopment in Drosophila) is specific to this subclass and
distinct from other homeobox genes. Despite the apparent
overall conservation of heart development between verte-
brates and invertebrates, the differential rescue of visceral
mesoderm versus heart development suggests that some of the
molecular mechanisms of organ formation may have diverged
during evolution.

tinman (tin) and bagpipe (bap) are two mesodermal NK2 class
homeobox genes that are closely linked in the Drosophila
genome (1, 2). #in is expressed in the early mesoderm (3),
where it appears to confer competence to a field of cells to
assume a fate necessary for cardiac and visceral mesoderm
development. In contrast, the initial bap expression is confined
to the gut muscle progenitors, apparently under the control of
tin (2). In tin mutants, the absence of mesodermal subdivision
results in a failure of the heart and gut muscle formation,
whereas in bap mutants only the visceral component is affected
(1, 2).

Despite the difference in mature heart morphology, the
early embryology of vertebrate heart development is not unlike
that of Drosophila (4). Moreover, six members of the tin-
related subclass (5-14) and two members of the bap-related
subclass (14, 15) of Nkx genes (the vertebrate equivalents of the
Drosophila NK2 genes) have been isolated thus far in various
species. There they are also predominantly expressed in the
cardiac and/or visceral primordia (reviewed in refs. 4 and 8).
The distinction between tin versus bap relationship of the Nkx
genes has not been straight forward (thus providing additional
motivation for the present study): The homeodomains of the
vertebrate fin-related genes are very similar to each other
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(80-90%) and clearly form a distinct subclass from those of the
vertebrate bap-related genes, to which they are only 55-65%
identical. However, the vertebrate tin-related homeodomains
are equally similar (about 65%) to both Drosophila tin and bap
homeodomains (refs. 4 and 8; see also Fig. 14). By contrast,
vertebrate bap-related homeodomains are significantly more
similar to those of bap (70-80%) than to those of tin (50-60%)
(14, 15). Moreover, each of the fin-related genes apparently is
expressed in the developing heart, although not exclusively and
not in every species (8). The most convincing argument for the
tin versus bap relationship of the vertebrate Nkx genes has been
the discovery of a closely linked tin/bap-related pair of genes
in the mouse genome (11, 14), which suggests that the common
ancestor of vertebrates and invertebrates already had a tin- and
a bap-like gene.

It has been suggested that basic molecular—genetic mecha-
nisms of heart (and perhaps also visceral) mesoderm devel-
opment may be conserved between vertebrates and inverte-
brates (4, 8). In particular, it may be that the vertebrate
tin-related genes, and perhaps even Drosophila bap, are func-
tionally interchangeable with zin function in Drosophila. As a
test for this hypothesis, we wanted to determine whether or not
the vertebrate fin-related genes and/or Drosophila bap can
substitute for a loss-of-tin-function in transgenic flies.

MATERIALS AND METHODS

Constructs and Fly Stocks. Full-length Nkx2-3 (12, 13), 2-5
(6, 11), 2-7 (13), and bap (2) cDNAs were inserted behind the
hsp70 heat shock promoter at the Kpnl site of the WH1 vector
or the Xbal site of hsCasPeR (16) and transgenic flies were
generated as for Hstin in ref. 1. At least two independent
insertions of each construct were crossed into a tin null mutant
background (#in”“# and tin©“’#, as in ref. 1) and examined for
restoration of cardiac and visceral mesodermal marker gene
expression indicative of heart and/or visceral mesoderm for-
mation. A bap null mutant was generated and kindly provided
by M. Frasch (Brookdale Center for Developmental and
Molecular Biology, Mt. Sinai School of Medicine, New York,
NY): the cytological deficiency Df(3R)eP”, which deletes both
tin and bap genes, had been recombined with a transgenic
insertion of a 10.7-kb genomic BamHI fragment that report-
edly rescues the #tin mutant phenotype (Df(3R)eP?,P[tin-
CasPeRe28]; see ref. 2).

