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Vertebrate tinman homologues XNkx2-3 and XNkx2-5 are required for heart

formation in a functionally redundant manner
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Tinman is a Drosophila homeodomain protein that is
required for formation of both visceral and cardiac
mesoderm, including formation of the dorsal vessel, a
heart-like organ. Although several vertebrate tinman
homologues have been characterized, their requirement in
earliest stages of heart formation has been an open
question, perhaps complicated by potential functional
redundancy of tinman homologues. We have utilized a
novel approach to investigate functional redundancy within
a gene family, by coinjecting DNA encoding dominantly
acting repressor derivatives specific for each family
member into developing Xenopus embryos. Our results
provide the first evidence that vertebrate tinman
homologues are required for earliest stages of heart
formation, and that they are required in a functionally
redundant manner. Coinjection of dominant repressor
constructs for both XNkx2-3 and XNkx2-5 is synergistic,
resulting in a much higher frequency of mutant phenotypes
than that obtained with injection of either dominant
repressor construct alone. Rescue of mutant phenotypes
can be effected by coinjection of either wild-type tinman

homologue. The most extreme mutant phenotype is a
complete absence of expression of XNkx2-5 in cardiogenic
mesoderm, an absence of markers of differentiated
myocardium, and absence of morphologically distinguishable
heart on the EnNkxHD-injected side of the embryo. This
phenotype represents the most severe cardiac phenotype of
any vertebrate mutant yet described, and underscores the
importance of the tinman family for heart development.
These results provide the first in vivo evidence that XNkx2-
3 and XNkx2-5 are required as transcriptional activators
for the earliest stages of heart formation. Furthermore, our
results suggest an intriguing mechanism by which
functional redundancy operates within a gene family
during development. Our experiments have been
performed utilizing a recently developed transgenic
strategy, and attest to the efficacy of this strategy for
enabling transgene expression in limited cell populations
within the developing Xenopusembryo.

Key words: Homeobox genes, Heart development, Microinjection,
Xenopus laevis XNkx2-3, XNkx2-5
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Tinmanis an NK-homeodomain protein in Drosophilawhich
is required for differentiation of visceral and cardia
mesoderm, and formation of dorsal vessel (a heart-like org
(Bodmer, 1993; Azpiazu and Frasch, 1993). Several tinman
homologues have subsequently been cloned from verteb
systems, and are expressed in patterns consistent with the
that they are involved in formation of visceral and/or cardi
mesoderm (reviewed by Harvey, 1996; Newman and Kri
1998). The criteria for defining tinman homologues are ba
both on their expression in patterns analogous to those
tinman, (in developing heart, pharynx, and/or visce
mesoderm), and the presence of two domains exhibitin
high degree of homology to the tinman protein (th
homeobox and the ‘tin’ or TN domain which is a decapepti
in the N-terminal region). Vertebrate homologues have t
additional conserved domains not found within tinman itse
the NK-2 domain just C-terminal to the homeodomain, an
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five amino acid GIRAW sequence at the C terminus (Newma
and Krieg, 1998).

Despite the conservation of expression of this Nk
homeodomain family in visceral and cardiogenic mesoderm 
a range of organisms from Drosophila to man, each species
appears to express an overlapping but distinct repertoire 
tinmanhomologues, and to express them in a species-spec
manner.

A mouse knockout of one of these homologues, mNkx2-5,
results in embryonic lethality at approximately E9.5, probabl
as a result of abortive cardiac development (Lyons et al., 199
In contrast to a tinmanmutant in Drosophilawhich results in
no formation of the dorsal vessel, mNkx2-5mutants develop a
differentiated heart tube which expresses most cardiac mark
examined, but stops developing prior to undergoing loopin
morphogenesis. The reasons for this less severe phenot
relative to that of tinman mutants in Drosophila are not yet
known. One possibility is that tinman homologues may be
required for earlier stages of heart formation, but that there
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functional redundancy of two or more homologues for th
early requirement. This idea is supported by the observa
that expression of vertebrate homologues which are expre
very early in cardiogenic mesoderm is often overlapping w
that of at least one other tinman homologue (Harvey, 1996;
Newman and Krieg, 1998).

In Xenopus, three tinmanhomologues have been describe
to date, Nkx2-3, Nkx2-5, and Nkx2-9 (Tonissen et al., 1994;
Evans et al., 1995; Newman and Krieg, 1998). Expression
mRNAs for both XNkx2-3and XNkx2-5is upregulated at a time
when cardiac specification is known to be occurring. Bo
genes are first expressed in gastrulae, and from neurula st
onward are expressed in cardiogenic mesoderm and pharyn
endoderm in an overlapping manner. XNkx2-9is first detected
at late neurula stages, in presumptive cardiogenic a
endodermal tissues, and in contrast to the other t
homologues, disappears from the heart completely near 
time of differentiation, suggesting that perhaps it is playing
role in keeping cardiogenic cells in an undifferentiated st
(Newman and Krieg, 1998).

Ectopic expression of either wild-type XNkx2-3or XNkx2-
5, by mRNA injection into developing embryos, results in a
enlarged heart phenotype (Fu and Izumo, 1995; Cleaver et
1996). Similar results have been obtained after ecto
expression of zebrafish Nkx2-5 (Chen and Fishman, 1996)
Whether the enlarged heart results from a recruitment
otherwise-fated cells to the cardiac lineage, or whether nor
cardiogenic precursors undergo an additional round 
replication before differentiation is not yet clear. Howev
these results suggest that both Nkx2-3and Nkx2-5can affect
cardiac cell fate at early stages of development.

To investigate the requirement for either XNk2-3or XNk2-5
in cardiac specification and determination, and to investig
the possible functional redundancy between these two tinman
homologues, we have attempted to create dominantly ac
engrailed-fusion repressor constructs (Han and Manley, 19
Badiani et al., 1994) which would be specific for eac
homologue.

