
INTRODUCTION

The homeobox gene superfamily encodes transcription reg-
ulatory proteins that act at critical points in development and
ontogeny (Scott et al., 1989; Shashikant et al., 1991;
McGinnis and Krumlauf, 1992). The hallmark of these
proteins is a structurally conserved DNA-binding motif
termed the homeodomain. Biochemical and genetic data
have shown that homeodomain proteins are sequence-
specific DNA-binding factors (Hayashi and Scott, 1990).

The most characterized homeobox genes are those
belonging to the HOM-C complex of Drosophila and the
Hox clusters of mammals (McGinnis and Krumlauf, 1992).
The presence of similar clusters in lower metazoa (Kenyon
and Wang, 1991; Schummer et al., 1992) indicates that these
genes have been maintained throughout evolution as a
highly conserved and presumably functionally homologous
genetic unit. HOM-C and Hox clusters show conserved gene
structure, gene order and relative timing of gene activation,
as well as similarities in embryonic expression patterns
(McGinnis and Krumlauf, 1992). The suggested functional
conservation of the HOM-C and Hox genes and associated
regulatory regions is highlighted by their equivalence in
interspecific gene transfer experiments (Malicki et al., 1990,
1992; McGinnis et al., 1990; Awgulewitsch and Jacobs,

1992). Expression of the HOM-C/Hox genes appears to
specify positional identity within cellular fields, both
metameric, such as the Drosophila cuticle, and non-
metameric, such as the vertebrate limb (Hunt and Krumlauf,
1991; Tabin, 1992; McGinnis and Krumlauf, 1992).
Mutation, or ectopic expression of HOM-C/Hox genes in
flies and mice can lead to homeotic changes within
metameres (Kessel et al., 1990; Pollock et al., 1992;
McGinnis and Krumlauf, 1992; Jegalian and De Robertis,
1992; Le Mouellic et al., 1992).

In addition to HOM-C/Hox genes, numerous other
homeobox genes have been identified (Shashikant et al.,
1991) and these are typically dispersed in the genome. Some
of them also appear to be involved in specifying positional
information (Ruiz i Altaba and Melton, 1990), while others
may play a role in lineage maturation and cell type dis-
crimination (Ingraham et al., 1988; Guazzi et al., 1990;
Bodmer et al., 1990; Tronche and Yaniv, 1992), morpho-
genesis (Dressler and Douglass, 1992) and/or growth control
(Kamps et al., 1990; Hatano et al., 1991; Song et al., 1992;
Lin et al., 1992).

The participation of homeobox genes in lineage commit-
ment is not well defined. Commitment has been most exten-
sively studied in the skeletal muscle lineage (Weintraub et
al., 1991), where transcription factors of the helix-loop-helix
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We have isolated two murine homeobox genes, Nkx-2.5
and Nkx-2.6, that are new members of a sp sub-family
of homeobox genes related to Drosophila NK2, NK3 and
NK4/msh-2. In this paper, we focus on the Nkx-2.5 gene
and its expression pattern during post-implantation
development. Nkx-2.5 transcripts are first detected at
early headfold stages in myocardiogenic progenitor cells.
Expression preceeds the onset of myogenic differen-
tiation, and continues in cardiomyocytes of embryonic,
foetal and adult hearts. Transcripts are also detected in
future pharyngeal endoderm, the tissue believed to
produce the heart inducer. Expression in endoderm is
only found laterally, where it is in direct apposition to
promyocardium, suggesting an interaction between the
two tissues. After foregut closure, Nkx-2.5 expression in
endoderm is limited to the pharyngeal floor, dorsal to the

developing heart tube. The thyroid primordium, a deriv-
ative of the pharyngeal floor, continues to express Nkx-
2.5 after transcript levels diminish in the rest of the
pharynx. Nkx-2.5 transcripts are also detected in lingual
muscle, spleen and stomach.

The expression data implicate Nkx-2.5 in commitment
to and/or differentiation of the myocardial lineage. The
data further demonstrate that cardiogenic progenitors
can be distinguished at a molecular level by late gastru-
lation. Nkx-2.5 expression will therefore be a valuable
marker in the analysis of mesoderm development and an
early entry point for dissection of the molecular basis of
myogenesis in the heart.
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(HLH) superfamily (myoD, myogenin, myf-5 and MRF-4)
play an important and dominant role in commitment and
differentiation. Although HLH myogenic genes have the
remarkable property of inducing myogenesis when trans-
fected into a broad range of cell types, their action is
nonetheless context-dependent (Weintraub et al., 1989;
Dekel et al., 1992) and the absence of their expression in
limb myoblasts suggests that they act late in progression to
the committed state (Sassoon, 1993). Furthermore, multiple
routes to the myogenic phenotype might be possible, since
HLH myogenic genes are not expressed in mammalian
cardiac muscle (but see Litvin et al., 1993) and are not
absolutely required for muscle formation in C. elegans
(Chen et al., 1992).

The structural and functional conservation of the
Drosophila HOM-C/Hox genes throughout evolution
suggests that non-HOM-C homeobox genes involved in
ancient developmental processes will be similarly
conserved. The aim of this study was to screen for murine
homologues of the Drosophila homeobox gene NK4 (also
called msh-2), expressed during Drosophila development in
mesodermal progenitor cells and later in the heart and gut
muscle lineages (Kim and Nirenberg, 1989; Bodmer et al.,
1990). NK4/msh-2 mutants have no detectable heart or gut
muscle progenitors, suggesting a role for the gene in muscle
commitment. Using polymerase chain reaction (PCR) and
hybridization screening, we have isolated three murine
homeobox genes, Nkx-2.3, Nkx-2.5 and Nkx-2.6, closely
related to NK4/msh-2 as well as to DrosophilaNK2 and NK3
(Kim and Nirenberg, 1989). Nkx-2.5 and Nkx-2.6 are novel
genes, whereas Nkx-2.3 is one of four mammalian genes
already isolated (Nkx-2.1, Nkx-2.2, Nkx-2.3, Nkx-2.4) that
are members of the same homeobox gene subfamily (Price
et al., 1992). The thyroid transcription factor-1 gene (TTF-
1, now called Nkx-2.1) was the first of these genes cloned
and codes for a transcription regulator of the thyroid-specific
genes, thyroglobulin and thyroid peroxidase (Guazzi et al.,
1990; Mizuno et al., 1991). In addition to thyroid, Nkx-2.1
is expressed in lung and forebrain (Lazzaro et al., 1991).
Nkx-2.2 is also expressed in the forebrain where Nkx-2.1 and
Nkx-2.2 may cooperate in the delimitation of forebrain struc-
tures (Price et al., 1992). The expression patterns of Nkx-2.3
and Nkx-2.4 have not been reported.

