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for myocardial regeneration after myocardial infarction and that activa-
tion of Stat3 by G-CSF is not sufficient for cardiomyocytes to enter the
cell cycle in infarcted hearts of wild-type mice (Supplementary Fig. 10
online). In contrast, G-CSF treatment significantly increased the number
of endothelial cells in the border zone of the infarcted hearts (Fig. 4d).
This increase was attenuated in dnStat3-Tg mice, indicating that the
increased vascularity is mediated by Stat3 activity in cardiomyocytes
and may partially account for the beneficial effects of G-CSF on the
infarcted hearts. Taken together with the result that G-CSF-induced
inhibition of noncardiomyocyte apoptosis was also mediated by the
Stat3 signaling pathway in cardiomyocytes (Fig. 4a), these findings imply
that communication between cardiomyocytes and noncardiomyocytes
regulates each others’ survival.

To further test whether G-CSF acts directly on the heart, we examined
the effects of G-CSF treatment on cardiac function after ischemia-reper-
fusion injury in a Langendorff perfusion model. The isolated hearts
underwent 30 min total ischemia followed by 120 min reperfusion with
the perfusate containing G-CSF (300 ng/ml) or vehicle, and left ventri-
cular developed pressure (LVDP, measured as the difference between
systolic and diastolic pressures of the left ventricle) and LVEDP were
measured. There were no significant differences in basal hemodynamic
parameters including heart rate, left ventricular pressure, LVEDP and
positive and negative dp/dt, between the control group and G-CSF group
(Table 1). After reperfusion, however, G-CSP-treated hearts started to
beat earlier than those of the contro} group (Fig. 5a). At 120 min after
reperfusion, contractile function (LVDP) of G-CSF-treated hearts was
significantly better than that of control hearts (Fig. 5a). Likewise, dias-
tolic function (LVEDP) of G-CSF-treated hearts was better than that
of control hearts (Fig. 5a). After ischemia-reperfusion, there was more
viable myocardium (red lesion) in G-CSF-treated hearts than control

ARTICLES

Table 1 Basal hemodynamic parameters

Control (n=7) G-CSF(n=7)
HR (b.p.m.) 326+34 334+24
LVP (mmHg) 121.8+ 24 117.3+32
LVEDP (mmHg) 4.3+1.3 45+1.6
+dp/dt (mmHg/s) 7,554 + 643 7,657 +377
-dp/dt (mmHg/s) 6,504 + 638 6,670 + 602

HR, heart rate; b.p.m., beats per minute; LVP, left ventricular pressure; LVEDP, left ventricular
end-diastolic pressure; +dp/dt and -dp/dt, positive and negative first derivatives for maximal
rates of left ventricular pressure development.

hearts (Fig. 5b). The size of the infarct (white lesion) was significantly
smaller in G-CSF-treated hearts than in control hearts (Fig. 5b).

DISCUSSION
In the present study, G-CSFR was found to be expressed on cardiomyo-
cytes and cardiac fibroblasts, and G-CSF activated Jak2 and the down-
stream signaling molecule Stat3 in cultured cardiomyocytes. Treatment
with G-CSF protected cultured cardioniyocytes from apoptotic cell death
possibly through upregulation of Bel-2 and Bel-xL expression, suggest-
ing that G-CSF has direct protective effects on cardiomyocytes through
G-CSFR and the Jak-Stat pathway. This idea is further supported by
the in vivo experiments. G-CSF enhanced Stat3 activity and increased
expression of Bcl-2 and Bcl-xL in the infarcted heart where G-CSFR
was markedly upregulated, thereby preventing cardiomyocyte apoptosis
and cardiac dysfunction. These effects of G-CSF were abolished when
Stat3 activation was disrupted in cardiomyocytes, suggesting that a direct
action of G-CSF on cardiomyocytes has a crucial role in preventing left
ventricular remodeling after myocardial infarction. Because noncardio-
myocytes also expressed G-CSFR, the possibil-
ity exists that activation of G-CSF receptors on
these cells modulates the beneficial effects of

ischemia 30 min Reperfusion 120 min

G-CSF on infarcted hearts.
The mobilization of bone marrow stem

cells (BMSC) to the myocardium has been
considered to be the main mechanism by

which G-CSF ameliorates cardiac remode-
ling after myocardial infarction6-8, In this
study, we showed that G-CSF reduces apop-
totic cell death and effectively protects the
infarcted heart, which is dependent on its
direct action on cardiomyocytes through the
Stat3 pathway. This antiapoptotic mechanism
seems to be more important than induction
of BMSC mobilization, because disruption of

Figure 5 Direct effects of G-CSF on cardiac
function after ischemia-reperfusion injury.
, (a) Representative left ventricular pressure

records of control and G-CSF-treated hearts are
shown (upper panet). The graphs show changes
in LVDP (left) and LVEDP (right) during ischemia-
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TTC staining of control hearts (Control) and
G-CSF-treated hearts (G-CSF) after ischemia-
& reperfusion. The graph indicates myocardial
infarct sizes for control hearts (Control) and
G-CSF-treated hearts (G-CSF). Infarct sizes were
calculated as described in Supplementary Methods
online. *P < 0.05 versus control hearts (n= 7).
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this pathway by expressing dnStat3 in cardiomyocytes almost abolished
the protective effects of G-CSF on cardiac remodeling after myocardial
infarction. In addition, there was no difference in the effects of G-CSF
on mobilization and cardiac homing of bone marrow cells, expansion
of cardiac stem cells, and proliferation of cardiomyocytes between wild-
type and dnStat3-Tg mice. The beneficial effects of G-CSF and stem
cell factor on the infarcted heart has been described, but no evidence
indicating that G-CSF induced cardiac homing of bone marrow cells
in the infarcted heart has been shown!. In this study, we found favora-
ble effects of G-CSF on the infarcted heart as early as 1 week after the
treatment even though cardiac homing of bone marrow cells was not
increased. Thus, we conclude that increased cardiac homing of bone
marrow cells cannot account for improved function of the infarcted
heart after G-CSF treatment.

The JAK-STAT pathway has been shown to induce various angio-
genic factors besides antiapoptotic proteins?®2!, The number of
endothelial cells in the border zone was increased by G-CSF through
Stat3 activation in cardiomyocytes. Consistent with this, we noted
that G-CSF induces cardiac expression of angiogenic factors in vitro
and in vivo, which appears to be mediated by cardiac Stat3 activation
(M.H.,Y.Q, H.T,, TM. & LK., unpublished data). Moreover, we obser-
ved that the majority of apoptotic cells in the infarcted hearts was
endothelial cells and that endothelial apoptosis was significantly inhi-
bited by G-CSF treatment in wild-type mice but not in dnStat3-Tg
mice (Fig. 4a and M.H., TM. & LK., unpublished data). Thus, activa-
tion of this pathway in cardiomyocytes by G-CSF may also promote
angiogenesis and protect against endothelial apoptosis by producing
angiogenic factors, resulting in the further prevention of cell death
of cardiomyocytes and cardiac remodeling after myocardial infarc-
tion. The results in this study provide new mechanistic insights of the
G-CSF therapy on infarcted hearts.

METHODS

For further details, please see Supplementary Methods online.