Temperature Shift Treatments. Embryos were collected on
plates with shallow grape agar at 2-hr intervals at 18°C and
aged at 18°C until the embryos reached the desired develop-
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(A) List of the cDNAs used in this study: Drosophila tin (D Tin), Nkx2-5 from mouse (M Nkx2-5/Csx) and zebrafish (Z Nkx2-5),

Nkx2-3 from Xenopus (X Nkx2-3) and zebrafish (Z Nkx2-3), and Nkx2-7 from zebrafish (Z Nkx2-7). Approximate gene structures and
sequence identities of the Nkx genes to tin and bap are indicated. TN, Tin/Nkx-specific domain of 11 amino acids (4, 8); HD, homeodomain;
NK2-SD, NK2-specific domain (8). (B-G) Immunocytochemical staining. Eve expression (B-D) in a subset of cardiac progenitors along the
dorsal mesodermal border (arrowheads) and FasIII expression (E-G) in the visceral mesoderm (arrowheads) of stage 12 wild-type embryos
(B and E), homozygous Hstin,tin®“!# embryos (C, D, F, and G) heat shocked for 30 min between 3.5 and 4.5 hr of development (stage 9, C
and F) or between 5 and 6 hr of development (early stage 11, D and G). Asterisks indicate the absence of marker gene expression in the
presumptive heart (D) and visceral mesoderm (G) when heat shocked later. (H) Graph represents the amount of marker gene expression in
presumptive cardiac (Eve expression in red) or visceral mesoderm (FasIII expression in blue) as a consequence of heat shock induction of the

tin transgene. Each column represents the mean of 30 embryos or more. Anterior in all micrographs is to the left and dorsal is up.

mental stage. Staged embryo-containing plates were covered
and submerged once in a water bath at 37.5°C for 30-40 min
or twice for 20-25 min with 1 hr of incubation at 18°C in
between. The embryos were then aged at 18°C until fixation.
Ages indicated in the text were adjusted for a standard at 25°C
(development was about half as fast at 18°C).

Chimeric Constructs. tin:Nkx2-5 chimeric constructs were
made as follows: a mouse Nkx2-5/Csx fragment [310 bp (ref.
11)] containing the homeodomain and the NK2-SD were
inserted into the full-length #in cDNA in which the homeodo-

main 38-aa 5" and 30-aa 3’ to the homeodomain were deleted
[bp 1028-1459 (ref. 3)]. The zebrafish TN-homeodomain
fragment was made with PCR exactly from the beginning of
the TN-domain to the end of the homeodomain [bp 82-591
(ref. 6)] was inserted at the equivalent location in the tin cDNA
(bp 393-1361). The chimeric cDNAs ware then inserted into
the Xbal site of hsCasPeRWHI1.

Immunocytochemistry. Antibody staining and tissue in situ
hybridization of whole-mount embryos were performed as
described in ref. 1. Anti-Eve (17) was used at 1:10,000 and
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anti-FasIII (18) and an antibody that marks the differentiating
pericardial cells (obtained from T. Volk, Weizmann Institute,
Rehovot, Israel) were used at 1:10. Homozygous mutant
embryos were identified by the lack of reporter gene expres-
sion present on the balancer chromosomes that were used (as
in ref. 1).

RESULTS

We used hsp70 heat shock promoter constructs to drive
expression of the following Nkx-type genes in flies (Fig. 14):
Drosophila tin itself (3), Xenopus and zebrafish Nkx2-3 (12, 13),
mouse and zebrafish Nkx2-5 (6, 11), zebrafish Nkx2-7 (13),
and Drosophila bap (2). Transgenic flies harboring these
conditional expression constructs were recombined with a fin
null mutation and assayed for restoration of heart and visceral
mesoderm marker gene expression (1). All of the transgenes
were expressed ubiquitously and at high levels after induction
(data not shown). If #in expression is induced after gastrula-
tion, but before the mesoderm subdivides, markers of heart
(Fig. 1 B and C) and visceral mesoderm formation in tin
mutant embryos (Fig. 1 E and F) are well restored. Similar
results were obtained with an early (Eve; ref. 17) and a late
cardiac marker gene (data not shown; see Materials and
Methods). Similarly, not only the marker gene FaslII (18) is
activated in the prospective visceral mesoderm, but also the
characteristic palisade morphology of the forming visceral
mesoderm epithelium seems to be restored (Fig. 1 £ and F).