Our results from ectopically expressing these En-Nkx fusi
proteins either singly or together in developing Xenopus
embryos indicate that each fusion protein can act in a spe
manner, that tinman homologues XNkx2-3and XNkx2-5are
required for the earliest stages of heart formation and card
cell differentiation, and that they are functionally redundant
this regard. In addition, our results suggest an intrigui
mechanism for functional redundancy within a gene family

MATERIALS AND METHODS

Plasmid constructs
The design of the dominant repressor constructs is diagrammed in
1. Expression constructs containing the engrailed repressor dom
(En) were made by inserting an EcoRI-StuI linkered polymerase chain
reaction (PCR)-amplified En repressor domain encoding amino a
2-298 of the engrailed protein from Drosophila (Han and Manley,
1993) into an EcoRI, StuI digested pCS2+nls vector (Turner and
Weintraub, 1994). XhoI-XbaI linkered homeodomain-containing
fragments from either XNkx2-3or XNkx2-5were PCR-amplified from
full length XNkx2-3a (Evans et al., 1995), or XCsx2(courtesy of Seigo
Izumo) respectively, and inserted into XhoI, XbaI-digested pCS2+nls
vector, with or without the En domain to generate En-HDNk
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constructs or HDNkx control constructs. All fragments generated 
PCR were sequenced to ensure that no errors had occurred du
amplification.

Adeno-associated virus inverted terminal repeats (AAV-ITRs) we
added to each En-containing expression cassette by diges
CS2nlsEn, CS2nlsEnHDX2.3, or CS2nlsEnHDX2.5 with SspI and
SstII to remove the pBluescript vector fragment, and blunt-en
ligating the expression cassette to an XbaI pBluescript vector fragment
from plasmid p2L (Fu et al., 1998), which contains one copy of th
left AAV-ITR and one copy of the right AAV-ITR. The resulting
configuration is diagrammed in Fig. 1.

Transient transfection analyses
Primary neonatal rat ventricular myocytes were isolated by a Perc
gradient technique and cultured as previously described at a den
of 106 cells per 60 mm gelatin-coated dish (Zhu et al., 1991). Aft
overnight incubation, the culture medium was changed to 4% ho
serum for 3-5 hours prior to transfection. Transfections we
performed by a modification of the calcium phosophate precipitati
method (Chen and Okayama, 1987). 6 µg of DNA was added per dish,
and the total amount of vector DNA concentration was kept consta
Approximately 48 hours following transfection, cells were harveste
by lysis in 0.5% Triton buffer, and assayed for luciferase and β-
galactosidase activities (Zou et al., 1997). Each sample was perform
in triplicate for a single experiment, and each experiment was repea
a minimum of three times.

The Nkx-luciferase reporter contains three copies of a consen
Nk-homeodomain (Nkx) binding site upstream of a minimal 81 b
TK promoter in the luciferase vector pT81 (Nordeen, 1988), and h
been described elsewhere (Zou et al., 1997). The vector pON24
CMV-driven β-galactosidase reporter (Cherrington and Mocarsk
1989) was used to normalize transfection efficiency.

Embryo microinjection
Xenopus laeviswere purchased from Xenopus I and Nasc
companies. Ovulation was induced by injecting females with 300
of human chorionic gonadotropin each. Fertilized eggs were dejell
with 2% cysteine-HCl (pH 7.8) immediately following cortical
rotation. Plasmid DNAs were linearized prior to injection, an
injected with 5 µg/µl neutral tetramethylrhodamine dextran (RDA; Mr
70,000) as a lineage tracer (Cleaver et al., 1996) in 1× MMR solution
(Peng, 1991) adding 3% Ficoll 400 and sodium penicillan an
streptomycin sulfate, each at 10 µg/ml. One cell of two cell stage
embryos were injected. After several cell cycles (about 3-4 hours), 
embryos were transferred to 0.1X MMR solution for furthe
development at 15°C. Developmental stages of injected embryos we
determined by comparison with non-injected control embryo
(Nieuwkoop and Faber, 1956). Only morphologically normal embryo
were scored, and each experiment was performed a minimum of th
times.

DNAs encoding EnHDNkx and control constructs were linearize
with SstII prior to injection. For lineage tracer experiments, 100 pg o
mRNA encoding β-galactosidase were coinjected with plasmid
DNAs. The β-galactosidase was generated by linearizing plasm
pCS2nβgal (courtesy of Dave Turner) with PstI, and transcribing with
SP6 RNA polymerase.

Whole-mount in situ hybridization and histology
Riboprobes were prepared by in vitro transcription of linearized DN
templates in the presence of digoxigenin-11-UTP (Boehring
Mannheim), or fluor-UTP (Boehringer Mannheim). The cDNA
plasmid encoding XMLC2 has been described previously (Evans e
al., 1995), and was linearized with BamHI and transcribed with T7
RNA polymerase to generate an antisense riboprobe. The cD
plasmid encoding XcTnI was obtained by a PCR reaction containin
degenerate oligonucleotide primers complementary to conserv
regions of chick and mouse cTnIand cDNA from adult Xenopusheart.
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A En

Engrailed RepCM pA

B EnHDX2.3

Engrailed RepCM  pA HDX2.3

D
xNkx-2.3: EDPDRPKQRSRRKPRVLFSQAQVFELERRFKQQ
xNkx-2.5: -------E-----------K---------------------------Y-----------------

                   RYLSAPEREHLANSLKLTSTQVKIWFQNRRYKCK
                   K-----------------D------V----------------------------------------

                    RQRQDKSLE    100%
-----------QT----      89%

CM

Engrailed CMV
 
pAHDX2.5

C EnHDX2.5

ITR ITR

ITR ITR

ITR ITR

nls

nls

nls

Fig. 1. Structure of dominant repressor tinmanconstructs.
(A-C) Expression modules. Diagrammes of the expression cassettes
utilized for the dominant repressor construct. Note the flanking ITRs
(inverted terminal repeats of adeno-associated virus) (Fu et al.,
1998). Details of plasmid construction are given in Materials and
methods. CMV, cytomegalovirus promoter from pCS2+ (Turner and
Weintraub, 1994); nls, nuclear localization signal from simian virus
40 (SV40); Engrailed Rep, amino acids 2-298 of the engrailed
protein, containing an active repressor domain (Han and Manley,
1993); HDX2.3/HDX2.5, homeodomain-containing fragments from
XNkx2-3and XNkx2-5, respectively (see Fig. 1D); pA,
polyadenylation signal from SV40. (D) Putative amino acid
sequences of homeodomain-containing fragments for XNkx2-3and
XNkx2-5repressor derivatives. As can be seen from this
representation, the homeodomain-containing regions of XNkx2-3and
XNkx2-5which were used in repressor plasmid construction differ at
eight amino acids. The actual homedomains are indicated by the
double underline.
The resulting cDNA cloned into vector pCRII encoded sequences
agreement with those reported for XcTnI (Drysdale et al., 1994).
pCRcTnI was linearized with EcoRI and transcribed with T7 RNA
polymerase to generate an antisense riboprobe for XcTnI. Riboprobes
for XNkx2-5were obtained by linearizing plasmid XCsx2(courtesy of
Seigo Izumo) with XbaI, and transcribing with T7 RNA polymerase
This results in a probe containing non-coding and coding sequen
upstream and exclusive of the homeodomain, which specifica
recognizes endogenous XNkx2-5mRNA, but not mRNA from the
injected HDX2.5 constructs. Probes were purified by an RNAse-f
G-50 Sephadex spin column (Boehringer Mannheim) prior to use, 
were not hydrolyzed.