Cell culture. Cardiomyocytes prepared from ventricles of 1-d-old Wistar rats?”
were plated onto 60-mm plastic culture dishes at a concentration of 1 x10°
cells/cm? and cultured in Dulbecco modified Eagle medium (DMEM) supple-
nented with 10% fetal bovine serum (FBS) at 37 °C in a mixture of 95% air
nd 5% CO,. The culture medium was changed to serum-free DMEM 24 h
before stimulation. Generation and infection of recombinant adenovirus were
performed as described?®,

Percoll enrichment of adult mouse cardiomyocytes and noncardiomyocytes.
Adult mouse cardiomyocytes were prepared from 10-week-old C57BL/6 male
mice according to the Alliance for Cellular Signaling protocol. We also prepared
cardiomyocytes and noncardiomyocytes from myocardial infarction-operated
or sham-operated C57BL/6 male mice. After digestion, cells were dissociated,
resuspended in differentiation medium and loaded onto a discontinuous Percoll
gradient. Cardiomyocytes or noncardiomyocytes were separately collected as
described previously?® and subsequently washed with 1 x phosphate-buffered
saline for RT-PCR.

RNA extraction and RT-PCR analysis. Total RNA from adult mice cardiomyo-
cytes was isolated by the guanidinium thiocyanate-phenol chloroform method.
A total of 4 pg RNA was transcribed with MMLYV reverse transcriptase and ran-
dom hexamers, The cDNA was amplified using a mouse Csf3r exon 15 forward
primer (5'-GTACTCTTGTCCACTACCTGT -3") and an exon 17 reverse primer
(5-CAAGATACAAGGACCCCCAA -37). We performed PCR under the follow-
ing conditions: an initial denaturation at 94 °C for 2 min followed by a cycle of
denaturation at 94 °C for 1 min, annealing at 58 °C for I min and extension at
72 °C for 1 min. We subjected samples to 40 cycles followed by a final extension
at 72 °C for 3 min. The products were analyzed on a 1.5% ethidium bromide
stained agarose gel.

Immunocytochemistry. Cardiomyocytes or noncardiomyocytes of neonatal
rats cultured on glass cover slips were incubated with or without the antibody
to G-CSFR (Santa Cruz Biotechnology) for | h, followed by incubation with
Cy3-labeled secondary antibodies. After washing, we double-stained the cells with
fluorescent phalloidin (Molecular Probes) for 1 h at room temperature.

Western blots. Western blot analysis was performed as described®. We probed the
membranes with antibodies to phospho-Jak2, phospho-Stat3 (Cell Signaling),
phospho-Jakl, phospho-Tyk2, phospho-Statl, phospho-Stat5, anti-Jakl, Jak2,
Tyk2, Statl, Stat3, Stat5, Bcl-2, Bax, G-CSFR (Santa Cruz Biotechnology),
Bcl-xL, Bad (Transduction Laboratories) or actin (Sigma-Aldrich). We used the
ECL system (Amersham Biosciences Corp) for detection.

Animals and surgical procedures. Generation and genotyping of dnStat3-Tg
mice have been previously described®®. All mice used in this study were 8~10-
week-old males, unless indicated. All experimental procedures were performed
according to the guidelines established by Chiba University for experiments in
animals and all protocols were approved by our institutional review board. We
anesthetized mice by intraperitoneally injecting a mixture of 100 mg/kg ketamine
and 5 mg/kg xylazine. Myocardial infarction was produced by ligation of the left
anterior descending artery. We operated on dnStat3-Tg mice to induce myocardial
infarction and randomly divided them into two groups, the G-CSF-treated group
(10~100 pg/kg/d subcutaneously for 5 d consecutively, Kyowa Hakko Kogyo Co.)
and the saline-treated group. We operated on nontransgenic mice as control
groups using the same procedures and divided them into a G-CSE-treated group
and a saline-treated group. Some mice were randomly chosen to be analyzed
for initial area at risk by injection of Evans blue dye after prodicing myocardial
infarction, There was no difference in initial area sizes at risk between saline-
treated control and G-CSF-treated mice (1 = 5; Supplementary Fig. 11 online).
We also determined initial infarct size by triphenyltetrazolium chloride staining
on day 3. There was no significant difference in initial infarct size between saline-
treated control and G-CSF-treated mice (1 = 5; Supplementary Fig, 12 online).

Echocardiography and catheterization. Transthoracic echocardiography was
performed with an Agilent Sonos 4500 (Agilent Technology Co.) provided with
an 11-MHz imaging transducer. For catheterization analysis, the right carotid
artery was cannulated under anesthesia by the micro pressure transducers with
an outer diameter of 0.42 mm (Samba 3000; Samba Sensors AB), which was then
advanced into the left ventricle. Pressure signals were recorded using a MacLab
3.6/s data acquisition system (AD Instruments) with a sampling rate of 2,000 Hz.
Mice were anesthetized as described above, and heart rate was kept at approxi-
mately 270-300 beats per minute to minimize data deviation when we measured
cardiac function,

Histology. Hearts fixed in 10% formalin were embedded in paraffin, sectioned
at 4 um thickness, and stained with Masson trichrome. The extent of fibrosis
was measured in three sections from each heart and the value was expressed as
the ratio of Masson trichrome stained area to total left ventricular free wall. For
apoptosis analysis, infarcted hearts were frozen in cryomolds, sectioned, and
TUNEL labeling was performed according to the manufacturer’s protocol (in
Situ Apoptosis Detection kit; Takara) in combination with immunostainings for
appropriate cell markers. Digital photographs were taken at magnification x400,
and 25 random high-power fields (HPF) from each heart sample were chosen
and quantified in a blinded manner. We examined vascularization by measuring
the number of capillary endothelial cells in light-microscopic sections taken
from the border zone of the hearts 2 weeks after myocardial infarction, Capillary
endothelial cells were identified by immunohistochemical staining with anti-
body to platelet endothelial cell adhesion molecule (PECAM:; Pharmingen). Ten
random microscopic fields in the border zone were examined and the number
of endothelial cells was expressed as the number of PECAM-positive cells/HPF
(magnification, x400).

Statistical analysis. Data are shown as mean * s.e.m. Multiple group compari-
son was performed by one-way analysis of variance (ANOVA) followed by the
Bonferroni procedure for comparison of means. Comparison between two groups
were analyzed by the two-tailed Student’s t-test or two-way ANOVA. Values of
P <0.05 were considered statistically significant,
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URL. Alliance for Cellular Signaling Procedure Protocols 9.

http://www.signaling-gateway.org/data/cgi-bin/Protocols.cgi?cat=0 10

Note: Supplementary information is available on the Nature Medicine website. 11
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Abstract

During the past decade, an emerging body of evidence has accumulated that cardiac transcription factors control a cardiac gene program
and play a critical role in transcriptional regulation during cardiogenesis and during the adaptive process in adult hearts, Especially, an
evolutionally conserved homeobox transcription factor Csx/Nkx2-5 has been in the forefront in the field of cardiac biology, providing
molecular insights into the mechanisms of cardiac development and diseases. Csx/Nkx2-5 is indispensable for normal cardiac development,
and mutations of the gene are associated with human congenital heart diseases (CHD). In the present review, the regulation of a cardiac gene
program by Csx/Nkx2-5 is summarized, with an emphasis on ifs role in the cardiac development and diseases.
© 2005 Elsevier Inc. All rights reserved.-
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1. Introduction

The heart is the first functional organ in the developing
embryos, and the appropriate delivery of oxygen and
nutrients through the circulatory system is prerequisite for
embryonic growth and survival. The formation of the heart
involves a precisely coordinated process of cellular differ-
entiation and integrated multicellular morphogenesis, and
even a minute perturbation of this process gives rise to
congenital heart diseases (CHD). The susceptibility of the
heart to malformation is reflected by the high incidence of
congenital heart disease (nearly 1% of live births; American
Heart Association, 2003).

