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SUMMARY
The murine homeobox gene Csx/Nkx2.5 is an evolutionarily
highly conserved gene related to the Drosophila tinman
gene, which specifies cardiac and visceral mesoderm. Since
Csx/Nkx2.5 plays an essential role in heart development,
studying its regulation is essential for the better
understanding of molecular mechanisms of cardiogenesis
and the pathogenesis of congenital heart disease in humans.
In this study, we characterized the murine Csx/Nkx2.5 gene
and identified two novel untranslated exons, 1a, and 1b,
resulting in three different Csx/Nkx2.5 transcripts. To
examine the tissue-specific transcriptional regulation in
vivo, we analyzed a total of 23 kb of Csx/Nkx2.5 upstream
and downstream sequences by generating transgenic
embryos carrying lacZ reporter constructs containing
various lengths of flanking sequence. With 14 kb of 5′
flanking sequence, lacZ expression was observed in the
cardiac crescent at E7.5, and in the outflow tract, the
interatrial groove, the atrioventricular canal and right and
left ventricles, as well as in pharyngeal floor, thyroid
primordia, and stomach at E10.5. In adult animals, lacZ
expression of the transgene was limited to the
atrioventricular junction and the subendocardium of the

INTRODUCTION
The molecular mechanisms which guide development of the
heart, in vertebrates and many other species, have been the
subject of intense investigation in recent years (Fishman and
Chien, 1997; Olson and Srivastava, 1996). These studies have
suggested common molecular pathways which are
evolutionarily conserved from simpler species such as
Drosophila to higher species including mammals (Bodmer and
Venkatesh, 1998; Harvey, 1996). This evolutionary
conservation is particularly striking, since insects and
vertebrates diverged more than 500 million years ago and the
heart is quite distinct anatomically in these widely divergent
species.

ventricular septum. Reducing the size of flanking sequence
to 3.3 kb of intron 2 restricted lacZ expression to the
outflow tract and the basal part of the right ventricle in
E10.5 embryos. In contrast, the addition of 6 kb of 3′
flanking sequence caused strong expression of the reporter
gene in the entire right ventricle. Interestingly, Csx/Nkx2.5
seems to be negatively regulated by its own gene product,
because when lacZ was “knocked-in” to replace the entire
coding exons, lacZ expression was much higher in the heart
of homozygous embryos than that in the heterozygote.
These results indicate that the transcriptional regulatory
elements of Csx/Nkx 2.5 seems unexpectedly highly
modular, and is temporally regulated in a dynamic manner
by different enhancer regions. Since Csx/Nkx2.5-like genes
are expressed in all species having a heart, their complex
modular organization with multiple enhancers probably
reflects progressive addition of regulatory elements during
the evolution from a simple heart tube to a complex fourchambered organ.
Key words: Heart development, Csx/Nkx2.5, Transcriptional
enhancers, Transgenic mice, Homeobox gene

In most vertebrates, the heart begins initially as a crescent
shaped mesodermal structure located anteriorly and laterally.
This precardiac mesoderm is brought ventrally and caudally,
by folding of the embryo, to form a single midline heart tube
with the inflow region located most caudally and the outflow
region located most rostrally. This tube undergoes looping,
bringing the inflow, ventricular and outflow regions of the heart
into the alignment seen in the mature heart. Later, chamber
septation occurs, valves develop in the atrioventricular junction
as well as in the outflow tract, and the outflow tract itself is
divided into two great vessels. Additional refinements occur
with the development of the coronary arteries and the cardiac
conduction system (Sadler, 1995).
Heart development is governed by complex signals
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including inductive and positional signals from adjacent
structures, as well as signals from a number of transcription
factors (Fishman and Chien, 1997; Lyons, 1996; Mohun and
Sparrow, 1997; Olson and Srivastava, 1996). Since
transcription factors have the ability to activate multiple genes,
they are important regulators of organ development. A number
of cardiac transcription factors have been identified that have
important influences on the early stages of specification and
differentiation of the cardiac mesoderm (Tanaka et al., 1998).
Csx/Nkx2.5 (Komuro and Izumo, 1993; Lints et al., 1993),
MEF-2C (Edmondson et al., 1994), GATA4 (Heikinheimo et
al., 1994; Kelley et al., 1993) as well as dHAND and eHAND
(Srivastava et al., 1995) are members of four different classes
of transcription factors all expressed in the heart at early stages
of development. Targeted disruption of these genes have all
yielded severe cardiac and extracardiac phenotypes, and result
in death of the embryo between E9.5 and E10.5 of development
(Kuo et al., 1997; Lin et al., 1997; Lyons et al., 1995;
Molkentin et al., 1997; Srivastava et al., 1997).
Among these cardiac transcription factors, the homeobox
gene Csx/Nkx2.5 is the first vertebrate homolog of the
Drosophila tinman gene to be described (Komuro and Izumo,
1993; Lints et al., 1993). Tinman is required for specification
of the cardiac and visceral mesoderm in Drosophila (Azpiazu
and Frasch, 1993; Bodmer, 1993). C. elegans does not have
a heart, but a tinman-like gene, ceh-22, is specifically
expressed and required for the development of pharyngeal
muscle which contracts rhythmically like a heart (Okkema
and Fire, 1994). Csx/Nkx2.5 protein is initially expressed in
the precardiac mesoderm and the adjacent pharyngeal
endoderm in E7.5 mouse embryos (Kasahara et al., 1998). It
is homogeneously expressed in the myocardium of the atria
and the ventricles by E8.5 in the mouse, and continues to have
strong expression throughout the embryonic and neonatal
periods and into adulthood (Kasahara et al., 1998; Komuro
and Izumo, 1993; Lints et al., 1993). Targeted disruption of
this gene causes the arrest of heart development at the initial
stage of looping, and the mice die by E9.5 – 11.5 (Lyons et
al., 1995; Tanaka et al., 1999). Csx/Nkx2.5 mutant hearts do
not form trabeculae and endocardial cushion. The human
Csx/Nkx2.5 was localized to chromosome 5q35 (Turbay et al.,
1996). Very interestingly, heterozygous mutations in the
human CSX/NKX2.5 gene were found to cause familial
congenital heart disease (secondum atrial septal defects and
other forms) associated with atrioventricular conduction
defects(Schott et al., 1998).
Because Csx/Nkx2.5 plays such an essential role in cardiac
development, including that of humans, studying the
regulation of Csx/Nkx2.5 gene is important for the better
understanding of the molecular mechanism of cardiogenesis
as well as the pathogenesis of congenital heart disease in
humans. In this study, we describe the genomic structure and
the regulation of the Csx/Nkx2.5 gene in transgenic mice. The
genomic structure of Csx/Nkx2.5 is more complex than
initially anticipated, including two 5′ untranslated exons and
three transcriptional start sites coupled with alternative
splicing. Functional dissection of the regulatory regions of
the Csx/Nkx2.5 gene revealed multiple distinct enhancer
elements which direct highly restricted expression of the
Csx/Nkx2.5 gene to distinct regions of the heart itself and to
other tissues.