Embryos were fixed and processed as described by Harland (19
staining with BCIP/NBT or, for dual staining experiments, BCI
alone followed by staining for BCIP/NBT. The staining reaction w
allowed to proceed for between 4 hours to overnight. Stained emb
were fixed and dehydrated prior to photographing.

Some specimens were sectioned after staining, and were fi
overnight, dehydrated in ethanol, permeabilized briefly in histocle
followed by 2× 20 minute changes in 1:1 xylene:paraffin wax at 60oC
and embedded in paraffin wax. Sections (10 µm) were cut, dried,
dewaxed by passing through histoclear 2× 10 minutes, mounted in
Permount and photographed (Kelly et al., 1991).

RESULTS

Dominant repressor constructs of XNkx2-5 and
XNkx2-3
To investigate the requirement for XNkx2-3and XNkx2-5 in
early cardiogenesis, we constructed dominantly acti
repressor proteins by fusing the active repressor domain fr
the Drosophilaengrailed protein (En; Han and Manley, 1993
to the DNA-binding homeodomain regions from either XNkx2-
5 (HD2.5) or XNkx2-3(HD2.3). To ensure that the protein
would act as repressors, we utilized isolated N
homeodomain regions to avoid inclusion of potenti
transcriptional activation domains (T. J. M. and S. E. M
unpublished data). The cDNAs encoding the fusions we
cloned into the expression vector CS2nls, containing a nuc
localization signal from SV40 large T antigen just upstream
a polylinker site (Turner and Weintraub, 1994, and Fig. 1
Control constructs were made with either the engrailed dom
alone, or the homedomain of each tinman homologue alone.
Several amino acids upstream and downstream of 
homeodomain were included to increase the potential spec
recognition of DNA targets (Fig. 1D). Previous work by othe
investigators has demonstrated that highly homologo
homeodomains, while capable of recognizing the same D
target, can also recognize distinct DNA targets (Cleary et 
1993; Simon et al., 1997; see Discussion).

To confirm that the constructs could act to dominan
repress transcription from Nk-homeodomain (Nkx) target sit
we performed cotransfections in neonatal rat ventricu
myocytes. The reporter plasmid for these assays, NkxL
contained three copies of a consensus Nk2 binding site (C
and Schwartz, 1996; Zou et al., 1997; T. J. M. and S. E. 
unpublished data) upstream of a minimal TK promote
luciferase reporter, pT81 (Nordeen, 1988). Wild-type XNkx2-
3 and XNkx2-5were cotransfected with increasing amounts 
their respective EnHD counterparts, keeping the total amo
of vector DNA constant, to investigate whether the En fusi
constructs could in fact act in a dominant repressor fashi
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The pT81 parent exhibits no background activity whe
cotransfected with either wild-type tinman homologue (data
not shown). The data shown in Fig. 2 are normalized f
transfection efficiency by β-galactosidase activity as evidenced
by a constant amount of a cotransfected CMV-β-galactosidase
reporter (Cherrington and Mocarski, 1989).

As shown in Fig. 2, our results indicated that increasin
amounts of EnHDX2-3 or EnHDX2-5 decreased activation 
NkxLuc by the corresponding wild-type tinmanhomologue in
a dose-dependent manner. No significant decrease w
observed with the HDX2-3 or HDX2-5 control constructs
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A

B

Fig. 2. Results of transient transfection assays in neonatal rat
ventricular myocytes. These data demonstrate EnHDNkx-mediate
repression of activation by XNkx2-3(A) or XNkx2-5(B) of an Nkx-
luciferase reporter in a dose responsive manner. Details of the
transfection protocol are given in Materials and Methods. Data
shown are normalized for β-galactosidase activity of a cotransfected
plasmid to control for transfection efficiency. Each experiment was
performed a minimum of three times, and error bars indicate the
standard error of the mean. CS2nls, parental CS2nls expression
vector (Turner and Weintraub, 1994); En, CS2nls vector expressin
the 296 amino acid engrailed repressor domain (Han and Manley
1993) alone; HDX2.3/HDX2.5, CS2nls vector expressing the
enlarged homeodomain fragment from XNkx2-3or XNkx2-5
respectively (refer to Fig. 1D); EnHDX2.3/EnHDX2.5, CS2nls
vector expressing the dominant repressor for either XNkx2-3or
XNkx2.5respectively.

Table 1.  Differentiated cardiac phenotype of embryos
injected with dominant repressor constructs of tinman

homologues
Amount of Embryos Mutant

DNA DNA injected (pg) scored (%)

En 200 403 6 (1.5)
EnHDX2.3 200 259 10 (3.9)
EnHDX2.5 200 271 9 (3.3)
EnHDX2.3 + EnHDX2.5 100 +100 303 58 (19.1)

Embryos were scored for expression of either XcTnI or XMLC2 mRNAs at
stages 27-40, by whole mount in situ analyses. Only morphologically normal
embryos were scored.  Criteria for scoring an embryo as mutant were:
asymmetric cardiac progenitors or heart, and/or a significant reduction in the
region staining positively for differentiated cardiac markers (refer to Text and
Figure 3).