Proc. Natl. Acad. Sci. USA 95 (1998)

This suggested that appropriate cardiac and visceral mesoderm
cell types have, at least in part, been induced as a consequence
of tin transgene expression during mid-embryogenesis (al-
though a functional heart is not formed with this protocol of
transgene induction). In contrast, if tin is induced at a later
time, the tin mutant phenotype as assayed with Eve and FasIII
is progressively less rescued (Fig. 1 D, G, and H). Thus, it seems
that tin function is first required in the early mesoderm to allow
the specification of heart and visceral mesoderm progenitor
tissues (1, 2).

We used this experimental paradigm to examine the rescue
capabilities of the tin-related genes of vertebrates (Fig. 1A4).
We first examined the Nkx2-5 gene, because it is primarily
expressed in the early heart (but also in the anterior visceral
endoderm) and because it has been shown to be, in part,
necessary and sufficient for heart development (5-7, 9). When
mouse Nkx2-5/Csx is induced at the optimal time for rescue
(Fig. 1H), expression of the visceral mesoderm marker, FasIII,
seemed to be significantly restored, but heart markers were not
(Fig. 2 A-D). The same experiment carried out with Nkx2-5
derived from zebrafish also gave robust rescue of the visceral
mesoderm marker but only minimal rescue of heart markers
(data not shown). Moreover, analysis of several independent
transgenic insertions or when two (instead of one) heat shocks
were applied resulted in essentially the same observations:
60-80% rescue of visceral mesoderm marker gene expression
but only minimal rescue of heart markers (<10%). Thus,
Nkx2-5 is capable of efficiently initiating, directly or indirectly,

F1G. 2. Stage 12 embryos stained for FaslII (4, B, and E) and Eve (C, D, and F), compare with Fig. 1 B and E for wild-type patterns. (4-D)
Induction of full-length MNkx2-5 in homozygous tin mutant background (HsMNkx2-5,tin?#%). Without heat shock (4 and C) no visceral mesoderm
(A4, asterisks) nor cardiac progenitors (C, asterisks) form, which is typical of #in mutants. In contrast, heat shock at 3.5-4.5 hr of development (stage
9) restores marker gene expression for visceral mesoderm considerably (B, arrowheads), but does not restore heart development markers (D,
asterisks, compare with Fig. 1 B and C). (E) Induction of full-length XNkx2-3 in homozygous fin mutant background (HsXNkx2-3,1inC#0) restores
visceral mesoderm (arrowheads) but not heart marker gene expression (data not shown). The same result was obtained with ZNkx2-7 (data not
shown). When two consecutive heat shocks were given to each of these three transgenes, they did not result in more rescue. (F) Induction of
full-length ZNkx2-3 in homozygous #in mutant background (HsZNkx2-3,tin¢#’) restores not only visceral mesoderm (data not shown) but also

cardiac markers (arrowheads).
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visceral mesoderm- but not cardiac-specific gene expression.
Although unlikely to be the sole reason, it is also possible that
quantitative differences in transcriptional activation, mRNA,
or protein stability are contributing to this differential activa-
tion of visceral mesoderm versus heart markers.