MATERIALS AND METHODS
Isolation of genomic clones and sequencing
Two lambda phage genomic DNA clones containing the Csx/Nkx2.5
coding and flanking sequences (Fig. 1) were isolated from a 129
mouse genomic library in λDASH II. Clone 1 contained 14 kb of 5′
flanking region in addition to a portion of the Csx/Nkx2.5 coding
region. Clone 2 contained 6 kb of 5′ flanking region, the Csx/Nkx2.5
coding region, and 6 kb of 3′ flanking region. In addition, a mouse P1
clone (Genome Systems, St. Louis, MO) which contained the
Csx/Nkx2.5 coding sequence, as well as more than 10 kb 5′ and 3′
flanking sequence was isolated. Restriction enzyme mapping and
serial Southern blotting were performed in a standard manner
(Ausubel et al., 1993). Automated dideoxynucleotide sequencing was
performed using ABI Applied Biosystems machinery.
Definition of 5′ end of mRNA
5′ RACE was performed following previously described methods with
some modifications (Reecy et al., 1997). The first strand cDNA
synthesis reaction was performed using 5 µg total RNA from the heart
of 3-week-old mice and 100 ng of random primers (Promega,
Madison, WI) in a 40 µl volume containing 50 mM Tris-HCl (pH 8.3),
75 mM KCl, 3 mM MgCl2, 10 µM DTT, 40 U RNase inhibitor
(Promega), 0.5 mM each deoxynucleotides, 200 U M-MLV reverse
transcriptase (Life Technologies, Gaithersburg, MD) for 90 minutes
at 37°C. The cDNA was purified using a QIAquick PCR purification
column (QIAGEN, Santa Clarita, CA) after incubation with 5 µg
RNase A (Ambion, Austin, TX). Ligation-anchored PCR was
performed as described by Ali Ansari-Lari et al. (1996) with some
modifications. Initially, 3 nmoles of a 3′ amino-modified, 5′
phosphorylated anchor primer (5′-TCTCTACTCCGAATTCCGTCGTCCACACCT-3′; Integrated DNA Technologies, Coralville, IA)
was end ligated to one half of the purified first strand cDNA using 20
U of T4 RNA ligase (New England Biolabs, Beverly, MA) in a 50 µl
reaction volume containing 50 mM Tris-HCl (pH 8.0), 10 mM MgCl2,
1 mM hexamine cobalt chloride, 20 µM ATP, 25% PEG 8000 and
incubated for 24 hours at 16°C. The anchor-ligated cDNA was further
purified using a QIAquick PCR purification column. The first round
PCR was performed using one-tenth of the purified anchor-ligated
cDNA, an anchor-specific primer (5-AGGTGTGGACGACGGAATTCGGAGTAGAGA-3′) and a Csx-specific primer (5′-GGGGGCGGCTGGGAAAGCAGGAGAGCACTT-3′). PCR conditions were as
follows: denaturation at 94°C for 1 minute, annealing at 60°C for 1
minute, extension at 72°C for 2 minutes with an additional 5 minutes
incubation at 72°C at the end of the 30 cycles. Subsequent PCR
reactions were performed using 5 µl of each PCR product, a nested
anchor primer (5′-CGACGGAATTCGGAGTAGAGA-3′), and one of
the Csx-specific primers (5′-TTGAAGGCGGCCAGCATGCAGGAGGCA-3′ or 5′-ACAGGAGCGACGGGCAGTTCTGCGT-3′)
at the same PCR conditions as above. The PCR products were
visualized on a 2% agarose gel with ethidium bromide, and
subsequently subcloned and sequenced.
Detection of exons 1b and 1c by primer extension
5 µg samples of mouse heart poly(A) RNA were coprecipitated with
2×104 cpm end-labeled, gel-purified oligonucleotide probe (probe
sequence: 5′-CGGAGCACCAGGGGCAGAAGAGGC-3′). The
samples were resuspended in 10 µl annealing buffer (0.1 M NaCl,
0.01 M Tris, pH 8.0, 0.001 M EDTA), heated to 85°C for 5 minutes
then incubated at 37°C for 2 hours. 20 µl of reverse transcription
buffer (10 mM DTT, 16 mM MgCl2, 1 mM dNTP, 1 U/µl RNasin,
0.1 M Tris, pH 8.0) was added to each sample as well as 20 U
Superscript reverse transcriptase (Life Technologies, Gaithersburg,
MD). Reverse transcription was allowed to proceed at 40°C for 1
hour, and 7.5 µl of each sample was mixed with an equal volume of
formamide loading buffer. After denaturation at 95°C for 5 minutes,
7 µl of each sample was loaded onto an 8% denaturing
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polyacrylamide gel. After electrophoresis, the gel was dried and
exposed to film.
Detection of exon 1a by RT-PCR
RT-PCR was performed using rTth DNA polymerase (rTth RT-RNA
PCR kit; Perkin Elmer, Branchburg, NJ) following the
manufacturer’s protocol. Reverse transcription was performed using
an exon 1c-specific primer (5′-ACAGGAGCGACGGGCAGTTCTGCGT-3′), and the subsequent PCR reaction was performed by
adding an exon 1a-specific primer (5′-GAGTGCTCTGCCTGATGATC-3′) to the RT reaction according to the manufacturer’s
instruction. The PCR reaction consisted of 35 cycles of denaturation
at 95°C for 10 second, annealing/extension at 55°C for 15 seconds,
and at the end of the 35 cycles, an additional final extension at 55°C
for 7 minutes. The PCR products were visualized on a 3% agarose
gel with ethidium bromide, and a Southern analysis was performed
using a 32P end-labeled exon 1b-specific primer (5′-CCAGTCTAGAAGCGGTGATCGCCA-3′).
Construction of reporter gene constructs, generation and
analysis of transgenic mice
An XbaI-PstI lacZ cassette from pnlacF (Bonnerot et al., 1987) was
subcloned into the XbaI and PstI sites of pBluescript SK−
(Stratagene) and regions of the genomic Csx/Nkx2.5 DNA were
cloned 5′ or 3′ to the lacZ cassette. The CsxlacZ-1 construct included