Although the morphological events of heart formation
have been described for centuries, it is not until a decade
ago that the genetic explorations for cardiac development
have started. Cardiogenic progenitors become committed to
cardiac lineage in the anterior lateral mesoderm (primary

heart filed) of the late gastrulation embryos in response to.

inducing signals secreted from adjacent endoderm
(reviewed in Olson & Srivastava, 1996; Fishman & Olson,
1997; Srivastava & Olson, 2000). These cardiogenic cells,
clustering in a form of bilaterally symmetrical crescent,
migrate and fuse at the anterior midline to form a linear
heart tube. The linear heart tube initiates autonomous
contraction and undergoes rightward looping morphogene-
sis to form a mature four-chambered heart in association
with atrioventricular (AV) septations. Maturation of the
heart also requires coordinated proliferation and differ-
entiation of myocardium to form functional trabeculated
chambers. At the AV canal, mitral and tricuspid valves
originate from endocardial cushions, regional swellings
forming as a consequence of epithelial-mesenchymal
transformation of endocardial cells. Endocardial cushions
also participate in the formation of the aortic and pulmonary
valves. Migrating neural crest cells populate the outflow
tract as well as aortic and pharyngeal arches. Recently, it is
proposed that a part of cardiomyocytes in the outflow tract
and, possibly, right ventricle is generated from a “secondary
(anterior) heart field” situated in splanchnic mesoderm
medial and adjacent to the primary heart field (reviewed
in Kelly & Buckingham, 2002).

A novel paradigm for heart development originated from
the discovery of the finman gene in the fruit fly Drosophila
melanogaster, which is required for the primitive heart
formation in this organism (Azpiazu & Frasch, 1993;
Bodmer, 1993). The tinman encodes a homeobox-containing
transcription factor, and the identification of the tinman-
related gene Csx/Nix2-5 (Komuro & [zumo, 1993; Lints et
al,, 1993) in mammals attracted much attention to the key
regulatory roles of cardiac transcription factors in the intricate
program of heart development. Cardiac transcription factors
are essential transcriptional activators that are expressed
predominantly in hearts and that regulate the expression of
the cardiac genes encoding structural proteins or regulatory
proteins characteristic of cardiomyocytes (reviewed in
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Bruneau, 2002). In vertebrates, cardiac transcription factors
are represented by the homeobox transcription factor Csx/
Nkx2-5, the GATA family transcription factors, and myocyte
enhancer factor 2 (MEF2) transcription factors.

Recent data have suggested the significant role of these
transcription factors in postnatal hearts as well (reviewed in
Akazawa & Komuro, 2003a). Cardiomyocytes are highly
differentiated and lose their ability to proliferate soon after
birth. Thereafter, cardiomyocytes grow in cell size without
cell division to adapt to a demand for an increased
workload. In a variety of pathological conditions (e.g.,
hypertension, valvular disease, myocardial infarction, and
cardiomyopathy) that impose overwork on the heart,
postnatal cardiomyocytes undergo hypertrophic cell growth.
Although cardiac hypertrophy is initially compensatory for
an increased workload, the prolongation of this process
leads to deleterious outcomes such as congestive heart
failure, arrhythmia, and sudden death (Levy et al., 1990;
Lorell & Carabello, 2000). Cellular responses characteristic
of cardiac hypertrophy include accelerated synthesis of
sarcomeric and structural proteins and reprogramming of the
fetal cardiac genes (reviewed in Komuro & Yazaki, 1993;
Sadoshima & lzumo, 1997). With regard to the transcrip-
tional adaptation induced by hypertrophic stimulation, it is
reasonable to assume that cardiac transcription factors play
the leading part because they directly regulate a number of
cardiac genes that are up-regulated in hypertrophied
myocardium. Indeed, the transcriptional activities of GATA
and MEF2 transcription factors are enhanced in response to
hypertrophic stimulations and they function as essential
effectors of divergent intracellular signaling pathways
mediating hypertrophic features (reviewed in Akazawa &
Komuro, 2003a). However, the role of Csx/Nkx2-5 in the
adult hearts remains elusive. Csx/Nkx2-5 is up-regulated in
response to hypertrophic stimulations and may have
implications in the transcriptional regulation of the cardiac
gene program in hypertrophied hearts. In addition, the role
of Csx/Nkx2-5 may extend to maintenance of homeostasis
in highly differentiated cardiomyocytes.

In line with the involvement in transcriptional regulation
of myriad cardiac genes, both during cardiogenesis and
during the adaptive process in response to hemodynamic
stresses, aberrant expressions of Csx/Nkx2-5 directly give
rise to heart diseases both in mice and humans. This review
comprehensively summarizes recent advances in under-
standing the role of Csx/Nkx2-5 in transcriptional regulation
in the heart, especially focusing on its role in cardiac
development and diseases.

2, Cardiac homeobox transcription factor Csx/Nkx2-5

2.1. NK-2 class homeobox transcription factor Csx/Nkx2-5

Csx/Nikx2-5 1s a member of the NK homeobox gene
family that is conserved in evolution and acts as a DNA-
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binding transcriptional activator (Kim & Nirenberg, 1989;
Harvey, 1996). Four NK homeobox genes were originally
identified (NK1, NK2, NK3, and NK4) in Drosophila, and
thereafter, the NK homeobox gene family was classified into
2 subfamilies, NK-1 (NK/ and its homologues) and NK-2
(NK2, NK3, NK4, and their homologues) class gene
families (reviewed in Harvey, 1996).

In Drosophila, NK4 (tinman) is expressed in pre-
sumptive medoserm (Bodmer et al., 1990) and is required
for cell fate specification of the dorsal vessel, the
equivalent of the vertebrate heart, and visceral muscle
(Azpiazu & Frasch, 1993; Bodmer, 1993). Csx/Nkx2-5
was identified as a potential mammalian homologue of
tinman (Komuro & Izumo, 1993; Lints et al, 1993).
“Csx” is the acronym of cardiac-specific homeobox and
represents its distinctive biological significance in myo-
cardial cell lineage (Komuro & Izumo, 1993). “Nkx2-5”
has originated from a taxonomical standpoint that it is the
fifth vertebrate gene identified in the NK-2 homeobox
gene family (Lints et al., 1993). Currently, both names are
widely adopted, and a double name “Csx/Nkx2-5” is used
in this paper. Tinman-related proteins have been identified
in various species in vertebrates from Xenopus to humans
(Komuro & Izumo, 1993; Lints et al., 1993; Tonissen et
al, 1994; Schultheiss et al., 1995; Chen & Fishman,
1996; Shiojima et al., 1996). These proteins commonly
have highly conserved structure composed of the N-
terminal TN domain, the homeodomain, and the NK-2-
specific domain (NK2-SD), located just C-terminal to the
homeodomain (reviewed in Harvey, 1996; Fig. 1). The
homeodomain of Csx/Nkx2-5 has a helix-turn-helix motif
that binds to the specific consensus DNA sequence 5
T(C/T)AAGTG 3" (Chen & Schwartz, 1995). The 5’ T(C/
T)AAGTG 3’ core is unique compared with the typical 5’
TAAT 3’ core for binding of homeoproteins, and its unique
binding specificity is determined by the tyrosine residue at
position 54 within the third helix of the homeodomain,
characteristic of the NK-2 class homeobox gene family
(reviewed in Harvey, 1996). The NK2-SD functions to
mask the transcriptional activity in in vitro reporter assays.
The NK2-SD is proline rich and may operate as an

TN domain

- Unknown function
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interface of protein—protein interaction. The function of the
I'N domain remains unclear.