Chi square analyses were performed for single and double EnHD
injections. The hypothesis that control and experimental samples were
equivalent was rejected at a significance level of P<0.05. For further
experimental detail, refer to Materials and methods. 
whereas some decrease was observed with the En con
construct, although much less than observed with the En
constructs. Similar results were observed for transfectio
performed in C3H10T1/2 cells, an embryonic fibroblast ce
line (data not shown). These results led us to ectopica
express the EnHD constructs in developing Xenopusembryos,
utilizing the En construct as a control for nonspecific effect

Ectopic expression of EnHDNkx constructs in
Xenopus embryos prevents the expression of
markers specific for differentiated myocardium and
abrogates heart formation
Our first attempts to ectopically express these EnHD constru
trol
HD
ns
ll
lly

s.

cts

in embryos were by injecting mRNA encoding them into on
cell of the two-cell stage embryo. These experiments resul
in high mortality of EnHD-injected embryos, which was little
mitigated by attempts to target the injected mRNA t
cardiogenic regions at the four-to-eight cell stage (Cleaver
al., 1996). The reasons for this mortality are not clear.

Consequently, we decided to inject the DNA constructs, 
injected DNA begins to be expressed only at stage 8 during 
mid-blastula transition (Vize et al., 1991). As an experiment
approach, injection of DNAs into Xenopusembryos has been
plagued by mosaicism of transgene expression (for discuss
see Kroll and Amaya, 1996). For our experiments, th
mosaicism presented a particularly difficult problem as w
needed to achieve expression of our dominantly acting muta
in cells which normally express XNkx2-3or XNkx2-5, which
are a relatively small population in the developing embryo. T
difficulty in targeting ectopic gene expression to cardiogen
tissues has been previously noted by other investigat
(Cleaver et al., 1996; Gove et al., 1997).

To overcome these difficulties, we employed a new strate
for increased efficiency and reduced mosaicism of transge
expression following direct DNA injection into Xenopus
embryos (Fu et al., 1998). This utilizes left and right inverte
terminal repeat sequences (ITRs) from adeno-associated v
(AAV) on plasmid DNAs. Utilizing a cytomegalovirus
promoter-enhancer (CMV) to drive β-galactosidase expression
in developing embryos, we have previously been able to det
transgene activity from ITR plasmids in more than 50% of ce
on the injected side of the embryo in 65% of injected embry
(Fu et al., 1998).

We utilized a similar strategy to create CMV-driven
EnHDNkx and control CMV-En plasmids with one copy of th
left, and one copy of the right AAV ITR flanking the expressio
cassette, as indicated in Fig. 1. These DNAs were then injec
into one cell of two-cell stage embryos. In this manner, th
uninjected side serves as an internal control for the experime

In preliminary studies, we injected varying doses of eith
EnHD construct alone. We found that injection of more tha
200 pg of DNA resulted in a high mortality of the embryos
and therefore performed most of our experiments utilizing th
dose as an upper limit. We performed injections utilizing 20

d

g
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Fig. 3.Whole-mount in situ analyses of control and EnHD-injected embryos.
Embryos were injected with a total of 200 pg of DNA into one cell at the two-
cell stage, fixed, and processed for whole-mount in situ analyses utilizing
probes for either XMLC2or XcTnImRNA. All embryos shown are oriented
with anterior to the left, and posterior to the right. The mutant phenotypes
shown were observed in embryos injected with either EnHDX2.3 or
EnHDX2.5, or with coinjection of both EnHD constructs. However, coinjection
resulted in a significantly higher frequency of observed mutant phenotypes
(refer to Table 1). The same mutant phenotypes were observed utilizing probes
for either XMLC2or XcTnImRNA. (A) Lateral view of control En-injected
stage 34/37 embryos stained for expression of XMLC2mRNA. At these stages
the normal Xenopusheart expresses high levels of XMLC2mRNA (Evans et al.,
1995). (B) Lateral view of EnHD-injected stage 34/37 embryos stained for
expression of XMLC2mRNA. In contrast to the control embryos (A), the upper
embryo exhibits unfused heart primordia, with much lower expression of
XMLC2mRNA on one side (arrow). The lower embryo has a much reduced
area expressing XMLC2mRNA (arrow). The embryos shown were injected with
DNA encoding the EnHDX2.5 repressor. (C) Ventrolateral view of control En-
injected stage 32 embryo stained for expression of XcTnImRNA, showing that
fusion proceeds in an anterior to posterior direction (Balinsky, 1970).
(D) Ventrolateral view of EnHDX2.3-injected stage 32 embryo stained for
expression of XcTnImRNA. This embryo exhibits unfused cardiac primordia,
with one of the primordia showing greatly reduced staining (arrow). (E) Control
and mutant stage 35/36 embryos stained for expression of XcTnImRNA. The
upper EnHD-injected embryo (ventral view) has severely reduced XcTnI
staining on one side of the embryo (arrow), and a small asymmetrically located
heart tube on the other side. This embryo was coinjected with both EnHDX2.3
and EnHDX2.5. The lower, control En-injected embryo, shown in a ventro-
lateral view, exhibits a symmetrically located (centered beneath the cement
gland) normal-sized heart. (F) Ventral views of control and mutant stage 32
embryos stained for expression of XcTnImRNA. The upper EnHD-injected
embryo exhibits a small heart tube on one side, and no apparent expression of
XcTnImRNA on the opposite side (arrow). This embryo resulted from a
coinjection of both dominant repressor Nkx constructs. The lower En control-
injected embryo demonstrates the normal-sized heart primordia. C, cement
gland.
pg of each EnHD construct alone, 100 pg of ea
EnHD construct coinjected with 100 pg of it
homologous counterpart, or with 200 pg of the E
construct alone.

Injected embryos were allowed to develop to sta
27, when markers of the differentiated cardia
mesoderm are readily scored by in situ hybridizati
(Logan and Mohun, 1993; Drysdale et al., 199
Evans et al., 1995). Various stages from 27 throu
to 40 were scored for the expression of one of tw
markers specific for differentiated cardiac mesoder
the myosin light chain 2 (MLC2; Chambers et al.,
1994; Evans et al., 1995), or cardiac troponin I (cTnI;
Drysdale et al., 1994). Results obtained for the
stages, and for these two markers were similar, a
were consequently pooled, as presented in Table
Comparable numbers of embryos were injected 
each sample. Only those embryos exhibiting over
normal morphology were scored, to eliminat
phenotypes caused by, for example, abnorm
gastrulation and to focus selectively on cardia
phenotypes.