A

3.3 kb of genomic sequence, including most of intron 2 and the
beginning of exon 1c, between the NotI site and the ATG codon (Fig.
1). An XhoI-PstI fragment containing part of exon 1c, intron 3 and
part of exon 2 was subcloned 3′ to the lacZ gene in CsxlacZ-1 to
make the construct CsxlacZ-2 (Fig. 1). The CsxlacZ-3 construct
contains a 4 kb fragment between the SpeI site and the ATG codon
of Csx/Nkx2.5, thus including a part of intron 1, exon 1b, intron 2
and part of exon 1c (Fig. 1). CsxlacZ-4 and CsxlacZ-5 contain 6 kb
and 14 kb, respectively, of upstream 5′ Csx/Nkx2.5 genomic sequence
cloned upstream of the lacZ gene. A 6 kb long 3′ downstream
genomic fragment was fused 3′ to the lacZ gene in CsxlacZ-1 to
create the construct CsxlacZ-6 (Fig. 1).
For microinjection of CsxlacZ-1, -2, -3 and -6, Csx genomic
sequence together with the lacZ cassette portion of each construct was
excised from the vector using XhoI and NotI, and purified by gel
electrophoresis and Geneclean III (Bio101, Vista, CA). In preparation
for microinjection, CsxlacZ-4 and CsxlacZ-5 were linearized with
XhoI, then purified as indicated above. The creation of transgenic mice
was done in a standard manner (Hogan et al., 1994).
For transient transgenic analysis, F0 embryos were dissected at
embryonic day 10.5 (E10.5). Subsequent genotyping was performed
using PCR on chromosomal DNA isolated from the yolk sacs. PCR
primer pairs used for detection of the transgenes were as follows:
5′-CCGTCCGATGAAAAACAGGAG-3′ and 5′-TCTGCTCTTCGTCTGGCTGATG-3′ for CsxlacZ-1, -2, and -3; 5′-CCGTCCGAT-
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Fig. 1. Structure of the Csx/Nkx2.5 locus (B), phage clones (A) and constructs utilized for transgenic experiments, and the targeted locus of
Csx/Nkx2.5 null mutant mice (C). Open boxes and shaded boxes represent untranslated sequence and coding sequence, respectively. (A) Two
genomic λ phage clones (clones 1 and 2) were isolated from a 129 mouse genomic library. (B) Various subfragments of these two λ phage
clones were utilized for construction of transgenes (CsxlacZ-1 through CsxlacZ-6). (C) The entire coding region of Csx/Nkx2.5 was replaced by
lacZ and the neomycin-resistance gene (Neo).

1442 M. Tanaka and others
GAAAAACAGGAG-3′ and 5′-TTAAGTTGGGTAACGCCAGGG-3′
for CsxlacZ-4 and -5; 5′-AACTTGCTAGGTAGACTAGGCTGGC-3′
and 5′-TCTGCTCTTCGTCTGGCTGATG-3′ for CsxlacZ-6.
Whole-mount β-gal staining was performed according to the
method of Schlaeger et al. (1995). After photographs were taken of
the whole mounts, embryos were dehydrated through graded ethanol
and xylene, embedded in paraffin, sectioned and counterstained with
Nuclear Fast Red (Vector Laboratories, Burlingame, CA).
Generation of mouse lines carrying CsxlacZ-1 and
CsxlacZ-5
For CsxlacZ-1 and CsxlacZ-5, we established transgenic lines of
mice. The F0 mice carrying each transgene were backcrossed with
FVB mice and F1 embryos were examined for lacZ expression. We
identified one line of transgenic mice with lacZ expression for each
construct and analyzed them at different time points, including E7.5,
E8.25, E9.5, E15.5, and adult.
Generation of Csx/Nkx2.5 knock-out and lacZ knock-in mice
The entire coding region of Csx/Nkx2.5 was replaced with a
lacZ–neomycin resistance gene (Neo) cassette by homologous
recombination (Fig. 1) in a standard manner
(Hogan et al., 1994). Detailed phenotypic
characterization of the gene targeted mouse
will be reported separately (Tanaka et al.,
1999).
In situ hybridization
In situ hybridization was performed as
described previously (Tanaka et al., 1998).
Briefly, embryos were fixed in 4%
paraformaldehyde at 4°C overnight and
embedded in paraffin. Tissue sections were
Fig. 2. (A) The complete genomic structure
of the mouse Csx/Nkx2.5 gene. Exons are
denoted as boxes, and the intervening thick
lines represent introns. Three transcription
initiation sites and their transcripts are
marked with arrows and roman numerals
(I, II, and III), respectively. In transcript I,
exons 1b and 1c are shorter (36 bp and 584
bp, respectively) than those in the
transcripts II or III. HD, homeodomain.
(B) Identification of transcripts II and III
by primer extension analysis. Lane 1
contains 5 µg of mouse heart poly(A)+
RNA. Lane 2 contains 20 µg tRNA. The
strong band seen at 179 bp (black arrow)
corresponds to transcript III. The band seen
at 201 bp (open arrow) corresponds in size
to transcript II. (C) Identification of
transcript I. RT-PCR was carried out using
an exon 1a and exon 1c-specific primer
pair, and the amplified bands were
hybridized with an exon 1b-specific primer
probe. (D) Nucleotide sequence of the
regions flanking exons of the mouse
Csx/Nkx 2.5 gene. Exons are boxed, and
underlined sequences are part of the exon
sequence found only in either transcript II
or III. A consensus polyadenylation
sequence is underlined, and translation
initiation and stop codons are double
underlined. Three transcription initiation
sites are marked with arrows.

hybridized with a S35-labeled Csx/Nkx2.5 cRNA probe at 55°C,
washed and treated with RNase A. After emulsion autoradiography,
sections were counter-stained with hematoxylin and eosin.

RESULTS

Csx/Nkx2.5 gene produces three different RNA
transcripts by differential promoter usage and
alternative splicing
As an initial step in defining the regulatory region of Csx/Nkx2.5,
we determined the 5′ end of the Csx/Nkx2.5 transcript by 5′
RACE with total RNA from hearts of 3-week-old mice. Three
different transcripts which were identical for most of their
length, except for distinct 5′ ends, were identified (transcripts I,
II, and III, Fig. 2A). The sequence comparison with the genomic
DNA sequence showed exon – intron boundaries in accordance
with the consensus exon-intron junction sequences (Fig. 2D).
Therefore, we named the most 5′ cDNA segment exon 1a, the
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second cDNA segment exon 1b, and the intervening genomic
sequence intron 1. Likewise, the exon that contains the start
codon is termed exon 1c, flanked by introns 2 and 3, and
followed by the last exon, exon 2, which includes the
homeodomain (HD) and TAG translation stop codon.
Transcript I contains two segments of cDNA sequence at its
most 5′ end which are discontinuous in the genomic sequence.
The most 5′ segment of transcript I is 46 bp in length (exon 1a
in Fig. 2A) and is 669 bp upstream from the second
discontinuous segment. The second segment is 36 bp long (a
part of exon 1b in Fig. 2A) and 3504 bp upstream from the
translation start codon. For transcript II, exon 1b is the most 5′
sequence, however, it is extended more 5′ than in transcript I,
in this case 93 bp long including the 36 bp internal fragment
found in transcript I (horizontal hatch in Fig. 2A). In transcript
III, the first exon at the 5′ end, exon 1c, includes 71 bp of
continuous genomic sequence which is spliced out in
transcripts I and II (Fig. 2A,D).
To confirm the existence of the novel exons, we performed
primer extension analysis. With adult mouse heart poly(A)
RNA, two bands were observed which correspond to the sizes
of transcript II and transcript III (Fig. 2B). The band
representing transcript III was much stronger, suggesting that
it is the major site of initiation. Since we could not detect a
band corresponding to transcript I by primer extension
analysis, we performed RT-PCR using total RNA samples
from several tissues. With exon 1a-specific, and exon 1c-