In this paper, we present a detailed study of the structure
and expression pattern of the Nkx-2.5 gene. Like NK4/msh-
2, Nkx-2.5 is expressed in early heart progenitor cells and
may function in commitment to the myocardial lineage. In
support of this, Nkx-2.5 is also expressed in primitive pha-
ryngeal endoderm, the tissue thought to secrete the heart
inducer (Jacobson and Sater, 1988).

MATERIALS AND METHODS 

Recombinant DNA techniques
All recombinant DNA techniques were performed essentially as
described (Sambrook et al., 1989). PCR was carried out using
primers corresponding to the sense strand of the 5′ region
(5′CGAAAGCCTCGCGTGCTCTT3′) and the antisense strand of
the third helix (5′TAGCGCCGATTCTGGAACCA3′) of the
NK4/msh-2 homeobox. PCR reactions were performed with
Thermus aquaticus (Taq) polymerase (Cetus) at varying concen-

trations of MgCl2 (1.5-4.0 mM) under the following conditions: 40
cycles of 90 seconds duration at 94°C; 90 seconds annealing at
55°C and 180 seconds extension at 72°C. The adult mouse heart
cDNA library (Stratagene) was screened at moderate stringency
(42% formamide, 5× SSC, 42°C) with the Nkx-2.5 PCR-derived
homeobox fragment. Washing was at low stringency (2× SSC,
0.1% SDS, 42°C). To obtain Nkx-2 genomic clones, a BALB/c
mouse genomic library (constructed by Lynn Corcoran, The Walter
and Eliza Hall Institute, Melbourne, Australia) was screened at
moderate stringency (5× SSC, 50% formamide, 37°C) with the
insert from the cNkx-2.5b cDNA clone. Filters were washed at low
stringency (4× SSC, 0.1% SDS, RT).

RNase protection
RNase protections were performed as described (Krieg and
Melton, 1988). All hybrids were digested in 8 µg/ml RNase A and
0.4 µg/ml RNase T1 (Sigma) at 37°C for 30 minutes. The Nkx-2.5
probe was synthesized with T7 polymerase from a PCR-derived
homeobox fragment (see text) after cloning into pBluescript SK+
and linearization with SalI. The rat myosin heavy chain probe was
transcribed with T7 RNA polymerase from the HindIII-linearized
plasmid, MHC β150. The GAPDH probe was synthesized with T7
RNA polymerase from the Sau3A-linearized plasmid pGAPDH.

Cell lines and culture
All stromal cell lines were grown in DME, 10% newborn calf serum
and 50 µM 2-mercaptoethanol. Bone marrow lines were as
described (Li and Johnson, 1985; Pietrangeli et al., 1988; Nishikawa
et al., 1988). Lymph node lines were the gift of A. Strasser (The
Walter and Eliza Hall Institute, Melbourne, Australia) and were
derived from lymph nodes of mice, which carried b c l - 2 and m y c
transgenes (Strasser et al., 1990), by infection with a retrovirus
expressing SV40 large T antigen. The thymic stromal line B6T-ea
was as described (Miyazawa et al., 1980). The SCL-5, SCL-13 and
SCL-19 lines were derived by Gary Waanders (Ludwig Institute for
Cancer Research, Lausanne, Switzerland) from the thymuses of 6-
to 8-week-old AKR mice by passaging cells in bulk culture for 3-
4 weeks, followed by two rounds of limit dilution cloning (unpub-
lished data). The C3H 10T myogenic cell line was derived by 5-
azacytidine treatment (Lassar et al., 1986). The C2C12 cell line was
grown and differentiated as for the 10T myoblast line (Lassar et
al., 1986). The D3 ES cell line was grown on STO fibroblasts in
m o d i fied DME (Robertson, 1987) containing 15% FCS and 103

u/ml leukaemia inhibitory factor (LIF). For differentiation experi-
ments, cells were weaned from STO feeders at high density in the
presence of LIF. For differentiation in aggregates, cultures were
plated into bacteriological dishes in growth media without LIF. For
adherent differentiation, treatment was identical except that cultures
were plated into gelatin-coated tissue culture dishes.

In situ hybridization
In situ hybridization to tissue sections using 35S- or 33P-radiola-
belled cRNA probes was essentially as described (Green et al.,
1992). Whole-mount in situ hybridization was as described
(Dickson et al., 1993). Sense and antisense Nkx-2.5 probes were
synthesized with T7 or SP6 RNA polymerase (Promega) from a
subclone of Nkx-2.5a covering nucleotides 820-1593 (Fig. 2).
Sense probes in all cases showed background levels of hybridiz-
ation in all tissues (data not shown).

RESULTS 

Cloning of Nkx-2 genes
A single gene, Nkx-2.5, was found amongst 14 clones
derived from PCR reactions using total mouse genomic
DNA and oligonucleotides complementary to the 5′ region
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and helix 3 of the NK4/msh-2 homeobox (see discussion of
nomenclature below). Nkx-2.5 cDNA clones were selected
from an adult mouse heart cDNA library (described below).
Genomic clones encompassing Nkx-2.5 were isolated by
screening a mouse genomic library at moderate stringency
with an Nkx-2.5 cDNA probe. In the genomic library screen,
additional cross-hybridizing clones were detected and
several strongly hybridizing examples were isolated and
characterized. DNA sequencing showed that one of these
isolates encoded an intact homeodomain derived from a
novel gene. On the basis of sequence comparisons (see
below), this gene was named Nkx-2.6. The predicted amino
acid sequence of another isolate corresponded to the previ-
ously published Nkx-2.3 homeodomain protein (Price et al.,
1992) which is highly related to Nkx-2.5 and Nkx-2.6.