We then examined the rescue abilities of Nkx2-7 from
zebrafish, because its expression pattern appears to prefigure
the expression of Nkx2-5 in the heart and also that of Nkx2-3
in the anterior endoderm (13). As it is the case with the Nkx2-5
genes, Nkx2-7 induction in fly embryos only rescues efficiently
marker gene expression in the presumptive visceral mesoderm
(data not shown). Thus, Nkx2-5 and Nkx2-7 can substitute for
tin with respect to activating visceral mesoderm markers but
not (or only minimally) with respect to markers of heart
development. This suggests that the direct target genes of tin
required for cardiac development are likely to be distinct from
those required for visceral mesoderm development, and per-
haps the regulation of cardiac targets has diverged more
extensively between vertebrates and invertebrates.

Next, we examined the rescue activities of Nkx2-3, which in
Xenopus has an expression pattern similar to that of Nkx2-5
(12) and also produces enlarged hearts when overexpressed
(5). As with Nkx2-5, expression of Xenopus Nkx2-3 (Xnkx2-3)
activates visceral mesoderm- (Fig. 2E) but not cardiac-specific
gene expression (data not shown). In contrast, however,
Nkx2-3 from zebrafish (ZNkx2-3), whose normal expression
domain includes primarily the presumptive anterior endoderm
and does not seem to overlap extensively with the heart
progenitors after gastrulation (13), can rescue not only visceral
mesoderm markers (data not shown) but also cardiac-specific
gene expression in Drosophila (Fig. 2F). Thus, it seems that all
three of these tin-related Nkx genes have similar activities in
promoting Drosophila gene expression specific for visceral
mesoderm in place of tin, but only ZNkx2-3 has significant
levels of both #in activities. Sequence comparisons between tin
and ZNkx2-3 or all other known Nkx genes, however, did not
reveal particularly striking similarities outside the TN and the
homeodomain between tin and ZNkx2-3 (see Discussion).

Since all of the NK2-type genes examined thus far were
capable of restoring the activation of visceral mesoderm

A

-

*
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markers, we wondered if NK2-type genes in general are
functionally promiscuous with respect to visceral mesoderm-
specific gene expression when present in the mesoderm at the
time when #in is normally required. We chose to examine the
rescue ability of bap because it is the closest relative of tin in
Drosophila. When tested in a bap null mutant background, in
which no visceral mesoderm forms (as in Fig. 34; M. Frasch,
personal communication), ubiquitous induction of transgenic
bap activity by heat shock rescues visceral mesoderm marker
gene expression considerably (Fig. 3 4 and B). However,
induction of bap expression in fin mutant embryos does not
activate heart or visceral mesoderm-specific gene expression
(Fig. 3 C and D). Thus, in contrast to the fin-related Nkx genes,
bap is clearly not able to substitute for any of the #in functions
during mesodermal subdivision. This is particularly remark-
able, since tin, but not bap, seems to have lost its NK2-specific
domain, and the homeodomains of the tin-related Nkx genes
are as similar to those of bap as to those of #tin (Fig. 14). Thus,
because only Nkx2-3, 2-5, and 2-7 but not bap exhibit (partial)
tin-like functions in our Drosophila assay, it is suggested that
this group of Nkx genes is evolutionarily more closely related
to tin than to bap. This suggestion of a fin-related subclass of
NK2-type genes is further supported by the fact that the
vertebrate bap-related homeodomains are considerably more
similar to that of bap than to that of #in (11, 14).

Since most of the fin-related Nkx genes do not rescue heart
but do rescue visceral mesoderm markers, we wondered which
structural differences between tin and these genes could
account for this lack of cardiogenic activity. Obvious candi-
dates are the NK2-specific domain (not present tin), the
difference in length and sequence of the region from TN to
homeodomain, and the difference in homeodomain sequence
(see Fig. 14). In a first attempt to distinguish between these
possibilities, we made chimeric tin/Nkx2-5 cDNA constructs
(Fig. 44) and examined their ability to rescue cardiac markers
in tin mutant embryos.