specific primer pairs, RT-PCR generated predicted size (112
bp) products from the heart and spleen. No band was
amplified with RNA from kidney which does not express
Csx/Nkx2.5. By Southern blotting, this 112 bp band was
shown to include exon 1b using an exon 1b-specific
oligonucleotide probe (Fig. 2C).
To further characterize the genomic structure of the murine
Csx/Nkx2.5 gene, we subcloned and sequenced 8.6 kb of
genomic DNA. (Fig. 2D). The 3′ end of exon 1a is located 4265
bp upstream from the ATG codon, followed by intron 1 (668
bp), exon 1b (93 bp), intron 2 (3179 bp), exon 1c (655 bp) that
includes the ATG translation start site, intron 3 (1377 bp), and
exon 2 (983 bp) with TAG stop codon and a poly(A) addition
signal (Fig. 2A,D). The genomic sequences around the three
putative transcription initiation sites show no TATA box,
indicating that Csx/Nkx2.5 is a TATA-less gene.
3.3 kb and 4 kb of 5′ flanking sequence drive lacZ
expression in the outflow tract and basal portion of
the right ventricle as well as in the pharynx, thyroid
primordium and stomach
Since the major Csx/Nkx2.5 transcript (transcript III) starts 325
bp upstream from the ATG codon, we began our search for
enhancer elements in the genomic region immediately
upstream to exon 1c. The 3.3 kb of 5′ flanking sequence
between the NotI site and the ATG codon was fused to the lacZ
reporter gene (Fig. 1; CsxlacZ-1) and injected into mouse

D
tgttctaggtatattattaaaattcataatttcattatgtattcctactattgttctctctcggttattttttcttcagttctatttatggtgtctttggcaacatgttaaagcaatcgcctatggtt tctcaaccttttcgcctattca
ctctccctcaaaaataagcaaacattccaaattattatccttaccatgactaacacttaaagatcatagtacgtatgttgtatgtgaatctgggtggatgcgtgccctggtgtacttgtggaggtaag attcctgagaatcacactcagg
tacggcttggtttggcaagcatttacccacctggtcagcgcagatgaaggggtggagaaaaccaggccaaatgccccaaagggagttaagtctggagtcctcaagaaacaagtggaagtcccgacttc tccagacagaaagacagacaca
cactcctttgcccagttgttcctcttctctgcctcctgtgggttttcaattcttttctgtgaccaggtagctttgccttgaaaacagctaccttaggggctgctctgtgcctggctcagtccttatac cgtggagcagagccaaaagtcc
tagctaggcttgtgaccaggacctcaaatatttggagttagtattct AGTGCTCTGCCTGATGATCTAGAAAGCAGGATTGTTGGCGGATAAG gtgaggtcagcccaaaacgaaaaatctggaaacttgttttatgtgtgtgtgtgtgtg

Exon 1a

tgtgtgtgtgtgtgtgtgtgtgtgtgtaatcaggttagtgcaagaacagattatcacaggaaactctgatgctaataggggaacagaggaaagttttctcagtctgcgaaggtagattattcagaata gcaaaaagcgcaaacacccaaa
tagcaatcaacttaatgaactagtcaacaaagatagcatattcgcacaactggatagtatttcgctatacagataatgtcacaacctgaagtgataaagactatgataattgagagctaccagacaca aagggccacttattgtatgagc

Intron 1

ttgtttgtatgacccactcaggagatgcgaatccatagaggcaggaagtagattcgtggtgactggggctgagaagggtgcatggaggttgaaggttgaaagtttcttgggcgtgggtgacctcaaat tgattgtggagtatggtgaatg
aaatctttctcaataaggtcttagcaaaaaaaaaaaaagggggggggcggggtgattacatatcgaattcgtctgtctctctctgtgtatctctctgtgtctctgtctatctccgtcccccaccgcct cctcccttgtgaagaattctcc
ttctgaatgacAGTGTAGGGAGACTCCCAGGTTCTCTTTGGCAGCAGGCATCTTGCTTTCTTCCACAG ACAAACAGGAAATGGCGATCACCGCTTCTAGACTGGgtaagtagccttgagcgagtcactctcccctgcgaccttcttctct

Exon 1b

tagccaggtggtctggcaagaggacccaagacgcaccacctccgagggcgccgccggctccggatggctgagtacctgaagccgtaggtgtacctcgttgcagagctggccggccctgcgctacccgc gggaaggaagcacgggccaggc
caaggggcggccgcgctgctcatccatcagccagacgaagagcagagtcgcgctctcggccctctgtttgctttctcgccaattattgctgc.......2716bp.......tcaccagcccatttag tgatacaggacacagtccaaag

Intron 2

aatattcaaatcctcgacccacccccaaccctgcgtttagactcagcataacagaatcaggtattttctttgagtgtgtctggctgggatttacaggctaacgaggagcaatctccttggaggagtgg gagactatcCCAAATGTGTCGC
GGCCCCTTTAAAAAAAGCTGAGCAGGATTTTTTTTTCCCATCCCTATGTCTATATTAG GTGACGCAGAACTGCCCGTCGCTCCTGTCATCCAGGCCCCTGGCCCAATGGCAGGCTGAATCCCCCCTACTCCAGCCTGCTCCCGCCTCTTC
TGCCCCTGGTGCTCCGCGCTACCTGCTGCCGCGCGCCACATCCAGGGCAGAGAGGCGGGTGCGCGGGCGGGCGGCGGGCACCATGCGGGGAGGCTGTCCCCAGGGGTGGGCAGCACCACTCTCTGCTA CCCACCTGGCGCTGTGAAACCT

Exon 1c

GCGTCGCCACCATGTTCCCCAGCCCTGCGCTCACACCCACGCCTTTCTCAGTCAAAGACATCCTGAACCTGGAGCAGCAGCAGCGTAGCCTGGCGTCTGGGGACCTGTCTGCGCGCCTCGAGGCCACC CTGGCCCCTGCCTCCTGCATGC
TGGCCGCCTTCAAGCCCGAGGCCTACTCTGGCCCCGAGGCGGCAGCGTCCGGCCTGGCAGAGCTGCGCGCGGAGATGGGCCCCGCGCCTTCGCCCCCCAAGTGCTCTCCTGCTTTCCCAGCCGCCCCC ACATTTTACCCGGGAGCCTACG
GTGACCCTGACCCAGCCAAAGACCCTCGGGCGGATAAAAAAG gtaaggagaactcaagctcttcccttctggaatcgctttcatgtccaaaaccctgagccaagaaacccaggcctgacagtagctcagtccggggtgaaggctgggcgc
ggggagtttggagtataagattccaggctgtcccgcagtcagtccgaagtttagagggaacgccgaatttagagggtcaggaaaaaagaagggagagagagagagggagagagtgagagagtgagagt gagagagagagagagagagaga
gaagattaatatgttgttttcggcctacaaaaccccagtaggttagggccttgttcttggatcctgttacaaagttaagctatctaacaatccgcgttagaacaaaatcttcgtactggagagttaaa atctcttccagatttgggggta
ctttgagacactgagaactgctaaaccgaaagcttagccccgtgtatcctgggccttgtgtagcccaccctgtctttctgggtcttgcctcctttgtgccaaaagagaggagtctggggaccgggttg tgattgtgagatgcgatgctgc