Nkx-2.5 cDNA clones 
RNase protection analysis indicated Nkx-2.5 expression in
the embryonic and adult heart (see below). To isolate Nkx-
2.5 cDNA clones, a mouse adult heart cDNA library was
screened with the PCR-derived homeobox probe. Four
clones were obtained and the DNA sequence of one of them
(Nkx-2.5a) is shown in Fig. 1. The Nkx-2.5a cDNA is 1596
nucleotides in length. Northern analysis of adult and foetal
heart RNA showed a single transcript of approximately 1.6-
1.7 kb in length (data not shown). We conclude that Nkx-
2.5a is a near full-length cDNA. A potentially variant
polyadenylylation sequence (AUUAAA) (Mavilio et al.,
1986) was found at position 1567 of this clone, but no
poly(A) tail occurred at the 3′ end. A consensus mRNA
destabilization sequence (UAUUUAU) (Shaw and Kamen,
1986) was found in the 3′-untranslated region, suggesting

that the steady-state level of Nkx-2.5 mRNA is regulated by
mRNA turnover.

Homeodomain sequences 
The amino acid sequences of the Nkx-2.5 and -2.6 homeo-
domains and their closest evolutionary relatives are shown
in Fig. 2A. Of the known Drosophila homeodomain
proteins, Nkx-2.5/2.6 are most closely related within their
homeodomains to NK2 (72% and 68%, respectively) and to
NK3 and NK4 (63-67%). Among all known homeodomain
proteins, Nkx-2.5/2.6 are most closely related to the
mammalian proteins Nkx-2.1, Nkx-2.2, Nkx-2.3 and Nkx-
2.4 (77-95%), which are themselves more related to NK2
than to any other Drosophila homeodomain protein (Price
et al., 1992). All of the known NK2-related proteins except
planarian Dth-1 and Dth-2 (Garcia-Fernandez et al., 1991)
contain an amino acid motif not found in other homeobox
proteins (see below). Based on these observations, we have
followed the nomenclature of Price et al. (1992) and
assigned the new genes to the Nkx-2 series. 

Amino acid groupings within the NK-related home-
odomains (arrowed and shaded in Fig. 2A) not only support
the close evolutionary relationship between the NK2, NK3
and NK4 genes, but also suggest functional divergence
within this group. The tyrosine at position 54, which may
influence DNA-binding site specificity (Otting et al., 1990;
Wolberger et al., 1991), is unique among the Drosophila
NK2, NK3 and NK4 proteins and their close relatives (Fig.
2A). However, the distribution of amino acids at positions
4, 38, 42 and 52 (shaded in Fig. 2A) suggest a phylogenetic
and perhaps functional split within the group. It may be sig-
nificant that, of these amino acids, those at positions 4, 42
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Fig. 1. DNA sequence of the Nkx-
2.5a cDNA clone with the predicted
Nkx-2.5 amino acid sequence. The
start and stop codons, and the
homeobox are boxed. The amino-
terminal homology is underlined (see
Fig. 2B). The NK2-specific domain
is doubly underlined (see Fig. 2C).
The region between the
homeodomain and the NK2-specific
domain shared by Nkx2.5 and Nkx-
2.6 is indicated with dashes (Fig.
2C). A possible polyadenylation
signal and mRNA instability
sequence are respectively overlined
and underlined in bold. 
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and 52 lie within the N-terminal arm and helix 3 of the
homeodomain, which may also be involved in DNA-binding
site specificity (Lin and McGinnis, 1992). In the light of
these groupings, Nkx-2.3, Nkx-2.5 and Nkx-2.6, the genes
described in this paper, may be more closely related to NK3
and NK4/msh-2, than to NK2. This is an interesting specu-
lation, since Nkx-2.5 and NK4/msh-2 are both expressed in
the hearts of their respective species and may have homol-
ogous roles during heart development (see below and Dis-
cussion). Some support for this grouping was obtained from
phylogenetic parsimony analysis, which showed that Nkx-
2.3, Nkx-2.5 and Nkx-2.6 were more ancient than all other
NK2-related genes and were as equally related to NK4 as to
NK2 (data not shown).

Nkx-2.5 protein
The DNA sequence of Nkx-2.5a predicts a protein of 318
amino acids with a relative molecular mass of 34×103 (Fig.

1), consistent with the size of the protein produced by trans-
lation of synthetic Nkx-2.5 mRNA in vitro (data not shown).
The predicted initiator methionine codon is in a favourable
context for translation initiation (Kozak, 1987). There are no
other in-frame methionine codons upstream. Like several
developmental regulatory genes from Drosophila and ver-
tebrates, out-of-frame AUG codons are present upstream
from the predicted initiator (at positions 14, 70 and 187 in
Fig. 1). While we cannot presently assess whether these are
involved in translational regulation, efficient translation of
synthetic Nkx-2.5 mRNA in rabbit reticulocyte lysates
requires the removal of 5′ untranslated sequences (data not
shown).