When the fin homeodomain (including some flanking se-
quences) was replaced by the Nkx2-5 homeo- and NK2-specific
domain (Fig. 44), heart-specific markers were significantly
restored (Fig. 4 B and C). These data suggest that the

FiG. 3. Stage 12 embryos stained for Faslll (4-C) and Eve (D), compare with Fig. 1 B and E for wild-type patterns. (4 and B) Induction of
full-length bap in homozygous bap mutant background (Hsbap, Df(3R)eP” P[tin-CasPeRe28]; see ref. 2). Without heat shock no visceral mesoderm
forms (A, asterisks), which is typical of bap mutants. In contrast, heat shock at 3.5-4.5 hr of development (stage 9) restores visceral mesoderm marker
considerably (B, arrowheads). (C and D) Induction of full-length bap (same transformant as in 4 and B) in homozygous tin mutant background
(Hsbap,tin®#%) with a heat shock at stage 9 does not restore marker gene expression for either visceral mesoderm (C) or cardiac progenitors (D).
The same results were obtained with other transgene insertions or when two heat shocks were applied. Tissue in situ hybridization after heat shock
with a bap antisense RNA probe shows high and ubiquitous levels of bap expression (data not shown).
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F1G.4. (A) Schematic of the chimeric constructs between tin and Nkx2-5. In one construct, the tin homeodomain was replaced by the MNkx2-5
homeodomain and NK2-specific domain (#in:2.5HD-NK2SD). In the other construct, the region from the TN domain to the homeodomain of tin
was replaced by the same region from ZNkx2-5 (tin:2.5TN-HD). (B and C) Immunocytochemical staining of a monoclonal antibody specific for
pericardial cells of the heart at late stages of development (obtained from T. Volk). Wild-type (B) and Hstin:2.5HD-NK2SD,in#? embryos heat
shocked at 3.5-4.5 hr of development (stage 9, C). Note the presence of many pericardial cells (arrowheads) after induction of this chimeric tin
gene, although in a disorganized pattern. Without induction, pericardial cells do not form at all (data not shown). The same result was obtained
with antibodies against Eve. Visceral mesoderm marker is also restored in heat-shocked embryos of this genotype (data not shown). (D) Early heat
shock (3.5-4.5 hr of development) of Hstin:2.5TN-HD,tin¢#0 embryos restores visceral mesoderm marker (data not shown), but as with the
full-length Nkx2-5 genes, heart markers are absent (asterisks), except for an occasional cell (arrowhead indicates Eve expressing cell). Eve expression

in the central nervous system is not affected (arrow).

homeodomains of tin and Nkx2-5 are functionally interchange-
able in this Drosophila assay. This implies that the target
specificity of the fin gene product for cardiac-specific gene
expression is unlikely to be encoded exclusively by the home-
odomain and flanking sequences (in contrast what seems to be
the case for some of the hox genes). Consistent with such an
interpretation is the finding that in vitro both tin and Nkx2-5
recognize the same consensus binding site (19; T. V. Ven-
katesh and R.B., unpublished data). In addition, the presence
of the NK2-specific domain (in conjunction with the Nkx2-5
homeodomain) does not appear to be interfering with the
cardiac rescue ability of the tin transgene.

We also replaced the region between (and including) the TN
domain and the homeodomain of #tin with the equivalent region
of Nkx2-5 (Fig. 44). When examined in transgenic fin mutant
embryos, this chimeric protein rescues FaslII expression in the
presumptive visceral mesoderm (data not shown), as the
full-length Nkx2-5 genes do, but heart development markers
were not appreciably restored (Fig. 4D). The cardiogenic
activity of tin is likely to involve the region between the TN
domain and the homeodomain. This region is much larger (255
amino acids) in #in than in the tin-related Nkx genes (100-135
amino acids) or in bap (145 amino acids; see Fig. 14). Either
tin contains a Drosophila heart-specific domain (not present or
conserved in the other genes) or these vertebrate Nkx genes
have less overall cardiogenic activity, simply because their TN
to homeodomains are shorter than those of fin. These results
support the idea that #in in insects or its ancestor has diverged
more than the vertebrate fin-related genes from their postu-
lated ancestor. It will be interesting to find out whether or not,
in a converse experiment, Drosophila tin is capable of substi-
tuting for Nkx2-5 and restoring cardiac differentiation of
Nkx2-5 mutant hearts (7).