Embryos exhibiting aberrant expression o
differentiated cardiac mesoderm markers 
compared to control uninjected embryos were scor
as mutant. Mutant phenotypes included small hea
as evidenced by a decrease in the area staining
expression of differentiated cardiac mesoder
markers (Fig. 3A, control hearts versus mutant he
of lower embryo in B), unfused and sometime
asymmetrically staining cardiac primordia (Fig. 3
and D), or asymmetrically located smaller ‘heart
(Fig. 3E and F). The most extreme examples of t
latter phenotype exhibited a complete absence 
MLC2 or cTnI expression on one side of the embry
(Fig. 3F). Less extreme examples exhibited grea
decreased staining on one side of the embryo (F
3E). Each mutant phenotype was observed both w
coinjection of the dominant repressor constructs, a
with injection of either dominant repressor alon
albeit at a reduced frequency for the latter.

Serial sections through wild-type and mutan
embryos confirmed the whole-mount observatio
(Fig. 4), and indicated an absence of morphologica
recognizable differentiated heart tissue on the side
the embryo which did not stain with the differentiate
myocardium markers (Fig. 4C).

Statistical analyses of the data in Table 1 indicat
that injection of either EnHD construct resulted in
significant (P<0.05) increase in mutant phenotyp
relative to embryos injected with the En contro
construct. However, coinjection of both EnHD
constructs, at individual doses equalling one half 
that utilized for each alone, resulted in a significan
higher frequency of mutant phenotypes than th
observed after injection of either EnHD constru
alone (19% versus 3 to 4%). This synergistic effe
at lower doses suggests that each EnHD construc
capable of acting in a specific fashion, and th
tinmanhomologues may have functional redundan
at least with regards to cardiac differentiation.
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A low frequency of mutant phenotypes (1%) was observ
in En-control injected embryos. The predominant phenoty
observed was the delayed fusion of heart primord
infrequently accompanied by decreased cardiac mar
staining on one side, the ‘unfused’ phenotype. This phenoty
may result from nonspecific gastrulation defects, resulting
abnormal migrations of tissues which prevent fusion of t
cardiac primordia. Although the heart tube in amphib
normally forms following the convergence of the two cardia
primordia at the ventral midline (Balinsky, 1970), section
through embryos where fusion of the heart primordia had 
occurred by stage 32 revealed the formation of two sepa
heart tubes on either side of the embryo (Fig. 4B), consist
with earlier embryological experiments in amphibia whe
cardiac primordia were prevented from fusing (Fales, 194
and references therein).

Reduction or absence of differentiated myocardium
occurs on the EnHD-injected side of the embryo
To confirm that the asymmetric heart phenotype that we w
observing was a result of reduction or absence of differentia
myocardium on the EnHD-injected side of the embryo, w
performed lineage tracer studies, coinjecting mRNA encod
β-galactosidase with our dominant repressor constructs. T
approach is used frequently in ectopic expression studies
Xenopus(Vize et al., 1991; Gove et al., 1997). Results of the
studies are included in the data in Table 1, and shown in F
5. Of 57 embryos scored following coinjection with bot
dominant repressor EnHD constructs and lacZ mRNA, 
(21%) exhibited a mutant phenotype. Of these 12 mut
embryos, 9 exhibited extensive one-sided staining for β-
galactosidase activity. In each of these mutants, the mu
phenotype was associated with the injected side of the emb
An example is shown in Fig. 5, where an embryo exhibiting 
asymmetric small heart stained positively for XcTnI mRNA
(purple) exhibited positive staining for β-galactosidase activity
(blue) on the side opposite to that where the heart is. Th
results indicate that the EnHD-injected side of the embryo
the one exhibiting reduced or absent staining for markers
differentiated myocardium.

Do dominant repressor constructs selectively
prevent differentiation of myocardium and heart
formation, or also affect gene expression in
cardiogenic mesoderm?
The foregoing results indicated that dominant repress
Table 2.  Asymmetric XNkx2.5 and XcTnI expression in Xen
tinman ho

DNA Amount of DNA injected (pg) Embr

En 200
EnHDX2.3 200
EnHDX2.5 200
EnHDX2.3 + EnHDX2.5 100+100

Only morphologically normal embryos were scored.
Chi square analyses were performed for single and double EnHD inject

rejected at a significance level of P<0.05. For further experimental detail, refe
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derivatives of tinman homologues can prevent expression o
markers of differentiated myocardium, but left open th
question as to whether gene expression in cardioge
mesoderm was likewise affected. Results of other investigat
have demonstrated that ectopic overexpression of GATA-6can
prevent cardiac differentiation, but does not affect formation 
cardiogenic mesoderm, as evidenced by expression of XNkx2-
5 (Gove et al., 1997). To examine this issue, we repeated 
injection studies, this time scoring for a marker of cardiogen
mesoderm, XNkx2-5. The probe utilized for these studies wa
specific for endogenous XNkx2-5, to avoid cross-reactivity with
the ectopically expressed EnHDX2.5 mRNA (see Materia
and methods). Injected embryos were harvested, at stage
to 23, and stained for expression of XNkx2-5mRNA by whole-
mount in situ hybridization. As noted previously, markers o
the differentiated cardiac mesoderm are not expressed u
stage 27. In addition, injected embryos were harvest
following cardiac differentiation post stage 27, and costain
for the expression of XNkx2-5 and XcTnI by double-label
whole-mount in situ analysis to investigate whether express
of both markers was equally affected in EnHD injecte
embryos.

Results of these injection studies are shown in Table 2, a
examples of observed staining patterns in mutants are sho
in Fig. 6. As seen previously, the incidence of muta
phenotypes as evidenced by asymmetric staining for mRN
expression of either XNkx2-5or XcTnI was greatly increased
in embryos coinjected with both dominantly acting Nk
constructs. In stage 17-23 embryos, XNkx2-5expression, in a
manner analogous to that of XcTnI expression, was
asymmetric, being partially or entirely absent from one side 
the embryo. Comparable asymmetric staining was n
observed in En control-injected embryos. Mutants of lat
stage embryos, costained for XcTnI and XNkx2-5 mRNA
expression, exhibited reduced staining for both XcTnI and
XNkx2-5(Table 2). Sections through these embryos confirm
the whole-mount in situ observations (Fig. 7), and indicate
that the dominantly acting EnHD constructs repress express
of Nkx2-5mRNA in mesodermal primordia at stages both prio
to and following the usual onset of cardiac differentiation.