Two regions of the Nkx-2.5 sequence are conserved in
other homeobox proteins (Fig. 2B,C). The first, a decapep-
tide conserved in mouse Nkx-2.5 and Nkx-2.1, and
Drosophila NK4/msh-2 (Fig. 2B), is located near the
predicted amino-termini of these proteins. The second, pre-
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mNkx-2.3: -------------F-----------------EH---S-----------------------   93  85  77
mNkx-2.6: Q--S---------LA-----------T----EH---A-Q----------------S-S--   82 100  68
mNkx-2.1: ---R-------------------K-------EH---MIH--P---------H---M---A   82  77  82
mNkx-2.4:    R-------------------K-------EH---MIH--P---------H---M---A   82  78  82
mNkx-2.2: K--R-----K--T-------R----------EH---LIR--P---------H---M--A-   77  73  95
pDth-2:   ---R-I------I----------K-------EH--NLIN--P---------H------SQ   77  70  78
dNK2:     K--R----TK--T-------R----R-----EH---LIR--P---------H---T--AQ   72  68 100
dNK3:     KKRS-AA--H---F------A------G---SEM-KS-R--E-------------T--KQ   67  63  65
dMsh2/NK4:K------------L---C--RLKK--TGA--EII-QK-N-SA-------------S--GD   65  67  58
pDth-1:   K--R-----KK-IL----H-R-KK-------EH--NLIG-SP---------H---M--AH   63  63  78
dNK1/S59: P-RA-TA-TYE-LVS--NK--TT----VC--LN--LS-S--E-----------T-W-K-N   55  55  48
dAntp:    -KRG-QTYTRY-TL---KE-HFN---TRRR-IEI-HA-C--ER-I--------M-W-KEN   43  45  40
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Fig. 2. (A) Comparison of the Nkx-2.5, Nkx-2.3 and Nkx-2.6 homeodomain sequences with those of closest evolutionary relatives and
the antennapedia (Antp) sequence. Gene names are prefixed with a species abbreviation in lower case: m, mouse; d, Drosophila; p,
planaria. All sequences are compared to the Nkx-2.5 homeodomain and identities are indicated by a dash. The 60 amino acid
homeodomain is presented, as not enough published sequence data was available to include the 61st amino acid. The sequence of the
Nkx-2.4 homeodomain is incomplete at its amino-terminus (Price et al., 1992). Predicted homeodomain helicies are indicated with boxes
at the bottom of the figure. The percentage amino acid identity of each homeodomain to the Nkx-2.5, Nkx-2.6 and NK2 sequences is
indicated on the right, along with the mouse chromosomal location of respective genes, where known (taken from Price et al., 1992 and
H. Himmelbauer, N. Jenkins, N. Copeland, L. Silver and R. Harvey, unpublished data). The arrow indicates the Tyr unique to NK2, NK3
and NK4/msh-2 and their relatives. Shaded amino acids reveal possible phylogenetic subgroups within these NK-related homeobox genes
(see text). (B) Amino-terminal decapeptide shared by the Nkx-2.5, Nkx-2.1 and NK4/msh-2 proteins. The N-terminal sequences of other
NK2 relatives are not available. The distance in amino acids from the predicted initiator methionine (NH2-MET) of each protein is
indicated in brackets. (C) The 17 amino acid NK2-specific homology domain, found carboxy-terminal to the homeodomain (overlined).
The distance in amino acids from the 60 amino acid homeodomain (Fig. 2A) is indicated in brackets. An extended homology is seen in
Nkx-2.5 and Nkx-2.6 and for these two proteins, all amino acids between the homeodomain and the NK2-specific domain are shown. A
possible related sequence is also seen in NK3. (D) Schematic diagram depicting the positions of the homeodomain (HD), homology
regions, charged domain (+-+-) and proline/alanine-rich regions (Pro/Ala) in the Nkx-2.5 protein sequence (boxed). 5′ indicates the
homology region shown in Fig. 2B. NK2-SD represents the NK2-specific domain (dense stripes) and the Nkx-2.5/Nkx-2.6 extended
homology (sparse stripes) shown in Fig. 2C.
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viously noted by Price et al. (1992) (Fig. 2C), is carboxy-
terminal to the homeodomain and consists of a 17 amino
acid motif found only in NK2 relatives. A more divergent
sequence is present in NK3 (Fig. 2C). The NK2-specific
domain contains a central cluster of invariant hydrophobic
amino acids (VPVLV), which may have a role in protein-
protein interaction. Mutagenesis of this domain in Nkx-2.1
does not influence its ability to bind to DNA in vitro (Guazzi
et al., 1990).

The DNA sequence within and around the Nkx-2.6
homeobox (not shown) predicts an amino acid sequence
with 77/94 positions identical to Nkx-2.5 over a contiguous
region that includes the homeodomain and the NK2-specific
domain (Fig. 2C). The additional homology is not present
in Nkx-2.3, the next most closely related protein (Fig. 2A).

Parts of the Nkx-2.5 protein, both amino- and carboxy-
terminal to the homeodomain, are rich in proline and alanine
(Fig. 2D). There is also a region of high charge density
immediately N-terminal to the homeodomain (Fig. 2D). The
function of these regions is not known, although they may
be transcriptional activation or repression domains (Mitchell
and Tijan, 1989; Han and Manley, 1993).

Distribution of Nkx-2.5 mRNA in foetal and adult
tissues
RNase protection has been used to examine the distribution
of Nkx-2.5 transcripts in embryonic and adult tissues and in
cell lines (Fig. 3; summarized in Table 1). In adult tissues
analysed, only the heart was strongly positive, while spleen
and tongue showed a weak signal. In numerous tissue
samples dissected from mid-gestation embryos, only the
heart was strongly positive.

In the light of the expression in adult spleen, other
haematopoietic organs and immortalized haematopoietic
cell lines were examined for Nkx-2.5 expression. Neither

mesenteric lymph nodes, thymus, foetal liver or bone
marrow (Table 1), nor fifteen cell lines representing a variety
of lineages and stages of haematopoietic development (data
not shown) expressed the Nkx-2.5 gene. These data suggest
that the splenic stroma and not resident haematopoietic cells
express Nkx-2.5. Several stromal cell lines derived from
other haematopoietic organs were also tested for Nkx-2.5
expression. While expression was strong in the SCL-19
(thymic) line and weak in BAd (bone marrow) and TSL-1
(lymph node) lines, no consistent pattern was observed indi-
cating that Nkx-2.5 expression is not common to stromal cell
lines that support haematopoietic development. Expression
was also seen in NIH3T3, but not Balb/c or STO fibroblasts
(Table 1). No expression was found in adult skeletal muscle,
or in C2C12 or C3H 10T myoblasts and myoctyes.

Nkx-2.1 and Nkx-2.2, two of the murine homeobox genes
closely related to Nkx-2.5 (Fig. 2A), are expressed in the
brain (Price et al., 1992). We have likewise detected Nkx-
2.6 expression in neonatal brain (data not shown). However,
Nkx-2.5 transcripts were not found in foetal, neonatal or
adult brain (Table 1).

In situ hybridization analysis of Nkx-2.5
expression
Expression of Nkx-2.5 in the myocardiogenic lineage
Expression of Nkx-2.5 was examined during postimplanta-
tion development using in situ hybridization to tissue

Fig. 3. RNase protection analysis of Nkx-2.5 expression in adult
mouse tissues. Sizes of the probe and protected fragments are
shown on the left of the figure. 20 µg of total RNA was used for
each protection. Note that the Nkx-2.5 probe detects two closely
migrating bands. This probe is synthesized from a DNA fragment
derived by PCR using oligonucleotides specific for the Drosophila
NK4/msh-2 gene and so has mismatches at its ends relative the
mouse Nkx-2.5 sequence. The presence of intact RNA was
confirmed by northern analysis using a GAPDH gene probe.