2.2. Involvement of Csx/Nkx2-5 in cardiac development

As expected as a homologue of tinman, Csx/Nkx2-5 is
highly expressed in the early heart progenitor cells in both
primary and secondary heart fields during murine embryo-
genesis and continues to be expressed at a high level in the
heart through adulthood (Komuro & Izumo, 1993; Lints et
al., 1993; Kasahara et al, 1998; Stanley et al,, 2002).
Especially, a transient elevation of Csx/Nkx2-5 expression is
observed in specialized myocardial conduction cells during
the period of conduction system formation, suggesting a
significant role of Csx/Nkx2-5 in the development of the
conduction system (Thomas et al., 2001).

The developmental role of Csx/Nkx2-5 has been exten-
sively investigated. In Xenopus embryos, the overexpres-
sion of either XNkx2-5 or XNkx2-3 caused an increase in
heart size due to increased myocardial cell number, namely
hyperplasia (Cleaver ct al., 1996). Similarly, the injection of
Nkx2-5 into zebrafish embryos led to large hyperplastic
hearts, and higher doses of Nkx2-5 induced cells in ectopic
locations to express a cardiac gene, although these cells did
not beat (Chen & Fishman, 1996). These gain-of-function
analyses indicate an important role of Nkx2-5 in cardiogenic
program, whereas it is unclear whether myocardial hyper-
plasia in embryos injected with Nkx2-5 resulted from an
increase in the proliferative activity of cardiac cells or from
commitment of ectopic cells into cardiac cell fate. In
contrast, transgenic overexpressing of Csx/Nkx2-5 under
the control of the cytomegalovirus enhancer/chicken S-actin
promoter did not alter the heart size in adults (Takimoto et
al., 2000). Although the heart sizes during embryogenesis
were not investigated in Csx/Nkx2-5 transgenic mice, the
effects of Csx/Nkx2-5 on the heart size might be dose and
stage dependent and, more probably, variable according to
the organisms.

Loss-of-function analyses by gene targeting in mice have
undermined a distinctive role of Csx/Nkx2-5 in regulating
cardiogenesis. Three kinds of Csx/Nkx2-5-deficient mice

NK-2 domain

- Transcriptional repressor
- Protein-protein interaction?

- COOH

Homeodomain
- DNA binding
- Protein-protein interaction (GATA4, SRF, Tbx5, Cal)
- Dimerization
- Phosphorylation by CKIi

318 amino acids

Fig. 1. Protein structure and functional domains of Csx/Nkx2-5. The homeodomain is indicated by a black box, TN domain with a dark grey box, and NK-2

domain with a light grey box.
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harboring a different allele have been generated, and the
phenotypes with regard to cardiogenesis were essentially the
same (Lyons et al., 1995; Tanaka et al., 1999a; Biben et al.,
2000). Csx/Nkx2-5-deficient mice were lethal around E9-
10 due to the arrested looping morphogenesis of the heart
tube and growth retardation (Lyons et al,, 1995; Tanaka et
al., 1999a). In contrast to tinman-mutant flies, commitment
to cardiac lineage was not compromised in Csx/Nkx2-5-
deficient embryos, because beating cardiomyocytes were
present in normally formed linear heart tube. In vertebrates,
there is a possibility that other NK-2 homeobox tran-
scription factors are functionally redundant with Csx/Nkx2-5
in adopting a cardiac cell fate. This idea is supported by the
observation that Csx/Nkx2-5-related genes have been
identified in embryonic hearts of flogs, zebrafish, chickens,
and mice, which share similar and overlapping, but not
identical, expression pattern with Nkx2-5 (Tonissen et al.,
1994; Evans et al., 1995; Buchberger et al., 1996; Lee et al.,
1996; Brand et al., 1997; Reecy et al., 1997; Biben et al.,
1998; Newman & Krieg, 1998; Newman et al., 2000). In
zebrafish, the expression of Nkx2-7 is first observed in
cardiac mesodermal precursors and precedes those of Nkx2-
5 and Nkx2-3, suggesting a role of Nkx2-7 in regulating
Nkx2-5 and Nkx2-3 expressions (Lee et al, 1996). With
regard to functional redundancy, the coinjection of domi-
nantly acting repressor plasmids for XNkx2-5 and XNkx2-3
synergistically abrogated heart formation and cardiac gene
expression in Xenopus embryos (Fu et al., 1998). Similar
results were obtained in experiments using cultured P19
cells, which are derivatives of mouse embryonal carcinoma
cells and undergo myocardial differentiation under treatment
of dimethyl sulfoxide (DMSO). The expression of a
dominant-negative mutant of Csx/Nkx2-5, consisting of
Csx/Nkx2-5 homeodomain fused to the repressor domain
of engrailed, prevented the commitment of mesodermal
cells into cardiac lineage during early P19 differentiation
(Jamali et al., 2001b). Whereas murine Nkx2-6, a closely
related gene to Csx/Nkx2-5, is redundantly expressed in the
sinus venosa at E8.5 and in the outflow tract at E9.5 (Biben
et al, 1998), no cardiac abnormalities were observed in
Nixe2-6-deficient embryos (Tanaka et al., 2000). In Csx/
Nix2-5 and Nix2-6 double mutants, atrial growth was
significantly retarded with alterations in cardiac gene
expression in atria (Tanaka et al., 2001), but atrial growth
retardation is supposed to be secondary to the abnormal
development of neighboring pharyngeal tissues because
Nkx2-6 is not expressed in atria. It remains to be determined
how Csx/Nkx2-5 in combination with other NK-2 tran-
scription factors functions to induce the cardiogenic
program. Alternatively, the deployment of tinman and
Csx/Nkx2-5 in cardiogenic program may have evolutionally
diverged in spite of their close relationships. The introduc-
tion of Csx/Nkx2-5 into the Drosophila germline failed to
rescue the tinman-mutant phenotype, although the homeo-
domains were functionally interchangeable in this rescue
assay (Park et al., 1998a; Ranganayakulu et al., 1998).
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Whereas commitment to cardiac lincage was not
hampered, the expression of several cardiac genes in the
heart of Csx/Nkx2-5-deficient embryos (including myosin
light chain 2v [MLC2v), atrial natriuretic peptide [ANP],
brain natriuretic peptide [BNP), cardiac ankyrin repeat
protein [CARP), MEF2-C, eHAND/HANDI, N-myc, Iro-
quois homeobox gene 4 [Irx4], and homeodomain-only
protein [HOPY) was reduced (Lyons et al., 1995; Biben &
Harvey, 1997; Zou et al, 1997, Tanaka et al., 1999a;
Bruneau et al., 2000; Shin et al., 2002; Table 1). These data
indicate that Csx/Nkx2-5 plays a crucial role in the
transcriptional regulation of several sets of cardiac-specific
genes, which are essential for embryonic myocardium to
differentiate beyond the stage of looping morphogenesis.
The reduced expression of chamber-restricted transcription
factors such as eHAND/HAND! (Biben & Harvey, 1997)
and Irx4 (Bruneau et al., 2000) in Csx/Nkx2-5-dedicient
embryos implies that Csx/Nkx2-5 reigns over the hierarch-
ical cascade of cardiac transcription factors.