Intron 3

ggctcccaggagctggggttggctttgtttttctagtacaatctccaggcaggatcaggcagaacttcctttctgggaactgttgggaaatacggaacgaataaagacactgagaagtgtagagcagt cttccgaaggtggccgaatacc
aaatatctcagagtagggagaggggctcctgcccagctcacagaaggagcagggaagtcccagacccagatcctgttctgagtaaagccagagaggcccaatggtttctncgagttagaggacgttcc tagcttttccctgggagcagag
agaaggtccaggaacattggagaagggctggaggaggactagaacttattgctaccaaccggaatcccgcagggctggtgtagaggcctctgtcctcctccgggtactgggaagtccagaaaccattc caacatcagctgaccacccgag
gggacaaaccggagtattcctaatgtaattcactccgagcatcctcatgactttattttctttgcagccagaaaagctaaagctaaatcccagactgttaagagaacgctaactatccggggaagagg tctgggatagggcgcccgagat
ttctcttgttttgttttgtccaagccacttaggcatttcccagatgcgcaattgcgccaacatcgaaccgagcgagcccgtgcactcggcgattagcttaagcggagctgggtgtccggcataggacc agagtgatactccctgccaccc
catcaagggccctgaggtccccggcccgccgctctaacccgccacctctctgcctctcttccccttcag AGCTGTGCGCGCTGCAGAAGGCAGTGGAGCTGGACAAAGCCGAGACGGATGGCGCCGAGAGACCACGCGCACGGCGCCGAC
GGAAGCCACGCGTGCTCTTCTCGCAGGCGCAGGTCTACGAGCTGGAGCGGCGCTTCAAGCAACAGCGGTACCTGTCGCCCGCAGAGCGCGACCAGCTGGCCAGCGTGCTGAAGCTCACGTCCACGCAG GTCAAGATCTGGTTCCAGAACC
GTCGCTACAAGTGCAAGCGACAGCGGCAGGACCAGACTCTGGAGCTTCTGGGGCCGCCGCCGCCGCCCGCGCGCAGGATCGCGGTGCCCGTGCTGGTGCGCGACGGGAAGCCCTGCCTGGGGGACCCC GCGGCCTACGCTCCCGCCTACG
GCGTGGGTCTCAATGCCTATGGCTACAACGCCTACCCCTACCCCAGCTACGGCGGCGCGGCCTGCAGTCCCGGCTACAGCTGCGCCGCCTACCCCGCTGCGCCCCCCGCCGCGCACGCCCCCGCCGCC TCCGCCAACAGCAACTTCGTGA
ACTTTGGCGTCGGGGACTTGAACACCGTGCAGAGTCCCGGGATGCCGCAGGGCAATTCGGGCGTCTCCACGCTGCACGGCATCCGAGCCTGGTAGGGAAAGAGCCCGTTTGGGGCGCCCCGGAACGAC TCCCACCTTTAGGAGAAGGGCG
ATGACTCCGGGGATGGGAAAGCTCCCACTATGCCCTGTCCCTCGGATTTCACACCCACCCTCGCGCAGGCCTGGGACCTTTCTCCGATCCATCCCACTTTATTGACGTAGCCTGGTGTCTCGGACCTG GCAGAGCCTTCCAGGGTCACGG
GCACTTTCGACGGATTCCACACTAGGACCGGGAGCCTGGGCCGGGCGCCCGGGCCCTGGTTGTCTTGCCGTCGCCCACCCACCCGTATTTATGTTTTTACCTGTTGTAAGAAATGAGAACCCTCTTCC CATTAAAGTGAGTGCGCTAACG
CAcgcgggcttcttttaggatttctgagcgagcgcagaggcccctccaggtcacaggcatagttcacattaatagaacctgcactcataaaagctgaggcaccccgcacccctcgttaggtgttttctga agtcctccgttccccccccc
ccccccgagggcggccttttttttttttccaaggttacccgcggagggcgtgaggggttttatgacttgcttgtgagctaatgggtgtagaaggaagttcagcgtcttctcgcaccagagaaggagta aaagctgatcctagagcgccca
tcctcaggccaacttgattcactgttgctgggcgttgaggggagagcagcaccctaagtcgtctgcttaacgccacagctcttttaccgacggaagagccaagggcccttgtccagcttccctgagac tctgcccctcattggaagcccc
tgggagtcctttgcctgttttcaagctaagcacagaggccaaacctaaaccggatgggaaatggtgctcacatttatcccaaggta
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embryos to generate transgenic mice. Of 40 embryos
examined, 8 embryos carried the transgene and three were
noted to have β-gal staining (Table 1). When the lacZ
expression pattern was assessed in these embryos at E10.5, we
found that this 3.3 kb upstream region could drive lacZ
expression in cardiac and extra-cardiac tissues (Fig. 3).
Myocardial cells in the outflow tract and the basal part of the
RV were strongly positive for lacZ, and there were also a few
positive cells in the trabecular layer of the RV (Fig. 3B-D). In
the outflow tract, lacZ was strongly expressed in the
myocardium, but no lacZ expression was detected in the aortic
sac or endocardial cushions (Fig. 3C).
At E10.5, extracardiac expression of lacZ was also observed
in locations where the endogenous Csx/Nkx2.5 was detected,
as the pharyngeal floor (PF in Fig. 3C,D), thyroid primordium
(TP in Fig. 3D), and in a distal part of the stomach (ST in Fig.
3E). In the stomach, lacZ expression was observed in
mesenchymal cells. Ectopic expression of lacZ was observed
in the surface ectoderm (SE) of pharyngeal arches and the
laryngotracheal groove (LG) (data not shown). The lacZ
expression pattern, in both cardiac and extracardiac tissues,
was identical in all three lacZ-positive embryos, with the
exception of an ectopic expression in the glossopharyngeal
ganglions in one embryo (Table 2).
The CsxlacZ-2 construct included the same 3.3 kb of 5′
flanking sequence plus 1.4 kb of intron 3 sequence (Fig. 1). Of
34 embryos, six carried the CsxlacZ-2 transgene and of these,
three had positive β-gal staining (Table 1). Cardiac expression
was seen in the basal portion of the RV and in the outflow tract
and extracardiac expression was seen in the
pharyngeal floor, the thyroid primordium, and
the stomach in two embryos (Table 2). In one
embryo, lacZ expression was noted in the
pharyngeal floor, but not in other sites, probably
due to a negative effect of the transgene
integration site.
The addition of most of intron 1 and exon 1b
to the CsxlacZ-1 construct yielded CsxlacZ-3
(Fig. 1). Two embryos were positive for
CsxlacZ-3 transgene, with one embryo having
positive β-gal staining (Table 1). The lacZ
expression was observed in the outflow tract, RV,
pharynx, thyroid primordium and stomach,
(Table 2). Thus, the cardiac β-gal staining
pattern was quite similar for constructs CsxlacZ1, CsxlacZ-2, and CsxlacZ-3. The extracardiac
expression pattern was also very similar except
for the sites of ectopic expression (Table 2).
A strong negative regulatory element
exists between 4 kb and 6 kb upstream
of the Csx/Nkx2.5 coding sequence
CsxlacZ-4 contains 6 kb of 5′ flanking sequence
(Fig. 1). Seventy-two injected embryos were
analyzed with ten found to carry the CsxlacZ-4
transgene. Interestingly, none of the CsxlacZ-4
transgenic embryos showed any β-gal staining in
the heart nor in any extracardiac tissues (Table
1). This suggests that a strong negative
regulatory element exists between 6 kb and 4 kb
5′ to exon 1c.