Table 1. Summary of Nkx-2.5 expression analyzed by
RNase protection

Tissue type Cell line Nkx-2.5 mRNA

Foetal heart ++++
Adult heart +++
Adult spleen +
Adult tongue +
Adult stomach −
Foetal brain −
Neonatal brain (P1) −
Postnatal brain (P5) −

(P10) −
(P12) −

Adult brain −
Fibroblasts NIH3T3 +++

Balb/c 3T3 −
STO −

Myoblasts C3H 10T −
C2C12 −

Myocytes C3H 10T −
C2C12 −

Foetal liver −
Adult bone marrow −
Bone marrow stroma BAd +

PA6 −
BMS −

Adult thymus −
Thymic stroma SCL-19 +++

B6T-ea −
SCL-5 −
SCL-13 −

Adult lymph node −
Lymph node stroma TSL-1 +

TSL-3 −

Relative levels of expression (+ to ++++) were estimated from
autoradiograms of RNase protections using 20 µg of total or 1 µg of
poly(A)+ RNA.  Cell lines are described in Materials and Methods.
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sections and whole-mount embryos. Nkx-2.5 transcripts
were first detected in whole-mount embryos at early
headfold (late primitive streak) stages. The pattern of

hybridization is a symmetrically split crescent capping the
extreme anterior and lateral parts of the embryo (Fig. 4A,D).
Hybridization to sections at a slightly later stage indicated
that both the mesodermal and endodermal components of
the anterior splanchnopleura express Nkx-2.5 (Figs 5E,F, 8).

Numerous studies have described the fate of the anterior
splanchnic mesoderm to be myocardium (DeHaan, 1965;
Viragh and Challice, 1977; Kaufman and Navaratnam,
1981; DeRuiter et al., 1992). During gastrulation, when the
embryonic coelom forms within lateral mesoderm, the
splanchnic mesoderm is squamous, but around 7.5 days post
coitum (pc) it assumes the cuboidal morphology character-
istic of myocardiogenic progenitor cells. Very soon after,
when foregut closure begins and the anterior intestinal portal
(AIP) becomes evident, a sparse layer of mesenchymal cells
appears between the myocardiogenic progenitors and the
subjacent endoderm. These are the progenitors of the endo-
cardium, but it is not clear whether they are a product of the
cuboidal myocardial layer itself, or migrate in from adjacent
regions.

The time of Nkx-2.5 activation with respect to cellular
differentiation in the splanchnic mesoderm could not be
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Fig. 4. In situ hybridization analysis of Nkx-2.5
expression in whole embryos using digoxigenin-
labelled probes. (A) Developmental time course of
Nkx-2.5 expression. From the left, stages are
approximately: 6.0 days pc (egg cylinder), 7.0
days pc (primitive streak), 7.5 days pc (late
primitive streak/early headfold), 7.8 days pc
(headfold), 7.9 days pc, 8.0 days pc and 9.0 days
pc. The anterior intestinal portal (AIP) is first
evident in the 7.8 days pc embryo (arrowed) upon
thickening of the Nkx-2.5 expression pattern.
(B) Developmental time course of α-cardiac actin
gene expression. From the left, stages are
approximately: 7.2 days pc (primitive streak), 7.6
days pc (early headfold), 7.9 days pc (headfold),
8.0 days pc and 10.0 days pc. The arrow indicates
the weak but detectable actin expression at the
time of AIP appearance. (C) Developmental time
course of myosin heavy chain β gene expression.
From the left, stages are approximately: 7.2 days
pc (mid-primitive streak), 7.6 days pc (early
headfold), 8.0 days pc and 9.0 days pc. The arrow
indicates the first appearance of myosin gene
expression when the AIP is clearly evident.
(D) Enlargement of the 7.5 days pc embryo shown
in A, indicating the first sign of Nkx-2.5
expression in a split crescent of anterior/lateral
splanchnopleural cells (arrowed). Embryo viewed
from the anterior side. The apparent signal at the
top edges of the embryos is artifactual probe
trapping within the amniotic cavity.
(E) Enlargement of the 7.8 days pc embryo shown
in A, viewed from the anterior side. The split Nkx-
2.5 expression pattern has resolved into a
complete crescent. The AIP is not yet visible.
(F) Same embryo as in E, viewed from the lateral
side to indicate the early extent of headfold
formation at this stage. (G) Enlargement of the 8.0
days pc embryo shown in A, viewed from the
anteriolateral side. The arrow indicates the AIP. 
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accurately determined after in situ hybridization. However,
expression was detected two distinct stages before AIP
formation (Fig. 4A) (DeRuiter et al., 1992) indicating that
Nkx-2.5 is activated around the time of appearance of the
cuboidal progenitors. This is supported by a separate obser-
vation. Early cardiogenic progenitors are initially separated
into bilaterally symmetrical cell groups by imposition of a
wedge of yolk sac endoderm (DeRuiter et al., 1992). Split
cardiac progenitor cell populations have also been described
from fate mapping experiments in all vertebrates studies
(DeHaan, 1965; Lawson et al., 1991). The Nkx-2.5
expression pattern is also split in this manner (Fig. 4D), sup-
porting our impression that initiation of expression occurs
in the earliest recognisable cardiogenic precursors. 

With further development and embryonic growth (Fig.
4A), the initial expression pattern resolves into a complete
crescent, consistent with the known development of the
promyocardium. When the AIP first appears, the crescent of

expression broadens (Fig. 4G) and undergoes changes con-
sistent with morphogenesis of the linear and S-shaped heart
tube (Fig. 5A,B). Strong expression continues in myogenic
cells of embryonic and foetal hearts (Figs 5C,D, 6A,B). At
all stages, hybridization appears relatively even across both
atrial and ventricular chambers (Fig. 6B). The bifurcated
venous ports of the heart tube (the sinus venosae) are
strongly positive (Fig. 5A), but no expression was found in
the aorta, endocardium, or epicardium (Fig. 6B). 

We have compared the expression of Nkx-2.5 with that of
the α-cardiac actin and myosin heavy chain-β genes, early
markers of myogenic differentiation in the heart (Figs
4A,B,C, 5D) (Sassoon et al., 1988; Lyons et al., 1990). Acti-
vation of the α-cardiac actin gene was detected when the
AIP first becomes evident and the myosin heavy chain-β
gene a little later, when the AIP is more developed. Thus,
Nkx-2.5 expression is clearly seen before any molecular
evidence for myogenic differentiation.