dHAND/HAND? and eHAND/HANDI are basic helix-
loop-helix transcription factors that have distinctive roles in
cardiac and extraembryonic development (reviewed in
Srivastava, 1999). The expression of eHAND is predom-
inant in the left ventricle and is excluded from the right
ventricle. Analysis of eHAND-null mice defined an essential
role of eAND in myocardial differentiation of the left
ventricle (Firulli et al., 1998; Riley et al., 1998; Riley et al.,
2000). In contrast, the expression of dHAND is restricted to
the right ventricle, and the development of the right
ventricle was selectively compromised in dHAND-null
embryos (Srivastava et al., 1997). In embryos deficient for
both Csx/Nkx2-5 and dHAND, only a single atrial chamber

Table |
Altered gene expressions in Csx/Nkx2-5-deficient hearts

Genes Gene product

Down-regulated genes

MEF-2C Transcription factor
eHAND/HAND!  Transcription factor
frx 4 Transcription factor
N-mye Transcription factor
Myocardin Transcriptional coactivator
CARP Transcriptional corepressor, titin-binding protein
HOP Homeoprotein
MLC2v Contractile protein
ANP Natriuretic peptide
BNP Natriuretic peptide
Connexin 40 Structural protein in gap junction
minK Ion channel
Chisel Undetermined
Up-regulated genes
BMP-10 Morphogenic protein
Sarcolipin Inhibitor for sarcoplasmic reticulum calcium-ATPase
HCNI lon channel

ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; CARP,
cardiac ankyrin repeat protein; HOP, homeodomain-only protein; x4,
froquois homeobox gene 4; MLC2v, myosin light chain 2v; MEF-2C,
myocyte enhancer factor 2-C.
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was formed with complete ventricular dysgenesis (Yama-
gishi et al., 2001). The importance of Csx/Nkx2-5 in
combination with dHAND in ventricular formation was
strengthened by the observation that the expression of the
ventricular-specific homeobox gene Irx4 was completely
abrogated in double mutants for Csx/Nix2-5 and dHAND.

During the late stage of cardiogenesis, Csx/Nkx2-5 plays
an important role in lineage specification and maturation of
ventricular cardiomyocytes. To analyze the effects of loss of
Csx/Nkx2-5 beyond the midgestation when the conventional
Csx/Nkx2- 5 knockout mice die, ventricular-restricted Csx/
Nkx2-5 knockout mice were generated (Pashmforoush et al.,
2004). Ventricular-specific deletion was achieved by
MLC2v~Cre-mediated recombination (Hirota et al., 1999)
of the floxed Csx/Nkx2-5 allele. Csx/Nlx2-5-deficient hearts
showed hypertrabeculation and noncompaction of myocar-
dium at birth, and mice exhibited progressive heart failure
characterized by chamber dilatation with extensive trabec-
ular formation. Microarray analysis revealed aberrant
expressions of a number of genes, including the potential
downstream targets in Csx/Nkx2-5-deficient hearts (Table
1). The up-regulation of bone morphogenic protein (BMP)-
10 appears to be mechanistically important, because the
overexpression of BMP-10 induced similar hypertrabecula-
tion. In addition, aberrant expressions of sarcolipin and
HCNI were observed in ventricular cardiomyocytes of Csx/
Nkx2-5-deficient mice, whereas sarcolipin and HCNI are
normally expressed in the atria and conduction system,
respectively.

2.3. Regulatory pathways upstream of Csx/Nkx2-5

Insomuch as Csx/Nkx2-5 is one of the earliest markers for
cardiogenic cells and plays a crucial role in cardiac develop-
ment, it is important to delineate regulatory pathways that
control Csx/Nkx2-5 expression during cardiogenesis. In
Drosophila, signaling cascades by Decapentaplegic (Dpp)
and Wingless (Wg) are involved in the induction of tinman
expression and the formation of dorsal vessel (Stachling-
Hampton et al., 1994; Frasch, 1995; Wu et al., 1995).

Dpp is a member of the transforming growth factor-p
(TGF-p) superfamily and is closely related to vertebrate
BMP-2 or BMP-4 (reviewed in Hogan, 1996). Dpp is
secreted in the dorsal ectoderm overlying the mesoderm,
where tinman is expressed, and functions as an inductive
signaling to restrict and maintain tinman expression in
dorsal mesoderm (Stachling-Hampton et al., 1994; Frasch,
1995). In chick embryos, the implantation of BMP-2-soaked
beads induced ectopic expression of Csx/Nkx2-5 and GATA-
4, and the administration of soluble BMP-2 or BMP-4
conferred competence to undergo cardiogenesis on explants
from noncardiogenic anterior mesoderm (Schultheiss et al.,
1997). Furthermore, the injection of dominant-negative
BMP receptors in Xemopus embryos resulted in the
reduction of heart formation (Shi et al., 2000), and mice
deficient for BMP-2 or BMP-4 exhibited various degrees of

_26_

H. dkazawa, I. Komuro / Pharmacology & Therapeutics 107 (2005) 252268

cardiac defects (Winnier et al., 1995; Zhang & Bradley,
1996). The essential role of BMP signaling in the induction
of Csx/Nkx2-5 expression and subsequent normal cardiac
differentiation was confirmed by experiments using P19CL6
cells, which were derived from mouse P19 embryonal
carcinoma cells (Monzen et al., 1999). In adherent culture
with 1% DMSO, P19CL6 cell efficiently differentiate into
spontaneously beating cardiomyocytes and exhibit the
biological features recapturing embryonic cardiogenesis in
vivo. In contrast, PI9CL6 cells constitutively expressing
BMP antagonist noggin (P19CL6-noggin) did not differ-
entiate into beating cardiomyocytes, and expressions of
cardiac transcription factors, including Csx/Nkx2-5, were
not induced, even when cultured with DMSO. Similar
results were observed in experiments using aggregated P19
cells (Jamali et al.,, 2001a). Cardiogenic activities in
P19CL6-noggin were restored by the overexpression of
BMP-2 or BMP signaling mediators (Yamaguchi ct al.,
1995; Heldin et al.,, 1997), TGF-B-kinase 1 (TAKI), or
Smads (Monzen et al., 1999, 2001).

The formation of dorsal vessel in Drosophila also
requires segment polarity gene wg, which is expressed in
posterior stripe-shaped parasegments of the ectoderm (Wu et
al.,, 1995). The inductive Wg signaling restricts and
maintains finman expression in cardiac mesoderm (Wu et
al., 1995; Park et al, 1996) via the canonical pathway
involving disheveled, zeste-white3/shaggy (glycogen syn-
tase kinase-3 [ homolog), armadillo (B-catenin homo-
logue), and pangolin (T-cell factor homolog; Park et al.,
1996, 1998b). In contrast to the essential role of Drosophila
Wg pathway, an inhibitory role of the canonical Wnt
pathway in cardiogenesis was unraveled in vertebrates
(Marvin et al., 2001; Schneider & Mercola, 2001; Tzahor
& Lassar, 2001). In Xenopus, the ectopic expression of
endogenous Wnt antagonists, dickkopf-l and crescent,
induced cardiac differentiation in non-precardiac mesoderm,
while the overexpression of Wnt3A or Wnt8 blocked
cardiogenesis in precardiac mesoderm (Schneider & Mer-
cola, 2001). Likewise, experiments using explants from
chick embryos demonstrated that inhibitory effects of
cardiogenesis by the neural tube were mimicked by Wntl
or Wnt3A and were surmounted by a secreted Wnt
antagonist, Frzb (Tzahor & Lassar, 2001), In addition,
dickkopf-1 or crescent conferred cardiogenic response on
normally blood-forming posterior mesoderm by antagoniz-
ing Wnt pathways, and reciprocally, the ectopic expression
of Wnt proteins in precardiac mesoderm induced blood cell
formation (Marvin et al., 2001). Inconsistent with the
antagonistic role in Xenopus and chick cardiogenesis, the
canonical Wnt pathway is required for cardiac differ-
entiation of mouse P19CL6 cells (Nakamura et al., 2003).
The inductive or repressive effects observed in these
experiments represent the complicated nature of the canon-
ical Wnt signaling pathway, which might cause differences
according to species, cell types, and stages of differ-
entiation. To be more complex, cardiogenesis appears to
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be dependent on noncanonical Wnt pathways mediating
signals independently of B-catenin (Veeman et al., 2003). In

Xenopus and quail embryos, quail mesodermal cell line.