DISCUSSION

The data we present here provide strong evidence that a subset
of the NK2-type genes, the postulated tin-related Nkx genes,

can substitute for fin function with respect to the restoration of
markers of visceral mesoderm development but not with
respect to those of heart development (with the exception of
zebrafish Nkx2-3). This rescue activity seems to be specific to
the ftin-related subclass of Nkx genes, which excludes the
Drosophila NK2-type gene bap and probably also its vertebrate
counterparts. We propose that fin in flies has diverged signif-
icantly from its ancestor after the vertebrate/invertebrate split
during evolution (thereby losing its NK2-SD). During this
process, tin may have adopted a new fly- or insect-specific
cardiac function, thereby changing its spectrum of interactions
and targets. Alternatively, or in addition, the ancestor of the
vertebrate fin-related genes may have lost some of its old
cardiogenic functions and perhaps adopted additional func-
tions during evolution. Consistent with this view is the finding
that the different Nkx genes have little similarities between the
TN and the homeodomain (e.g., ref. 13; the case of Nkx2-3 is
discussed, see below). We presently do not know whether the
tin-specific cardiogenic activity is encoded in a discrete domain
N-terminal to homeodomain or whether this activity is dis-
tributed along much of the coding region.

Nkx2-3 of zebrafish (as tin of Drosophila) is capable of
initiating cardiac-specific gene expression, but the other tin-
related Nkx genes including Nkx2-3 from Xenopus are not. A
possible reason for this observation could be that ZNkx2-3 has
low levels of sequence similarities to #tin that have initially not
been obvious (13) and that are not present in the other genes.
Indeed, there is a 54-aa stretch 5’ to the homeodomain of
ZNkx2-3 (amino acids 83-136; ref. 13) that is 23% identical
(with only one 2-aa gap) to a 56-aa region in between the TN
and the homeodomain of #in (amino acids 200-255; ref. 3). The
same region in any of the other Nkx genes does not show any
similarity to tin. Further domain-swap experiments are needed
to determine whether this region is of functional significance
for heart-specific gene expression in the Drosophila assay. It is
possible that the postulated common ancestor of vertebrate
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and insect tin-related genes already contained this 54/56-aa
region, but because of the extremely low level of sequence
identity, this remains speculative.

The fact that most vertebrate tin-related Nkx are expressed
predominantly in the developing heart but rescue only visceral
mesoderm markers in flies, and that ZNkx2-3 is not expressed
in heart tissue but does rescue heart markers suggests that
molecular mechanisms of organ development are interchange-
able, within limits, between different organs during the course
of evolution. It may be that #in in flies acts in heart and visceral
organ development whereas its relatives in vertebrates have
adopted distinct and regionally more localized functions in the
development of either one of these organs. For example,
XNkx2-3 may have adopted a function in heart development
during recent vertebrate evolution, whereas its counterpart in
zebrafish may have assumed a function in pharyngeal
endoderm development.

With these considerations in mind, we propose that the
spectrum of developmental functions that a fin-related gene
may be able to assume is likely to be restricted to a limited set
(e.g., heart and visceral mesoderm and endoderm), delineated
by the spectrum of functions of the postulated ancestor. The
fact that in Drosophila tin is still required for both heart and
visceral mesoderm is consistent with this hypothesis: Although
tin in Drosophila may have retained much of its developmental
requirement for the spectrum of organs specified by the
postulated ancestor, its amino acid sequence may have di-
verged significantly and adopted fly heart-specific functions
that may be distinct from those of most of the #in relatives in
vertebrate heart development.

Note Added in Proof. The ability of Nkx2-5 to rescue mutant defects
in Caenorhabditis elegans and Drosophila has recently been reported by
Haun et al. (20) and Ranganayakulu et al. (21), respectively.
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