Table 1. Summary of transgene integration and lacZ
expression
Construct

No. of
mice

No. of
embryos

Transgene (+)

lacZ (+) embryos
among transgene
(+) embryos

CsxlacZ-1
CsxlacZ-2
CsxlacZ-3
CsxlacZ-4
CsxlacZ-5
CsxlacZ-6

7
6
4
11
8
5

40
34
25
72
83
38

8 (20%)
6 (18%)
2 (8%)
10 (14%)
11 (13%)
12 (32%)

3 (38%)
3 (50%)
1 (50%)
0 (0%)
4 (36%)
6 (50%)

A cis-regulatory element for expression of
Csx/Nkx2.5 in the medial wall and inner trabeculae
of RV and LV exists between 14 and 6 kb of 5′
flanking sequence
With 14 kb of 5′ flanking sequence driving the reporter gene
(CsxlacZ-5), lacZ was expressed more widely in the heart (Fig.
4A-C) than with CsxlacZ-1. β-gal staining was observed in the
entire RV and LV except for the compact layer of the lateral
walls (Fig. 4B,E,G-I). In the atrium, there was a cluster of lacZpositive myocardial cells in the interatrial groove (arrows in
Fig. 4D,H), which is above the future atrial septum. β-gal
staining was also seen in the outflow tract (Fig. 4E-G) as in
CsxlacZ-1. Cardiac staining was similar in all four transgenic
embryos with positive β-gal staining.
Extracardiac expression of CsxlacZ-5 was observed in the
pharyngeal floor (PF) and thyroid primordium (TP) in all four

Fig. 3. Whole-mount X-gal staining (A) and transverse sections (B-E) of an E10.5
transgenic embryo carrying the CsxlacZ-1 transgene. Transgene expression was
observed in the outflow tract (B-D), a basal portion of the RV (B,C), pharyngeal
floor (C,D), thyroid primordium (D) and a distal part of the stomach (E). RA, right
atrium; LA, left atrium; RV, right ventricle; LV, left ventricle; OT, outflow tract; PF,
pharyngeal floor; AS, aortic sac; SE, surface ectoderm of pharyngeal arches; TP,
thyroid primordium; ST, stomach.
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CsxlacZ-5 transgenic embryos (Fig. 4F,G). Only one of
the four CsxlacZ-5 embryos was noted to have weak βgal staining in the stomach in contrast to transgenic
embryos harboring CsxlacZ-1,2 and 3 constructs, all of
which exhibited strong expression in the stomach. No
ectopic expression was noted in all embryos, indicating
the presence of repressor elements to restrict expression
of Csx/Nkx2.5 in a tissue-specific manner (Table 2).
An enhancer for RV is located within 6 kb of
the 3′ flanking sequence
To examine cis-regulatory elements downstream of the
coding sequence of Csx/Nkx2.5, we linked 6 kb of 3′
flanking sequence to the CsxlacZ-1 construct to create
CsxlacZ-6 (Fig. 1). Of 38 embryos examined, 12
carried the CsxlacZ-6 transgene, of which six were
lacZ positive (Table 1). Three transgenic embryos had
β-gal staining in the entire RV (Fig. 5B,E,F) including
the compact layer of the lateral walls. The other three
had no cardiac but weak extracardiac stainings (not
shown). Extracardiac staining in all six embryos
included the stomach, pharynx, and thyroid
primordium (Fig. 5A,D,E).
Different expression patterns of the reporter
gene in adult transgenic mice
In addition to the evaluation of transient transgenic
embryos described above, lines of transgenic mice were
created and F1 transgenic mice were evaluated at
different time points in development.
In the transgenic CsxlacZ-1 line which carried the
3.3 kb 5′ flanking sequence, no β-gal staining could be
observed at E7.5 (data not shown). At E9.5, the pattern
of cardiac and extracardiac lacZ expression was
identical to that seen in the transient transgenic
embryos (Fig. 6A). At E15.5, lacZ expression was also
observed in the spleen (SP in Fig. 6B), but not in the
tongue (not shown). In the E15.5 heart, lacZ expression
was reduced, but detectable in the outflow tract region
of the RV (Fig. 6D), while the transgene expression in
the thyroid gland was still strong (TG in Fig. 6C).
Interestingly, when adult animals of the same
transgenic CsxlacZ-1 line were analyzed, β-gal staining
was completely absent in the adult hearts (Fig. 6E).
In the transgenic CsxlacZ-5 line, which carries the
14 kb 5′ flanking sequence, β-gal staining was observed
in the cardiac crescent at E7.5 (Fig. 7A), in the common
ventricle and outflow tract at E8.25 (Fig. 7B) and in the
RV, LV, septum and outflow tract at E9.5 (Fig. 7C). At
E15.5, the cardiac β-gal staining was significantly
down-regulated except for patchy expression in the AV
junction and the interventricular septum (data not
shown). The spleen was also stained, but the tongue
Fig. 5. Whole-mount X-gal staining (A-C) and transverse
sections (D-F) of an E10.5 transgenic embryo carrying the
CsxlacZ-6 transgene. lacZ was expressed in myocardial cells
in the entire RV (B,E,F) and the outflow tract (B-E).
Transgene expression was also seen in the pharyngeal floor
(E,F) and thyroid primordium (D). Ectopic expression was
observed in the surface ectoderm of pharyngeal arches (E,F).

Fig. 4. Whole-mount X-gal staining (A-E) and transverse sections (F-I) of an
E10.5 transgenic embryo carrying the CsxlacZ-5 transgene. Myocardial cells
at the groove between the right and left atria above the future atrial septum
were positive for lacZ expression (A, arrows in D,H). In connection to these
cells, there were lacZ positive cardiac myocytes at the atrioventricular canal
(A, D, H, I) and basal and septal sides of RV and LV (B,E,H,I). Transgene
expression was also observed in the outflow tract (B,C,E-G) and thyroid
primordium (F).
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Table 2. Summary of transgene expression
Construct
CsxlacZ-1
CsxlacZ-2
CsxlacZ-3
CsxlacZ-4
CsxlacZ-5
CsxlacZ-6

Regulatory
sequence
5′ 3.3 kb
5′ 3.3 kb
+3rd int
5′ 4 kb
5′ 6 kb
5′ 14 kb
5′ 3.3 kb
+3′ 6 kb

Tissues examined for expression of transgene
OFT

RV(b)

RV(m)

RV(l)

LV(m)

LV(l)