Fig. 5. In situ hybridization analysis of
Nkx-2.5 expression in whole mid-
gestation embryos and in tissue sections.
(A) Whole-mount 9.0 days pc embryo
hybridized to the Nkx-2.5 probe, showing
a positive signal in the linear heart tube
and sinus venosa. Embryo photographed
in dark field. (B) Detail of a 9.5 days pc
embryo hybridized to the Nkx-2.5 probe,
showing a positive signal in the S-shaped
heart tube and sinus venosa. (C) Lateral
view of the heart region of a 9.5 days pc
embryo hybridized to the Nkx-2.5 probe.
The arrow indicates hybridization to the
pharyngeal floor. (D) Comparison
between hybridization of Nkx-2.5 (right)
and α-cardiac actin (left) probes to
embryos of a comparable stage (around
9.0-9.5 days pc). The arrow indicates
hybridization of the Nkx-2.5 probe to the
pharyngeal floor, not seen with the actin
probe. (E) Section of an 8.0 days pc
embryo hybridized to the Nkx-2.5 probe.
The section is photographed in light field
and hybridization is indicated by
accumulation of black photographic
grains. Arrows indicate hybridization to
the future pharyngeal endoderm. Note in
the left side, hybridization to endoderm, but not mesoderm. (F) Enlargement of the right side of the embryo depicted in E showing
hybridization to both cardiac mesoderm and future foregut endoderm. Abbreviations: c, embryonic coelom; fp, foregut pocket; ht, heart;
np, neural plate; pe, primitive pharyngeal endoderm; pm, promyocardium; sv, sinus venosa; sm, somatopleura.
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Nkx-2.5 expression in primitive pharyngeal endoderm
and thyroid
At approximately 8 days pc, Nkx-2.5 expression was seen in

definitive endoderm as well as myocardiogenic progenitors
(Figs 5E,F, 8). Hybridization to the endoderm was only
found laterally, where in direct apposition to cardiogenic
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Fig. 6. In situ hybridization analysis of Nkx-2.5 expression in heart, pharynx, tongue, stomach, spleen and thyroid. (A-G) Dark-field
photomicrographs to reveal the Nkx-2.5 hybridization signal; (H) a light-field photomicrograph of the section shown in G, stained with
haemotoxylin and eosin to show tissue histology. (A) Section of an 8.5 days pc embryo showing hybridization to the developing heart
tube and pharyngeal floor (arrowed). (B) Section of a 12.5 days pc embryos showing hybridization to the heart in both atrial and
ventricular chambers. Arrow shows epicardial tissue that is negative for Nkx-2.5 expression. Endocardial cushions are also negative.
(C,D) Sections of 11.5 and 14.5 embryos, respectively, showing hybridization to lingual myoblasts and differentiated muscles.
(E) Section through the stomach at 12.5 days pc showing hybridization to the distal end of stomach mesoderm. (F) Section through the
12.5 days pc stomach at a different level, showing hybridization to associated mesenteric tissue, probably corresponding to the spleen
anlage (see text). (G,H) Adjacent sections through the branchial region of an 11.5 days pc embryo showing hybridization to the
developing thyroid gland and heart. Hybridization is seen at the distal end of the thyroid diverticulum, in front of and in close association
with the trachea and between the third branchial pouches. Note that the more proximal thryoid diverticulum is negative. Abbreviations: at,
atrium; b, blood in which nucleated erythrocytes have reacted chemically with the photographic emulsion to give the impression of a
positive hybridization signal; bp, branchial pouch; ec, endocardial cushion; ht, heart; jw, jaw; li, liver; ms, mesentery; oe, oesophagus; ph,
pharynx; pv, prevertebrae; sm, somites; st, stomach; ta, thyroid anlage; tg, tongue; tr, trachea; ve, ventricle.
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mesoderm (Fig. 5F). Thus the cardiogenic mesoderm and
associated endoderm may receive the same regional signal
to express the Nkx-2.5 gene during development. Alterna-
tively, the expression pattern may betray an inductive inter-
action between the two tissues, where Nkx-2.5 is expressed
in both inducing and responding tissues. This latter possi-
bility is interesting since pharyngeal endoderm is regarded
as the source of the heart inducer (Jacobson and Sater, 1988)
(see Discussion).

Lateral endoderm in the cardiogenic region will form the
floor of the pharynx after foregut closure. Nkx-2.5
expression was found at 8.5-9.5 days pc in parts of the floor,
but not the roof of the pharynx (Figs 5D, 6A, 8). At later
stages, pharyngeal expression was not detected except in a
midline structure that we identify as the thyroid primordium
(Fig. 6G,H). The thyroid anlagen develops at the distal end
of a diverticulum that descends from the floor of the pharynx
beginning around 9 days pc (Rugh, 1968). We have seen
Nkx-2.5 expression in sections (Fig. 6I) and whole mounts
(not shown) at a distal position along the thyroglossal duct
at 11.5 to 12.5 days pc. Hybridization has not been detected
at earlier or later stages, but the organ is small and may have
been missed in the sections analyzed. Our identification of
the hybridizing region as the developing thyroid rests on its
position relative to the thyroglossal duct and its tight asso-
ciation with the front of the trachea (Fig. 6G,H), between
the third and fourth branchial pouches and aortic arches. At
both 11.5 and 12.5 days pc, the structure has a bilobal shape
(Fig. 6G and data not shown) and, at 12.5 days pc, a follic-
ular substructure, typical of thyroid acini, became evident
(data not shown). 

Expression of Nkx-2.5 at other embryonic sites
In addition to the cardiogenic mesoderm and associated
pharyngeal endoderm, we have detected Nkx-2.5 expression
in several other embryonic sites. First, Nkx-2.5 expression
was seen in tongue myoblasts and differentiated muscles
(Fig. 6C,D). Lingual myoblasts arise in occipital somites,
but no hybridization was observed to newly formed occipital
somites themselves (Fig. 6A). Strong hybridization to
lingual myoblasts was first seen at 11.5 days pc (Fig. 6C),
although in 10.5 days pc embryos hybridized as whole
mounts, three streaks of weakly positive cells could be seen
in the occipital somite region and these may represent
migrating myoblasts (data not shown). Expression is
strongly evident in both intrinsic and extrinsic lingual
muscles at 14.5 days pc (Fig. 6D) and in the adult tongue
by RNase protection (Table 1). The epithelia and inter-
spersed connective tissue do not express Nkx-2.5.

Also at 11.5 days pc, expression was observed in a small
region of visceral mesoderm capping the distal end of the
stomach (Fig. 6E). At 14.5 days pc, the expressing cells
appear to ring the stomach (data not shown) and may
therefore correspond to the future sphincter of pylorus.
Expression was not detected in adult stomach by RNase pro-
tection (Table 1).