Rescue of dominantly acting repressor mutant
phenotypes by coinjection of wild-type tinman
homologues
One of the problems associated with ectopically express
dominant negative proteins in developing embryos is t
opus embryos injected with dominant repressor constructs of
mologues
XNkx2.5 expression XNkx2.5+XcTnI expression

(Stages 17-27) (Stages 27-36)

yos scored Mutant (%) Embryos scored Mutant (%)

30 0 83 1 (1.2)
24 1 (4.2) 37 3 (8.1)
22 1 (4.5) 46 3 (6.5)
37 6 (16.2) 55 9 (16.4)

ions. The hypothesis that control and experimental samples were equivalent was
r to Materials and methods.
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Table 3. Rescue of mutant phenotypes by coinjection with wild-type tinman homologues
DNA Amount of DNA injected (pg) Embryos scored Mutant (%) Large heart (%)

En 100 27 0
EnHDX2.3 + EnHDX2.5 50+50 12 2 (16)
EnHDX2.3 + EnHDX2.5 + Wt X2.3 50+50+50 35 2 (6) 1 (3)
EnHDX2.3 + EnHDX2.5 + Wt X2.5 50+50+50 46 1 (2) 1 (2)
Wt X2.3 100 58 2 (4)
Wt X2.5 100 35 4 (11)

Embryos were injected into one cell of two-cell stage embryos, harvested following cardiac differentiation at stages 27-40, embryos were scored for expression
of XcTnI at stages by whole mount in situ analyses.  Only morphologically normal embryos were scored.

Chi square analyses were performed for each experimental sample relative to the pertinent control sample. The hypothesis that control and experimental
samples were equivalent was rejected at a significance level of P<0.05. For further experimental detail, refer to Materials and methods.
possibility that these proteins are not specifically affecting t
intended target, in this case, the action of wild-type XNkx2-3
or XNkx2-5. Our experiments suggest that XNkx2-3 and
XNkx2-5are functionally redundant with regards to affectin
gene expression in both cardiogenic mesoderm a
differentiated heart, and early heart formation. Therefore, if 
EnHDNkx proteins are specifically targeting wild-type XNkx2-
3 or XNkx2-5, mutant phenotypes should be rescued by c
expressing either wild-type XNkx2-3or XNkx2-5.

Results of rescue experiments are shown in Table 3 and 
8. Coinjection of either wild-type homologue significantl
reduced the frequency of mutant phenotypes observ
suggesting that the EnHD proteins were specifically target
tinman homologue action. In addition, several embryo
injected with wild-type tinmanhomologues exhibited enlarged
hearts (Fig. 8), at a greater frequency when injected with w
type homologues alone than when coinjected with t
dominantly acting repressor constructs. This result is consis
with the phenotype previously observed by injection of mRN
encoding either XNkx2-3or XNkx2-5, and indicates that the
ability of these tinmanhomologues to affect cardiac cell fate
does not require expression prior to the mid-blastula transiti
when the injected plasmid DNA begins to be expressed (V
et al., 1991).

DISCUSSION

Synergistic activity of the EnHDNkx proteins on
cardiogenesis
The principal finding of our studies is that despite the
sequence similarity, the EnHDNkx proteins act synergistica
to inhibit normal heart formation in Xenopus embryos.
Coinjection of plasmids encoding XNkx2-3 and XNkx2-5
homeodomains fused to the engrailedrepressor domain proved
between five and eight times more effective in producing
mutant phenotype compared with injection of either plasm
alone at a higher individual concentration. This result sugge
two important conclusions about the role of the tinman
homologues in cardiogenesis. Firstly, XNkx2-3and XNkx2-5
are functionally redundant during amphibian heart formatio
at least as judged by the appearance of heart-specific mar
used in our experiments. Hence the expression of e
dominant negative alone in the embryo produces only a l
proportion of mutant phenotypes (see below). This conclus
is supported by previous studies in which ectopic express
of either XNkx2-3 or XNkx2-5 alone in Xenopusembryos
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produces a similar enlarged heart phenotype (Cleaver et 
1996). It is also supported by our observation that muta
phenotypes resulting from coinjection of both EnHD
constructs can be rescued by injection of either wild-ty
homologue alone (Table 3).

Intuitively, one might expect that functional redundancy 
highly related transcription factors would be due to the
common recognition of DNA target sites. Indeed, such
mechanism could well be operating with tinmanhomologues.
However, if this were the sole case for the tinmanhomologues,
we would expect similar proportions of mutant phenotypes
be produced by expression of the dominant negative constr
either individually or in combination. Our finding of profound
synergy between the two dominant negative constru
suggests an alternative model for functional redundan
between XNkx2-3 and XNkx2-5. We presume that each
EnHDNkx protein must be targeting distinct DNA binding
sites, on the same or different gene(s). Each set of targets m
also lie within alternative and redundant pathways f
cardiogenesis. Repression of either individual pathway by 
appropriate EnHDNkx protein would then have little effect du
to compensation by the unaffected alternative cardioge
pathway. However, coexpression of the two EnHDNkx protei
would block both cardiogenic pathways and result in 
dramatic increase in the incidence of mutant phenotypes. T
model is consistent with our experimental findings.

Target specificity amongst the vertebrate tinman
homologues
Our dominant repressor constructs were made by fusing 
active repressor domain of the Drosophila engrailed
homeoprotein (Han and Manley, 1993) to a DNA fragme
containing the homeodomain of either XNkx2-3or XNkx2-5.
Such chimaeric transcription factors have been used previou
by others to create dominantly acting repressors 
homeodomain proteins and other transcription factors 
Xenopus(Conlon et al., 1996; Ryan et al., 1996; Bellefroid e
al., 1996; Fan and Sokol, 1997), and we have utilized a sim
strategy to create a dominant repressor of rat Nkx2-5(Zou et
al., 1997).