QCE-6, mouse P19 cells, and embryonic stem cells, Wntl1
promoted cardiogenesis possibly by activating Jun N-
terminal kinase (Eisenberg et al, 1997; Eisenberg &
Eisenberg, 1999; Pandur et al., 2002; Terami et al., 2004).
Therefore, multiple Wnt pathways may operate both
positively and negatively in a complex manner to induce
cardiogenic program.

The fibroblast growth factor (FGF) family is another
factor that functions to promote cardiogenesis. In chick
embryos, endodermally expressed FGF-8 contributed to the
expression of Csx/Nkx2-5 and MEF2-C in precardiac
mesoderm, and ectopic FGF-8 expression expanded the
expression of these cardiac transcription factors where BMP
signaling was present (Alsan & Schultheiss, 2002). How-
ever, downstream mediators of FGF signaling that regulate
cardiogenesis remain to be precisely elucidated. A recent
study using mouse P19CL6 cells indicated that phosphati-
dylinositol 3 (PI3)-kinase was essential for the early stage of
Csx/Nkx2-5 and GATA-4 activation and subsequent cardiac
differentiation (Naito et al,, 2003). Whereas PI3-kinase
mediates various signaling pathways evoked by extracel-
lular stimuli, it might be possible that P13-kinase functions
downstream to FGF signaling in inducing cardiogenic
program.

In an attempt to decode the mechanisms how Csx/Nkx2-5
expression is activated in cardiac mesoderm, regulatory cis-
elements of Csx/Nkx2-5 that direct cardiac-specific expres-
sion have been analyzed by the transgenic approach (Searcy
etal.,, 1998; Lien et al., 1999; Reecy et al., 1999; Tanaka et
al., 1999b). Within the mouse Csx/Nkx2-5 locus, multiple
independent enhancers and repressors are presumed to
modulate Csx/Nkx2-5 expression in distinct regions of
embryonic hearts (reviewed in Schwartz & Olson, 1999).
For example, 14 kb of 5'-flanking sequence directed LacZ
reporter expression in cardiac crescent and in outflow tract,
interatrial groove, atrioventricular canal, and right and left
ventricles (Tanaka et al., 1999b). A series of deletion
analyses mapped a distal cardiac enhancer (activating region
I, AR1), which is located about 9 kb upstream of the gene
and consists of 2 positive regulatory regions with an
intervening negative regulatory region (Lien et al.,, 1999).
This distal enhancer recapitulated the authentic Csx/Nkx2-5
expression until the looping morphogenesis, but thereafter,
the enhancer activity was restricted to the right ventricle.
About 3 kb upstream of the gene, another cardiac enhancer
(activating region 2, AR2) is located, and this enhancer
contributes to a reporter gene expression in cardiac crescent,
primitive heart tube, and outflow tract (Searcy et al., 1998).
Additionally, a proximal enhancer (activating region 3,
AR3) was identified about 5 kb upstream of the gene, which
drives gene expression in outflow tract (Reecy et al., 1999),
and an enhancer for expression in right ventricle is located 6
kb downstream of the gene (Tanaka et al., 1999b).

_27_

257

A mnext important step for understanding the regulatory
mechanisms of Csx/Nkx2-5 expression is to identify frans-
acting factors that bind to these cis-elements. The distal
enhancer AR1 contains several binding sites for GATA
transcription factors, and one of the GATA-binding sites is
responsible for cardiac expression (Lien et al., 1999).
Likewise, multiple GATA-binding sites are present within
the proximal enhancer AR2, and the mutation of two of
these GATA sites abolished enhancer activity in the heart
(Searcy ct al., 1998). Inasmuch as AR1 and AR2 direct Csx/
Nix2-5 expression in cardiac crescent, GATA transcription
factors may be critically involved in the initiation of Csx/
Nioi2-5 expression. However, during the early period of
cardiogenesis, GATA transcription factors are expressed in
visceral endoderm, as well as in precardiac mesoderm
(reviewed in Molkentin, 2000), and it is likely that
additional signaling pathways may be required for the
initial activation of Csx/Nkx2-5 in the correct region.
Specific knockdown of GATA-6 in Xenopus and zebrafish
embryos by injection of antisense morpholino also indicated
that GATA-6 functions to maintain, but not to initiate Csx/
Nkx2-5 expression (Peterkin et al., 2003).

In Drosophila, the mesodermal expression of finman is
dependent on the Dpp response element that contains
binding sites for Medea, a homologue of Smad4 (Xu et
al., 1998). The requirement of a Smad-binding site for
cardiac-specific Csx/Nkx2-5 expression is evolutionally
conserved among fruit fly, chicken, mouse, and human
(Liberatore et al., 2002; Lien et al., 2002). Interestingly, the
indispensable Smad-binding site is located adjacent to the 2
essential GATA-binding sites within AR2 (Searcy et al.,
1998; Liberatore et al., 2002; Lien et al., 2002). A recent
paper reported that a novel enhancer containing clustered
repeats of GATA-binding sites and Smad-binding sites was
located about 6kb upstream of the gene (Brown et al., 2004).
This composite enhancer is also required for Csx/Nkx2-5
expression in cardiac crescent, and GATA-4 and Smad4
form a complex upon the enhancer in differentiated P19CL6
cells. These results suggest that BMP signaling may induce
cardiac-specific Csx/Nkx2-5 expression through the activa-
tion of the composite enhancer by Smads in collaboration
with GATA-4. The characterization of 3"-flanking sequence
of chick Csx/Nkx2-5 identified a unique enhancer (cardiac
activating region 3, CAR3). CAR3 contains a triad of
binding sites for GATA factors, Smads, and YY-1 and
directs reporter gene expression in both the primary and
secondary heart fields (Lee et al., 2004). BMP-mediated
activation of CAR3 is dependent on the interaction of
Smads and YY-1, which enables the up-regulation of the
transcriptional activity of YY-1.

Despite the evidence that BMP signaling modulates
cardiac-specific Csx/Nkx2-5 expression through interactions
involving Smads, GATA factors, and YY-1, the transcrip-
tional regulation of Csx/Nkx2-5 appears too complicated to
be fully deciphered. Csx/Nkx2-5 regulatory regions contain
multiple positive and negative enhancers with numerous



258

binding sites for known transcriptional regulators (Searcy et
al,, 1998; Lien et al., 1999; Reecy et al., 1999; Schwartz &
Olson, 1999; Tanaka et al.,, 1999b; Shiojima et al., 2000;
Liberatore et al,, 2002; Lien et al., 2002). Especially, it
remains unknown how Csx/Nkx2-5 expression is regulated
in response to Wnt canonical and noncanonical pathways. In
addition to the genetic regulation, the transcription of Csx/
Nkx2-5 may be regulated epigenetically, as evidenced by the
results that Csx/Nkx2-5 expression was initiated but not
sufficiently sustained in mice deficient for Plycomb group
gene Rae 28 that maintains transcriptional state by control-
ling chromatin structure (Shirai et al., 2002).