Nkx-2.5 expression was found in a population of cells
embedded within mesenteric tissue next to the stomach and
developing pancreas, beginning at 11.5 days pc (Fig. 6F).
This position is consistent with that of the developing spleen
(Rugh, 1968) and Nkx-2.5 is also expressed in adult splenic

stroma (see above). In some sections, the signal in the
stomach and spleen anlagen appeared to be linked (data not
shown), perhaps reflecting a common origin for these
tissues.

Nkx-2.5 expression in ES cell-derived embryoid
bodies 
In vitro differentiation of embryonic stem (ES) cells into
embryoid bodies containing spontaneously contracting
cardiac muscle (Doetschman et al., 1985; Sanchez et al.,

Fig. 7. RNase protection analysis of Nkx-2.5 expression in ES
cells and developing embryoid bodies. Expression is compared in
undifferentiated ES cells passaged in leukaemia inhibitory factor
(ES+LIF) with a time course of cells induced to differentiate by
LIF withdrawal (ES-LIF), both in suspension culture
(EMBRYOID BODIES) and in adherent culture (ADHERENT).
Time of differentiation is indicated in days. Control RNAs (adult
heart, spleen, liver and tRNA) are also analyzed. Note Nkx-2.5
expression only in undifferentiated ES cells and embryoid bodies.
A myosin heavy chain (MHC) probe was used to analyse muscle
differentiation during embryoid body development. A rat MHC β
probe was used that also detects MHC α transcripts (arrowed).
Multiplicity of bands is presumably due to base mismatches
between the rat probe and mouse target RNA. Although MHC β
transcripts (top bands) are expressed in embryonic cardiac muscle,
MHC α transcripts are heart-specific and the more definitive
marker of heart myogenesis in this system. A GAPDH probe has
been used to ascertain the presence and integrity of RNA. 
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1991), represents one of few in vitro models of myocardial
development. To examine whether Nkx-2.5 is expressed in
cardiac muscle induced in vitro , we assayed expression in a
time course of differentiating D3 ES cells (Doetschman et
al., 1985). The D3 ES cells are maintained in this laboratory
on a STO fibroblast feeder layer in the presence of the differ-
entiation inhibitor, LIF (leukaemia inhibitory factor). Before
differentiation, ES cells are passaged without feeder cells in
the presence of LIF. Differentiation is then activated by LIF
withdrawal and cells are allowed to form free-floating aggre-
gates. 10-40% of these aggregates form rhythmically
beating foci, with contractions beginning 8-10 days after
removal of LIF. Samples were processed at three day
intervals for RNase protection analysis using probes specific
for Nkx-2.5 and GAPDH, and a myosin heavy chain probe
that detects both α (MHC ) and β (MHC ) isoform mRNAs
(Fig. 7).

In undifferentiated D3 ES cells, Nkx-2.5 is weakly
expressed, but this expression diminishes to undetectable
levels by 3 days of differentiation. Subsequently, transcript
levels peak at 6 days, then decrease several fold thereafter.
ES cells that were prevented from forming free aggregates
by allowing them to adhere to gelatinized culture plates, did
not produce beating muscle foci or express Nkx-2.5 or MHC
transcripts at detectable levels. This indicates that pattern-
ing within embryoid bodies is a prerequisite for formation
of myocardial cells.

Nkx-2.5 expression is detected during in vitro differen-
tiation before MHC- transcripts, the predominant MHC
mRNA isoform in mouse adult heart (Fig. 7) and an early
marker of cardiac myogenesis in this system (Sanchez et al.,

1991). Nkx-2.5 expression also appears at least 2 days before
contractile activity is first observed. Although it is not
known to what extent cardiomyogenesis in embryoid bodies
models that in normal development, the Nkx-2.5 gene is
expressed with similar developmental kinetics in both
systems. These data support the idea that Nkx-2.5 expression
plays an early and important role in cardiac myogenesis.

DISCUSSION

We have isolated three murine homeobox genes, Nkx-2.3,
Nkx-2.5 and Nkx-2.6, that are related to the Drosophila NK
genes, as well as to the mammalian genes Nkx-2.1, Nkx-2.2
and Nkx-2.4. The Nkx-2.3 gene isolated in this screen has
been described independently by Price et al. (1992).

Throughout development, the Nkx-2.5 gene is expressed
in the heart, pharynx, thyroid, tongue, stomach and spleen.
The first and most striking feature of the expression pattern
is the presence of Nkx-2.5 transcripts in early myocardio-
genic progenitor cells. It is difficult to determine the precise
time of onset of Nkx-2.5 expression because of variability in
the developmental stage of embryos within the same litter.
Anatomical landmarks are more relevant, although individ-
ual embryonic structures, eg. heart and somites, do not nec-
essarily develop synchronously (Kaufman and Navaratnam,
1981). Our estimation of the time of onset of expression
(around 7.5 days pc) places it close to the appearance of the
cuboidal cardiogenic epithelia at late primitive streak/early
headfold stages. Expression predates the appearance of
myogenic differentiation markers by several hours. During
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Fig. 8. Schematic representation of Nkx-2.5 expression in the developing cardiac mesoderm, pharyngeal endoderm and developing
thyroid. A-D correspond to embryos at approximately 7.8, 8.0, 8.5 and 11.5 days of development, respectively. The distribution of Nkx-
2.5 transcripts is indicated in red. 
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differentiation and morphogenesis, expression is found
across the whole myocardium of the heart, without obvious
differences between atrial or ventricular compartments. This
pattern persists thoroughout embryonic and foetal develop-
ment and transcripts can also be detected in the adult mouse
heart. Nkx-2.5 expression is also induced in ES-cell-derived
embryoid bodies that form beating myocardial tissue.

These expression characteristics suggest that the Nkx-2.5
gene acts in commitment to and/or differentiation of the
myocardial lineage. Analysis of Nkx-2.5 expression and
function may therefore provide an early entry point for
experimental dissection of the molecular basis of cardiac
myogenesis. This is a particularly intriguing problem, since
the myogenic factors that occupy nodal positions in com-
mitment to and differentiation of skeletal muscle (Weintraub
et al., 1991) are not expressed in mammalian cardiac muscle,
despite the fact that cardiac and skeletal muscle coexpress
many genes. Different HLH factors may act in this capacity
in cardiac muscle, since functional HLH-binding sites are
found within cardiac-expressed gene promoters (Sartorelli
et al., 1992) and HLH proteins distinct from the known
myogenic factors can be immunodetected in early chick
hearts (Litvin et al., 1993). The regulatory relationship
between the Nkx-2.5 protein and these implied heart HLH
factors warrants investigation.