The homeodomains of XNkx2-3 and XNkx2-5 are highly
related, and in contrast to the model suggested by our pre
studies, the purified proteins recognize a consensus 
common to several NK2-type protein families in vitro (T. J. M
and S. E. M., unpublished data). However, the tw
homeodomains vary at several amino acid residues, and th
are precedents which indicate that transcriptional specific
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Fig. 4. Transverse paraffin sections of stage 36 control
and mutant embryos following whole-mount in situ
analyses for expression of either XMLC2or XcTnI
mRNA. Sections were stained for expression of
XcTnI, but similar results were observed in sections
stained for XMLC2. Dorsal is at the top. (A) En-
control injected embryo. At this stage, the heart is
looped and has partitioned atria and ventricular
chambers (Nieuwkoop and Faber, 1956). Note the
relatively large size of myocardial tissue in
comparison to XcTnImRNA-positive tissue in the
mutant sections shown in B and C. (B) Embryo
injected with both EnHDX2.3 and EnHDX2.5
showing the unfused phenotype. Two distinct heart
tubes can be seen forming, despite the fact that the
primordia have not contacted each other. (C) Embryo
injected with both EnHDX2.3 and EnHDX2.5.
Whole mount in situ analysis of this embryo revealed a small asymmetrically located heart on one side, with no visible staining for XcTnIon
the other. This external phenotype was confirmed by sectioning. Note that there is no morphological evidence of a heart tube on the side which
lacks expression of XcTnI. Note general lack of development on this side of the embryo. M, midgut; N, notochord; O, otic vesicle and R,
rhombencephalon.
can be conferred by individual amino acids within, or 
sequences immediately adjacent to, homeodomains. 
example, despite the fact that the highly related homeodom
proteins Oct-1 and Oct-2 can recognize the same DNA
sequences, including an octamer motif, differences in fo
amino acids within the homeodomain have been shown
affect their ability to interact with a specific cofactor, th
herpesvirus VP16trans-activator. The Oct-1homedomain, but
not the Oct-2homeodomain, can effect this interaction, and 
concert with VP16 can activate transcription from a DN
binding site not recognized by Oct-2 in the same environment
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Fig. 5. Paraffin sections of embryos stained for expression of β-
galactosidase, and processed by whole-mount in situ for express
of XcTnImRNA. Sections shown are from stage 40 embryos, dors
is at the top. 100 pg of mRNA encoding β-galactosidase was injected
as a lineage tracer to indicate the injected side of the embryo. A
white line is drawn through the midline of the sections, to emphas
the positioning of the heart. (A) Control embryo, coinjected with E
control plasmid and mRNA encoding β-galactosidase. (B). Mutant
embryo, coinjected with both dominant repressor Nkx constructs,
and lineage tracer mRNA encoding β-galactosidase. Note the
asymmetric placement of the XcTnI-positive myocardial the smaller
size of the heart relative to that of the control (A). The small heart
formed on the side opposite to that of injection. M, midgut; N,
notochord; O, otic vesicle and R, rhombencephalon.
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(Cleary et al., 1993). A single amino acid substitution from th
Phox1 homeodomain to the distantly related deformed
homeodomain can confer the ability to activate a seru
response element, a property otherwise specific to the Phox1
homeodomain (Simon et al., 1997). In the light of thes
examples, it may well be possible for the limited difference
in sequence between the XNkx2-3and XNkx2-5homeodomains
(and immediately flanking residues) to confer distinct DN
binding properties in vivo (Fig. 1D).

We imagine that such specificity is mediated by cofact
interactions with each tinman homologue (cf. Cleary et a
1993; Simon et al., 1997). Mouse Nkx2-5has previously been
shown to interact with serum response factor (SRF) and GATA-
4 to activate transcription (Chen and Schwartz, 1996; Duroch
et al., 1997). If either XNkx2-3or XNkx2-5were capable of
selective interaction with such a cofactor, the result might 
the selective ability to affect transcription from a DNA targe
perhaps by affecting DNA binding. Future experiments will b
aimed at exploring this issue.

Mutant phenotypes from ectopic expression of
single dominant negative constructs
Our data indicate that each individual EnHDNkx construct 
apparently capable of producing a low, but statistical
significant incidence of mutant phenotypes. Furthermore, 
cultured explant assays, we have found that putative domin
negative constructs comprising the engrailed repressor dom
fused to the entire XNkx2-3or XNkx2-5coding region can each
block the induction of cardiac muscle differentiation (T. J. M
and S. E. M., unpublished data). How can such observatio
be reconciled with a model of selective DNA binding whic
mediates functional redundancy between the tinman
homologues?

One possibility is that the phenotypes resulting from
expression of the dominantly acting constructs are critica
dependent on the effective concentration of the ectopica
expressed protein within a given target cell. In the case 
DNA injections, it is entirely plausible that ectopic expressio
is variable both in the level of mosaicism within Nkx
expressing tissues and in the effective concentration of 
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Fig. 6. Whole-mount in situ analyses of embryos stained for
expression of XNkx2-5, or XNkx2-5and XcTnI. Embryos were
injected with a total of 200 pg of DNA into one cell at the two-
cell stage, fixed, and processed for whole-mount in situ
analyses staining for XNkx2-5mRNA alone, or for both
XNkx2-5and XcTnImRNAs utilizing double-label in situ (see
Materials and Methods for details). XNkx2-5mRNA signal
was detected utilizing BCIP/NBT (brownish-purple color),
and XcTnImRNA signal was detected utilizing BCIP alone
(light blue color). Overlap of the two signals gives a dark blue
signal (E and F). Anterior is to the right. The mutant embryos
shown were coinjected with both EnHDX2.3 and EnHDX2.5.
(A) Control-injected stage 21 embryo, ventral view, showing
symmetrical XNkx2-5mRNA staining just posterior to the
cement gland. (B) EnHD-injected stage 21 embryo, ventral
view, with arrow indicating reduction in XNkx2-5mRNA
staining relative to the other side of the embryo. (C) Control
injected stage 24 embryo, ventral view, showing XNkx2-5
mRNA in fused cardiac primordia posterior to the cement
gland. (D). EnHD-injected stage 24 embryo, ventral view, with
arrow indicating absence of XNkx2-5mRNA staining on one
side of the embryo. (E) Control injected stage 32 embryo,
ventrolateral view, co-stained for XNkx2-5and XcTnImRNAs
(dark blue). (F) EnHD-injected stage 33 embryo, ventrolateral
view, co-stained for XNkx2-5and XcTnImRNAs. In this
embryo, the positively staining regions have not yet fused.
Although one side stains positively for both XNkx2-5and
XcTnImRNAs (dark blue staining as indicated by blue
arrowhead), the other side shows very faint staining for both
mRNAs (black arrow). C, cement gland.
repressor protein in expressing cells. This would account 
the variation in severity of phenotype between individu
embryos and also the absence of any mutant phenotype in
majority of normally developing injected embryos (Tables 
3). Perhaps the low level of aberrant phenotypes obtain
lly