2.4. Transcriptional regulation of
downstream target genes by Csx/Nkx2-5

In search for the direct downstream target genes of Csx/
Nkx2-5, the promoter activities of potential candidate genes
were extensively explored. Among the cardiac genes
examined, the promoter activity of ANP gene was found
to be under the control of Csx/Nkx2-5 (Durocher et al.,
1996; Lee et al., 1998; Shiojima ct al., 1999). Csx/Nkx2-5
strongly transactivated the ANP promoter, and the frans-
activation of the ANP promoter was dependent on the Csx/
Nkx2-5 DNA-binding site located within the ANP promoter.
In addition to ANP, direct downstream targets for Csx/
Nkx2-5 have been identified, such as cardiac o-actin (Chen
& Schwartz, 1996), CARP (Zou et al., 1997), Al adenosine
receptor {Rivkees et al, 1999), calreticulin (Guo et al.,
2001), connexin40 (Bruneau et al., 2001), sodium-calcium
exchanger-1 (Muller et al., 2002), endothelin-converting
enzyme-I (Funke-Kaiser et al., 2003), HOP (Chen et al.,
2002; Shin et al., 2002), myocardin (Ueyama et al., 2003a),
Csm (Ueyama et al., 2003b), and MEF2-C (von Both et al.,
2004; Table 2). These target genes encode important
structural proteins and transcriptional regulators that confer
features characteristic of cardiomyocytes, supporting a
functional role of Csx/Nkx2-5 in the transcriptional regu-
lation of a cardiac gene program. The lefi-sided expression
of Pitx2, a bicoid-type homeobox transcription factor
responsible for left—right asymmetric morphogenesis, is
controlled under a left side-specific enhancer element
containing a Csx/Nkx2-5-binding site (Shiratori et al.,
2001). This regulatory element is especially required for
the maintenance of left-sided Pirx2 expression. Based on the
largely overlapping but partly different expression patterns
of Csx/Nkx2-5 and Pitx2, it is likely that Pitx2 expression is
also regulated by Csx/Nkx2-5 and its related proteins.

The transcriptional activity of Csx/Nkx2-5 is exquisitely
regulated by post-translational modification. First, Csx/
Nkx2-5 forms a homodimer on its DNA-binding sites
(Kasahara et al., 2001a; Fig. 1). Dimerization stabilizes the
binding of Csx/Nkx2-5 to DNA, whereas it is elusive
whether dimerization of Csx/Nkx2-5 is stochastically
formed or induced by some regulatory mechanisims. Second,
Csx/Nkx2-5 is phosphorylated at the conserved serine
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Table 2

Direct downstream target genes for Csx/Nkx2-5

Genes Gene product References

ANP Natriuretic peptide Durocher et al., 1996

Lee et al., 1998
Shiojima et al., 1999
Chen & Schwartz, 1996

Cardiac a-actin Contractile protein

MEF-2C Transcription factor von Both et al., 2004
Al adenosine receptor Adenosine receptor Rivkees et al., 1999
Calreticulin Calcium-binding protein Guo et al., 2001

Sodium— calcium
exchanger |
Connexin 40

Ion exchanger Muller et al., 2002

Structural protein in Bruneau et al., 2001
gap junction
Endothelin-converting
enzyme

Endothelin-converting Funke-Kaiser et al., 2003

enzyme-1

HOP Homeoprotein Chen et al., 2002
Shin et al., 2002

Myocardin Transcriptional Ueyama et al., 2003a
coactivator

CARP Transcriptional Zou et al.,, 1997
corepressor,
titin-binding protein )

Csm RNA helicase Ueyama et al., 2003b

ANP, atrial natriuretic peptide; CARP, cardiac ankyrin repeat protein; HOP,
homeodomain-only protein; MEF-2C, myocyte enhancer factor 2-C.

residue within the homeodomain by casein kinase 11 (CKII;
Kasahara & Izumo, 1999; Fig. 1). The DNA-binding
affinity of Csx/Nkx2-5 is increased by CKII phosphoryla-
tion, but it remains unclear whether the phosphorylation of
Csx/Nkx2-5 by CKII has some implications in biological
contexts. Third, Csx/Nkx2-5 interacts with other transcrip-
tional regulators. The transcription] activity of Csx/Nkx2-5
is modulated through physical interaction with other tran-
scription factors such as GATA-4 (Durocher et al., 1997;
Lee et al., 1998; Sepulveda et al., 1998; Rivkees et al., 1999;
Shiojima et al., 1999), serum response factor (SRF; Chen &
Schwartz, 1996), Tbx-5 (Bruneau et al., 2001; Hiroi et al.,
2001), Tbx-2 (Habets et al., 2002), Tbx-20 (Stennard et al.,
2003), dHAND/HAND?2 (Thattaliyath et al., 2002), and
Foxhl (von Both et al, 2004; Table 3). Fourth, the
transcriptional activity of Csx/Nkx2-5 is antagonized when
the binding of Csx/Nkx2-5 to its cognate DNA sequence is
interfered by COUP-TF1 (Guo et al, 2001) or Hmx!
(Amendt et al., 1999). The antagonistic roles of Csx/Nkx2-5
and COUP-TFI are implicated in the transcriptional
regulation of calreticulin gene, whereas the significance of
antagonism between Csx/Nkx2-5 and Hmx remains unclear.

With regard to protein—protein interactions, the compo-
sition of protein complexes consisting of transcription
factors and cofactors is thought to be the key determinant
of transcriptional specificity and intensity. The interaction
between Csx/Nkx2-5 and GATA-4 has been well charac-
terized. The overexpression of both Csx/Nkx2-5 and GATA-
4 induced much stronger transactivation of the luciferase
construct containing the 300-bp 5'-flanking region of the rat
ANP gene (ANP(300)-luc) than that induced by the
expression of Csx/Nkx2-5 alone (Shiojima et al., 1999).
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Table 3
Protein—protein interactions involving Csx/Nkx2-5
Cofactors Target promoters References
GATA4 +ANP Durocher et al., 1997
Lee et al,, 1998
Sepulveda et al.,, 1998
Shiojima et al., 1999
+CARP Kuo et al., 1997
+A41 adenosine receptor Rivkees et al., 1999
SRF +eardiac a-actin Chen & Schwartz, 1996
TbxS +ANP Bruncau et al., 2001
Hiroi et al., 2001
+Connexin 40 Bruneau et al., 2001
Tbx20 +ANP Stennard et al., 2003
Tbhx2 —ANP Habets et al., 2002
dHAND/HAND?2 +ANP Thattaliyath et al., 2002
Foxhl +MEF-2C von Both et al., 2004
Cal +ANP Akazawa et al., 2004

ANP, atrial natriuretic peptide; CARP, cardiac ankyrin repeat protein; MEF-
2C, myocyte enhancer factor 2, SRF, serum response factor. Up-regulation
is denoted as ‘+’ and down-regulation as ‘-’