IAG

A

PF

TP

ST

GG‡

SE‡

LG‡

+
+

+
+

−
−

−
−

−
−

−
−

−
−

−
−

+
+

+
+

+
+

1*
−

+
−

+
−

+
−
+
+

+
−
+
+

−
−
+
+

−
−
2*
+

−
−
+
−

−
−
2*
−

−
−
+
−

−
−
−
−

+
−
+
+

+
−
+
+

+
−
3*
+

−
−
−
−

+
−
−
+

+
−
−
−

OFT, outflow tract; RV(b), basal part of RV; RV(m), medial side of RV; RV(l), lateral side of RV; LV(m), medial side of LV; LV(l), lateral side of LV; IAG,
interatrial groove (groove between right and left atria); A, atrium; PF, pharyngeal floor; TP, thyroid primordium; ST, stomach; GG, glossopharyngeal nerve
ganglion; SE, surface ectoderm of pharyngeal arches; LT, laryngotracheal groove.
‡Expression in these tissues is ectopic.
1* lacZ expression was observed in one embryo.
2* Expression of lacZ was observed only in the trabecular layers.
3* lacZ expression was detected in one embryo.

was not at E15.5 (data not shown). Analysis of adult CsxlacZ5 transgenic mice showed patchy b-gal staining along the
luminal surface of the RV, particularly along the ventricular
septal surface (Fig. 7D). β-gal staining was also seen in a small
part of the LV base (Fig. 7E) and in the AV junction area (the
arrow in Fig. 7E).
Autoregulation of Csx/Nkx2.5 expression
One of the mechanisms to ensure tissue-specific expression of
a transcription factor would be a positive autoregulation of its
own promoter, as has been shown in MyoD gene (Goldhamer
et al., 1995). The Csx/Nkx2.5 promoter contains multiple NKE

Fig. 6. Whole-mount X-gal staining (A), transverse sections (B-D)
and a sagittal section (E) of mice from transgenic lines carrying the
transgenes CsxlacZ-1. In a CsxlacZ-1 embryo at E9.5 (A), the
cardiac expression pattern of β-gal staining is similar to that seen in
the transient transgenic CsxlacZ-1 embryos. At E15.5, lacZ
expression can be observed in the spleen (B), thyroid gland (C) and
the outflow region of the RV (the arrow in D). Note no β-gal staining
in the adult CsxlacZ-1 heart (E).

elements, the binding sites for Csx/Nkx2.5 protein (Chen and
Schwartz, 1995). In order to determine whether or not a
positive autoregulation of Csx/Nkx2.5 is present, we examined
lacZ expression in mice homozygous null mutant for
Csx/Nkx2.5 created by homologous recombination. Since lacZ
expression is under the control of 5′ and 3′ regulatory regions
of Csx/Nkx2.5 in the mutant embryos (Fig. 1C), β-gal staining
will be weaker or absent in homozygous null embryos, if
positive regulation by Csx/Nkx2.5 per se is important.
Unexpectedly, β-gal staining was far stronger in the

Fig. 7. X-gal staining of whole-mount (A-C), and transverse sections
(D,E) of mice from transgenic lines carrying the transgenes CsxlacZ5. At E7.5, β-gal staining was observed in the cardiac crescent
(arrows in A) and at E8.25, the common ventricle (arrows in B) and
the outflow tract (arrowhead in B) was positive for lacZ expression
(B). In a CsxlacZ-5 embryo at E9.5 (C), the cardiac expression
pattern of β-gal staining is also similar to that seen in the transient
transgenic embryos. Sections through the heart of an adult CsxlacZ-5
mouse (D,E) showed β-gal staining along the luminal surface of the
RV and a small part of the LV as well as staining in the
subendocardial region of the interventricular septum and in the AV
junction region (the arrow in E).
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negative feedback, either directly or indirectly, of Csx/Nkx2.5
seems to exist, since the intensity of β-gal staining in the
homozygous mutant heart was much more than double that in
the heterozygous mutant heart (Fig. 8A). In order to confirm
this result, we performed semi-quantitative RT-PCR using
RNA extracted from the heart of heterozygous and
homozygous mutant embryos at E9.5. Transcripts of lacZ in
homozygous mutant hearts were approximately 8 fold those in
heterozygous mutant hearts, after adjustment using the relative
abundance of the transcript for α-cardiac actin (Fig. 8B).
DISCUSSION

Fig. 8. (A) Whole-mount X-gal staining of homozygous (−/−) and
heterozygous (+/−) null embryos for Csx/Nkx2.5. Note strong
expression of lacZ in the homozygous mutant hearts. (B) Five fold
serial dilutions of RT products (lanes 1-3 and 5-7) were used for
PCR as template. RT(−) (lanes 4 and 8): RT reaction was carried out
without reverse transcriptase.

homozygous mutant embryos than in the heterozygous mutant
embryos stained simultaneously (Fig. 8A). This argues against
a positive feedback regulation of Csx/Nkx2.5. Instead, a

In this study, we have shown that Csx/Nkx2.5 gene has three
TATA-less promoters which generate at least three distinct
transcripts by differential promoter usage coupled with
alternative splicing. The most abundant transcript, however,
is transcript III, which contains exon 1c and exon 2, and the
previously described TN and NK-2 domains, and the
homeodomain. The regulatory region of the Csx/Nkx2.5 gene
seems highly complex and modular, with separate enhancer
elements allowing expression of the gene in anatomically
distinct areas of the heart at specific developmental stages,
as well as in the other tissues in which Csx/Nkx2.5 is
expressed.
Our results suggest that a major cis-acting element for
extracardiac expression resides within intron 2, since the
extracardiac β-gal staining pattern observed in mice carrying
the CsxlacZ-1 construct is essentially replicated in mice
transgenic for other constructs tested. The only exception is
CsxlacZ-4 which had no staining in any extracardiac tissue nor