.,

Fig. 7. Paraffin sections of control and mutant embryos following
whole-mount in situ analyses for XNkx2-5and XcTnImRNAs.
Sections shown were from stage 28 embryos, co-stained for XNkx2-5
mRNA (brownish-purple) and for XcTnImRNA (blue); dorsal at the
top. (A) Control embryo exhibits symmetrical staining of both XcTnI
mRNA, in differentiating myocardial cells, and XNkx2-5mRNA in
both differentiating myocardial cells and adjacent mesoderm.
(B) Mutant embryo exhibits asymmetrical staining of both XcTnIand
XNkx2-5mRNAs, with one side (arrow) exhibiting greatly reduced
signal for both mRNAs. M, midgut; N, notochord; O, otic vesicle a
R, rhombencephalon.
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with injection of individual EnHDNkx constructs occurs in
those embryos in which particularly high levels of EnHD
protein are expressed. Under such conditions, sub
differences in target specificity may be lost, with the resu
that the ectopic protein represses both redundant cardioge
pathways. Similarly, the use of RNA rather than DNA in
explant assays might also produce high levels of ectopica
expressed engrailedfusion protein, resulting in repression of
cardiac muscle differentiation (T. J. M. and S. E. M
unpublished data).
nd

Fig. 8.Enlarged heart phenotype in embryos following injection with
wild-type XNkx2-5DNA. The observation of this phenotype in
DNA-injected embryos demonstrates that tinmanhomologues can
affect cardiac cell fate when expressed following the mid-blastula
transition. Lateral view of stage 35 embryos, anterior to the right,
stained for expression of XcTnImRNA. The lower embryo was
injected with DNA encoding wild-type XNkx2-5. Note the greatly
enlarged heart relative to the upper, control-injected embryo.
Comparable enlarged hearts were also observed in embryos injected
with DNA encoding wild-type XNkx2-3(data not shown).
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Xenopus tinman homologues are required for
maintenance of XNkx2-5 expression in cardiac
mesoderm, for cardiac differentiation, and for heart
formation
In Drosophila, mutation of tinmanresults in complete absence
of dorsal vessel formation (Bodmer, 1993; Azpiazu and Fras
1993), raising the issue as to whether vertebrate tinman
homologues are similarly required for earliest stages of he
formation. A mouse knockout of Nkx2-5 aborts cardiac
development before looping morphogenesis occurs, but d
not prevent formation of the heart tube, nor expression of ma
differentiated cardiac mesoderm markers (Lyons et al., 199

The results reported here indicate that ectopic expressio
dominant repressors of tinman homologues resulted in a
significant proportion of embryos completely lackin
expression of XNkx2-5, XcTnI, or XMLC2, and without
morphological evidence of heart formation on the EnHD
injected side of the embryo. These results indicate that,
Xenopus, tinman homologues XNkx2-3 and XNkx2-5 are
required for the maintenance of XNkx2-5 expression in
cardiogenic mesoderm, for proper biochemical differentiati
of cardiac primordia, and for the earliest stages of he
formation. To our knowledge, this is the most extreme muta
cardiac phenotype reported in a vertebrate system to d
(Fishman and Chien, 1997), and underscores the importanc
the tinmanfamily for heart development.

Functional redundancy of XNkx2-3 and XNkx2-5 has
previously been suggested by their largely overlappi
expression patterns during cardiogenesis and in 
differentiated heart, and by ectopic expression studies wh
demonstrated that expression of either homologue can resu
an enlarged heart (Evans et al., 1995; Fu and Izumo, 19
Cleaver et al., 1996). The synergism observed by coinject
individual dominant repressor constructs for XNkx2-3 or
XNkx2-5at lower concentrations than those used for injectio
of either construct alone, provides the first evidence that tinman
homologues fulfill their requirement for heart formation in 
functionally redundant manner. This conclusion 
strengthened by the observation that mutant phenoty
resulting from coinjection of both EnHD constructs can b
rescued by injection of either wild-type homologue alone.

The absence of XNkx2-5 expression in cardiogenic
mesoderm of mutant embryos suggests that XNkx2-5
expression is autoregulated by tinmanhomologues, in a direct
or indirect manner. Tinman expression in developing dorsa
vessel may also be autoregulatory (Bodmer, 1993). T
absence of XNkx2-5 expression in cardiogenic mesoderm
suggests that perhaps other markers of cardiogenic mesod
will also be affected, or that formation of cardiogen
mesoderm itself has been prevented by expression of tinman
homologue repressors. Future experiments will be aimed
exploring this issue by using a range of markers for cardioge
mesoderm.

Our conclusions have been arrived at by utilizing marke
for cardiogenic mesoderm (XNkx2-5) and differentiated heart
(XNkx2-5, XcTnI, XMLC2), and by histological examination of
sections following whole-mount in situ staining for thes
markers. As we are not using a comprehensive panel
markers, we cannot rigorously exclude that the EnHD prote
are selectively affecting those markers we have examined
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the Nkx2-5knockout mice, expression of a select few marke
of the differentiated heart was downregulated, whereas m
were unaffected (Lyons et al., 1995). However, in the case
the Nkx2-5knockout, the heart tube appeared morphological
normal. In contrast, in XenopusEnHDNkx-injected mutants,
where staining for either XcTnI or XMLC2 was absent, there
was no morphological evidence of heart formation (Figs 4 a
5).

Do dominantly acting repressors selectively affect
cardiogenesis?
In these experiments, we have focussed on the effects
EnHDNkx repressor protein expression on heart formatio
However, as tinman in Drosophila also affects visceral
mesoderm formation, and as both XNkx2-3and XNkx2-5are
expressed early on in pharyngeal endoderm as well 
cardiogenic mesoderm, and in visceral mesoderm
progenitors (Tonissen et al., 1994; Evans et al., 1995; Clea
et al., 1996), it is possible that expression of the EnHDN
repressors affects lineages other than heart. In addition, as
experiments utilized the ubiquitously expressed CM
promoter, we cannot at present say whether our mut
phenotypes are a result of EnHD expression repressing XNkx2-
3 or XNkx2-5action in cardiogenic or other Nkx-expressing
tissues, or both.
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