Nkx-2.5 is also expressed in the future pharyngeal floor
endoderm (Fig. 8), strengthening the idea that this gene acts
early in myocardial commitment or differentiation. Pharyn-
geal endoderm is regarded in the classical embryology lit-
erature as the source of the cardiac inducer (Jacobson and
Sater, 1988). Most studies addressing this issue have been
performed in amphibia, but the general conclusions are
supported by experiments on chick embryos and observa-
tion of human endodermal defects (Jacobson and Sater,
1988). Nkx-2.5 expression is found in lateral primitive
foregut endoderm, where it lies in apposition to promy-
ocardium, and in the floor of the pharynx after foregut
closure. This pattern suggests that the mesodermal and
endodermal tissues that express Nkx-2.5 are in communica-
tion. Induction of cardiac mesoderm by endoderm (Jacobson
and Sater, 1988) and of hepatic endoderm by cardiac
mesoderm (Le Douarin, 1975), independently indicates that
there is reciprocal communication between these tissues,
and Nkx-2.5 may be a mediator of this communication. A
similar situation occurs in Xenopus, where primitive
endoderm of the blastula, the source of mesoderm-inducing
factors, expresses the homeobox gene Mix1, as well as
induces its expression in ectoderm during mesoderm
formation (Rosa, 1989).

An alternative interpretation of the early Nkx-2.5
expression pattern is that it reflects a prior regionalization
within the presumptive endomesoderm. Much of the defin-
itive endoderm, in addition to mesoderm, is derived from the
primitive ectoderm during gastrulation (Tam and Bedding-
ton, 1992). Primitive endoderm is displaced into the
extraembryonic region by the definitive endoderm, which
either moves through the steak with the mesoderm, or
delaminates from the ectoderm directly. Little is known
about the cellular movements and mesoderm/endoderm
neighbour relationships during this process. However, it
seems possible that the observed Nkx-2.5 expression pattern

could result from a regionalizing signal in the ectoderm that
is propagated in a tight spatial relationship to both its meso-
dermal and endodermal derivatives during gastrulation.

Members of the TGFβ family of growth factors are likely
cardiac-inducer molecules. TGFβ1 can induce the formation
of partially differentiated cardiomyocytes from rabbit
cardiac fibroblasts (Eghbali et al., 1991) and beating heart
structures in axolotl mesodermal explants cultured without
endoderm (Muslin and Williams, 1991). TGFβ1 and β2
mRNAs or protein have been localized to the vicinity of the
developing murine heart. TGFβ1 mRNA is limited to
primitive cardiac endothelial cells and the endocardium
(Akhurst et al., 1990). TGFβ2 mRNA, on the other hand, is
expressed in tissues strikingly similar to those expressing
Nkx-2.5, including paired anterior/lateral regions of late
primitive streak embryos, promyocardium and associated
primitive endoderm, pharyngeal floor itself and the thyroid
diverticulum (Dickson et al., 1993). Expression is also seen
in somatic mesoderm and the septum transversum where
Nkx-2.5 transcripts are not detected. Nevertheless, these
expression data show a strong correlation between TGFβ2
and Nkx-2.5 expression in the cardiogenic region and Nkx-
2.5 mRNA may be an early product of TGFβ2 induction in
the region of the developing heart.

Nkx-2.5 is also expressed in the developing thyroid, a
derivative of the pharyngeal floor (Fig. 8). Nkx-2.1, a close
relative of Nkx-2.5, is also expressed during thyroid devel-
opment and regulates the expression of the thyroid-specific
genes thyroglobulin and thyroid peroxidase (Guazzi et al.,
1990; Mizuno et al., 1991). Since Nkx-2.1 is expressed some
days before thyroid differentiation, it could function in
thyroid commitment (Lazzaro et al., 1991); however, its
expression has only been reported in the thyroid diverticu-
lum and not generally in the floor of the pharynx. Thus, Nkx-
2.5 is expressed earlier in thyroid development and may
have a separate role. Consistent with this the Nkx-2.5
protein can bind in vitro to promoter fragments of the thy-
roglobulin gene, but with an affinity distinctly lower than
that of Nkx-2.1 (data not shown). In the light of the intimate
association between the mesodermal and endodermal
expression domains of Nkx-2.5, it is an interesting possibil-
ity that the thyroid, like the liver, is dependent for its devel-
opment upon communication with cardiac mesoderm.

Amongst known Drosophila homeodomain proteins, the
Nkx-2.5 homeodomain has the highest degree of amino acid
identity with NK2. However, parsimony analysis and par-
ticular amino acid groupings within the homeodomains of
the NK2-related subfamily, indicate that the Nkx-2.5 gene
may be at least as closely related to Drosophila NK4/msh-
2, the gene from which we designed the PCR oligonu-
cleotides used in the mouse screen. It is interesting that
NK4/msh-2 is expressed in the Drosophila heart and is
required for the formation of heart muscle progenitors
(Bodmer et al., 1990), but, since it is not known whether
insect and mammalian hearts are homologous, it remains to
be seen whether this is a chance or significant observation.
The phylogenetic uncertainties notwithstanding, we propose
that Nkx-2.5 participates in commitment to, or differen-
tiation of, the mammalian myocadial lineage. Gene disrup-
tion experiments in mice should make it possible to address
this issue.



430

Finally, Nkx-2.5 is expressed in lingual myoblasts and dif-
ferentiated muscles, but not in other skeletal muscles. In situ
hybridization suggests that expression in lingual myoblasts
is initiated during their migration from the occipital somite
region and is well established by the time myoblasts
populate the tongue. Skeletal myofibre diversity is, in part,
attributable to the genesis of distinct skeletal myoblast
lineages during development (Stockdale, 1992; Smith et al.,
1993) and the need to understand the developmental basis
of this diversity has recently been highlighted (Stockdale,
1992). The experiments presented in this paper demonstrate
that lingual myoblasts can be distinguished from all other
skeletal myoblasts on the basis of Nkx-2.5 expression. The
developmental influences that establish this apparent
diversity can now be addressed.
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Note added in proof
The Drosophila NK4/msh-2 gene has been renamed tinman
(see Bodmer (1993) Development 118, 719-729).