Fig. 9. Schematic representation of lacZ expression pattern seen in the E10.5 heart with the CsxlacZ
constructs tested. (A) β-gal staining pattern seen with CsxlacZ-5 construct. (B) No cardiac staining was
observed in CsxlacZ-4 embryos due to the presence of the dominant repressor. (C) Staining in the outflow
tract as seen with CsxlacZ-1. The cardiac β-gal staining patterns seen in CsxlacZ-2 and CsxlacZ-3 were very
similar to that in the diagram in C. (D) Staining pattern seen with CsxlacZ-6 including the outflow tract and
the entire RV. (E) In situ hybridization of a E10.5 embryo using a Csx/Nkx2.5 cRNA probe. Note a homogenous expression pattern of
Csx/Nkx2.5 mRNA in the embryonic heart, including the outflow tract (OT). (F) The summary of different enhancer elements of Csx/Nkx2.5
that direct expression of the transgene at different subregions of the heart shown in A-D.
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in the heart, presumably due to the presence of a strong
negative cis-element between −4 kb and −6 kb.
The cardiac lacZ expression pattern observed in the heart
suggests a highly modular control of Csx/Nkx2.5 expression in
the heart itself (Fig. 9). β-gal staining in the basal section of
the RV and the outflow tract was driven by the intron 2 region
in construct CsxlacZ-1. The expression pattern was essentially
the same after addition of intron 3 (CsxlacZ-2) and also with
the addition of most of intron 1, exon 1b and intron 2 (CsxlacZ3) as the regulatory regions driving lacZ (Fig. 9C). The
addition of 14 kb of 5′ flanking sequence (CsxlacZ-5) drove
most of cardiac expression except for the atrium. The CsxlacZ5 expression pattern included the outflow tract and the basal
portion of the RV seen with other constructs, but also added
lacZ expression to the interatrial groove, the atrioventricular
canal, the ventricular septum and the medial walls and inner
trabeculae of the RV and LV(Fig. 9A). Interestingly, the
addition of 6 kb of 3′ flanking sequence downstream to the
coding region of Csx/Nkx2.5 along with the 3.3 kb intron 2
region drove strong lacZ expression in the entire RV, including
the compact layer of the lateral walls (Fig. 9D).
In transgenic lines for CsxlacZ-5, lacZ expression was seen
in the cardiac crescent at E7.5 and in the common ventricle and
the outflow tract at E8.25, suggesting that −14 kb to −6 kb
fragment also drives cardiac expression of Csx/Nkx2.5 at early
stages. In the adult transgenic mice, the limitation of β-gal
staining along the luminal surface of the septum and in the AV
junction suggests that this element may be driving reporter
gene expression in a part of the cardiac conduction system in
the adult heart. This is particularly intriguing in view of the
recent report demonstrating that mutations in the
homeodomain region of the human CSX/NKX2.5 gene are
responsible for non-syndromic atrial septal defects associated
with AV conduction system defects (Schott et al., 1998).
Although we have analyzed the genomic region
encompassing 22.7 kb surrounding the Csx/Nkx 2.5 gene in this
study, enhancers that guide expression of the gene in some
regions have not been identified yet. In particular, only small
subsections of the atrium were positive for the reporter gene
expression; thus, additional atrial enhancer(s) remain to be
described. Also, while strong expression of Csx/Nkx2.5 was
seen with the construct CsxlacZ-6 in both trabecular and
compact layers of the RV, expression in the compact layer of
the lateral wall of the LV has not been observed with these
transgenic constructs, suggesting that additional enhancers are
present elsewhere. Though expression of Csx/Nkx2.5 in the
tongue has been noted (Kasahara et al., 1998; Lints et al.,
1993), the tongue did not stain in any of the transgenic
constructs tested. Together with a progressively restricted
regional pattern of expression of the constructs CsxlacZ-1 and
CsxlacZ-5 during development, Csx/nkx2.5 gene seems to
require a very large number of cis-acting elements spread in a
large area of the genome to recapitulate the homogeneous
pattern of expression of this gene throughout development.
The endogenous Csx/Nkx2.5 expression in the heart seems
quite uniform and symmetrical within the heart throughout
development. (Fig. 9E). Why then should Csx/Nkx2.5 have
such widely dispersed modular organization of cis-acting
regulatory elements instead of having a compact tissue-specific
enhancer, as described for the α-myosin heavy chain or M
creatine kinase (Donoviel et al., 1996; Subramaniam et al.,

1991)? It is possible that as the heart has increased in its
complexity during evolution from a primitive tube to the four
chambered structure, additional regulatory modules have been
added to allow expression of the gene in new regions.
Alternatively, a modular organization allows the expression of
the Csx/Nkx 2.5 gene at different sites within the heart at
different developmental stages. Thus, a complex organogenesis
may be achieved not only through the addition of new gene
modules (Fishman and Olson, 1997) but also by adding new
regulatory modules to the pre-existing genes during evolution.
There is precedent for modular regulation of other cardiac
muscle genes. The proximal promoter element of the
ventricular myosin light chain-2 (MLC 2V) gene drives a
reporter gene in a pattern restricted to the RV, while the
endogenous MLC 2V is expressed throughout both ventricles
(Ross et al., 1996). Two different regulatory sequences of the
myosin light chain 3f gene have been shown to direct
expression of a reporter gene to distinct regions of the heart
(Franco et al., 1997). However, the complexity of modular
enhancers seems to be much more pronounced in Csx/Nkx2.5
compared to the above contractile protein genes. This is
probably due to the fact that tinman-like genes are
evolutionarily much more ancient than sarcomeric contractile
protein genes.
Modular regulation of expression over time has been
described for tinman, the Drosophila homologue of
Csx/Nkx2.5. Tinman expression has been shown to have three
phases of mesodermal expression: initially, it is expressed in
all cells of the trunk mesoderm; later, it is expressed in a broad
band of dorsal mesoderm; and finally, tinman is limited in its
expression to the heart precursor cells(Azpiazu and Frasch,
1993; Bodmer, 1993; Bodmer et al., 1990). It has recently been
shown that these three phases of expression are each controlled
by a separate enhancer element in the tinman promoter (Yin et
al., 1997). Our results suggest that this differential temporal
gene regulation by separate enhancers seems operative with
Csx/Nkx2.5 as well (Fig. 9). However, our transgenic
constructs did not fully recapitulate the expression pattern of
the endogenous gene. There must, therefore, be other
regulatory elements which drive Csx/Nkx2.5 expression at
different developmental stages.
Mutant embryos homozygous null for Csx/Nkx2.5 showed
strong β-gal staining in the heart (Fig. 8). CSX/NKX2.5 protein
binding sites were found in the intron of human CSX/NKX2.5
gene and it was suggested that a positive autoregulation might
be important for expression of CSX/NKX2.5 based on a
transient transfection assay (Oka et al., 1997). However, in a
chromosomal context, there was no evidence of a positive
autoregulation of Csx/Nkx2.5 in the heart, at least in mice.
Instead, a negative autoregulation of Csx/Nkx2.5, either
directly or indirectly, seems to exist, which may serve to tightly
control the levels of expression of Csx/Nkx2.5. It is noteworthy
that the truncation mutations in human CSX/NKX2.5 gene
result in autosomal dominant forms of congenital heart disease,
most likely due to haploid insufficiency (Schott et al., 1998).
A precise regulation of the levels of expression of Csx/Nkx2.5
seems to be important for normal cardiac development.
Interestingly, no β-gal staining was detectable in the stomach
of either heterozygous or homozygous Csx/Nkx2.5 null
embryos (Fig. 8). This raises an interesting possibility that, in
the developing stomach, Csx/Nkx2.5 gene is positively
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autoregulated, either directly or indirectly, by its own gene
product. Thus, autoregulation by Csx/Nkx2.5 could be either
negative or positive depending on the type of tissues.
Clearly, there are complex, time-dependent and
combinatorial genetic pathways working together to form the
vertebrate heart (Fishman and Chien, 1997; Lee et al., 1998;
Lyons, 1996; Olson and Srivastava, 1996). Although the
present study points to highly modular nature of the
Csx/Nkx2.5 enhancer elements we have not narrowed down the
exact sequence requirement for each enhancer, which will
require much more additional work. However, this is the first
promoter analysis of a cardiac transcription factor to be
reported in vertebrates. Further characterization of the
Csx/Nkx2.5 promoter/enhancer elements will not only give new
insight into molecular mechanisms of cardiac organogenesis,
but also allow site-directed expression of other genes in
subregions of the heart to further our understanding of the
intricacies of cardiac development.
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