This result suggests that Csx/Nkx2-5 and GATA-4 synerg-
istically activate the ANP gene. Deletion and mutation
analyses revealed that the Csx/Nkx2-5-binding site, located
at —250 bp in the ANP promoter, was responsible for
transcriptional activation by Csx/Nkx2-5. Although the
GATA-binding site was located at — 280 bp, adjacent to the
Csx/Nkx2-5-binding site, GATA-4 alone induced no sig-
nificant activation of the ANP(300)-luc construct. Further-
more, the deletion of the GATA-binding site at —280 bp
had little effect on the synergistic transactivation of the
ANP promoter between Csx/Nkx2-5 and GATA-4. Based
on the result that the deletion of the Csx/Nkx2-5-binding
site at —250 bp abolished the cooperative activation of the
ANP promoter between Csx/Nkx2-5 and GATA-4, this
synergistic transactivtion is dependent on the binding of
Cscx/Nkx2-5 to the Csx/Nkx2-5-binding site but not on
binding of GATA-4 to the GATA-binding site. Co-
immunoprecipitation and GST pull-down assay experi-
ments showed that Csx/Nkx2-5 and GATA-4 directly
interact with each other both in vitro and in vivo via the
homeodomain of Csx/Nkx2-5 and the zinc-finger domain
of GATA-4 (Durocher et al, 1997: Lee et al., 1998;
Sepulveda et al., 1998; Shiojima et al., 1999). With regard
to the essential DNA target sites of Csx/Nkx2-5 and
GATA-4 in the ANP promoter, contradictory results have
been reported that may be, in part, attributed to the
different cell types and experimental conditions. Durocher
et al. (1997) demonstrated that Csx/Nkx2-5 and GATA-4
cooperated in activating the rat ANP promoter containing
the —135 bp region and that synergistic transactivation
requires both of the cognate binding sites located within
this region. Lee et al. (1998) showed that synergism on
transcriptional activation of the rat ANP promoter contain-
ing the —638 bp occurred after introducing various
mutations of all the Csx/Nkx2-5 sites and GATA-binding
sites within this region. Shiojima et al. (1999) confirmed

_29_

259

that Csx/Nkx2-5 and GATA-4 worked in concert with each
other to activate the artificial promoter containing 4
tandemly arrayed Csx/Nkx2-5-binding sites independently
of binding of GATA-4 to DNA. Consistently, transcrip-
tional cooperativity between Csx/Nkx2-5 and GATA-4
independent of GATA4-DNA binding was also elicited
from analyzing the effects of these factors on activation of
cardiac a-actin promoter (Sepulveda et al, 1998). With
regard to the transcriptional regulation of the cardiac -
actin gene, Csx/Nkx2-5 potentiates promoter activation by
interacting with SRF via the homeodomain of Csx/Nkx2-5
and the MADS box of SRF, and this cooperation is
dependent on binding of SRF and its cognate DNA
sequence, but the binding of Csx/Nkx2-5 and DNA is
not necessary as well (Chen & Schwartz, 1996). Likewise,
the expression of CARP gene was shown to be controlled
by cooperative regulation between Csx/Nkx2-5 and GATA-
4, which was dependent on GATA4—-DNA binding but not
on Csx/Nkx2-5-DNA binding (Kuo et al., 1997). It is
likely that the increasing number of cardiac-specific genes
will be found to be under the control of Csx/Nkx2-5 in
collaboration with GATA-4, like Al adenosine receptor
gene (Rivkees et al., 1999). Significant roles of transcrip-
tional synergy between Csx/Nkx2-5 and GATA-4 during
cardiomyocytes differentiation have been demonstrated by
experiments using P19CL6 cells. Simultaneous overexpres-
sion of Csx/Nkx2-5 and GATA-4 restored normal cardio-
myocyte differentiation in P19CL6 cells stably expression
the BMP antagonist noggin, whereas the overexpression of
Csx/Nkx2-5 or GATA-4 alone did not (Monzen et al.,
1999).

The interaction between Csx/Nkx2-5 and Tbx-5 has
attracted much attention, especially because common
cardiac malformations are caused by haploinsufficiency of
each gene. Tbx-5 is a T-box transcription factor (reviewed in
Smith, 1999), and heterozygous mutations of 7BX-5 in
humans cause Holt-Oram syndrome (HOS) characterized by
upper limb malformations and a spectrum of cardiac
malformations, including atrial septal defect (ASD), ven-
tricular septal defect (VSD), and tetratology of Fallot (TOF),
frequently accompanied by cardiac conduction defect
(Basson et al., 1997; Li et al., 1997). Csx/Nkx2-5 and
Tbx-5 interact with each other via the homeodomain of Csx/
Nkx2-5 and the N-terminal domain and T-box of Tbx-5 and
collaborate to activate the promoters of ANP and connexin
40, a gap junction gene (Bruneau et al., 2001; Hiroi et al.,
2001). The region between —270 and — 240 bp of the ANP
promoter is important for transactivation by Tbx-5, and a
half-side of a palindromic T (brachyury)-binding site
flanked by a Csx/Nkx2-5-binding site is located within this
region. Csx/Nkx2-5 and Tbx-5 form a ternary complex
together with this tandemly arrayed cognate DNA sequence.
Interestingly, the Tbx-5 harboring G80OR mutation, which
causes severe cardiac defects in HOS, exhibits significantly
weak synergism on promoter activation of the ANP gene,
compared with the wild-type Tbx-5 and the Tbx-5 harboring
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R237Q mutation, which rarely causes cardiac defects in
HOS (Hiroi et al., 2001). Furthermore, the stable over-
expression of wild-type Tbx-5 promotes cardiac differ-
entiation in PI9CL6 cells with the up-regulation of several
cardiac genes such as Csx/Nkx2-5, GATA-4, MEF2-C, ANP,
CARP, and MLC2v, whereas the overexpression of the
G80R mutant of Tbx-5 attenuates cardiac differentiation
with markedly reduced expression of these cardiac genes.
The effects of the haploinsufficiency of Tbx-5 on cardiac
differentiation were analyzed in a genetically engineered
murine model (Bruneau et al., 2001). In Thx-5 heterozygous
mice, cardiac malformations resembling those in HOS are
observed, and the expression levels of ANP and connexin 40
were significantly reduced. Cooperative regulation of
several cardiac genes by Csx/Nkx2-5 and Tbx-5 accounts
for the overlapping cardiac defects caused by mutations of
these transcription factors.

Recently, a unique model in the transcriptional regulation
of the ANP gene was proposed. T-box transcription factor,
Tbx-2, functions as a transcriptional repressor for ANP
expression by displacing Tbx-5 and forming a complex with
Csx/Nkx2-5 in the region of atrioventricular canal, inner
curvature, outflow tract, and inflow tract, where Thx-2 is
expressed and ANP expression is exclusively absent (Habets
et al., 2002). It is intriguing that the transcriptional activity
of Csx/Nkx2-5 is modulated positively and negatively by its
respective binding partner, Tbx-5 or Tbx-2, in a region-
specific manner.

To further understand the combinatorial mechanisms of
how Csx/Nkx2-5 regulates transcription of its distinct target
genes, we screened a heart cDNA library by the yeast 2-
hybrid system using Csx/Nkx2-5 as a bait and isolated
several factors that interact with Csx/Nkx2-5 and modulate
Csx/Nkx2-5-induced gene expression (Hiroi et al., 2001;
Akazawa et al., 2004). One of the coactivating factors was a
novel LIM domain-containing protein, which we named Ca/
for “CSX-associated LIM protein” (Akazawa et al., 2004).
Cal is a member of Zyxin family of LIM proteins that
commonly share 3 tandem LIM domains located at the C-
terminus and a leucine-rich sequence that matches the
consensus sequence for nuclear export signal (NES). The
LIM domain is a double-zinc finger motif and functions as a
module for protein—protein interactions. Consistently, the
LIM domains of Cal are required for binding to the
homeodomain of Csx/Nkx2-5. Cal itself has the tran-
scription-promoting activity and activates the ANP promoter
by forming a complex with Csx/Nkx2-5. Interestingly, Cal
traffics out of the nucleus by NES-dependent mechanisms
and traffics into the nucleus in response to an increase of
intracellular calcium concentration. Recently, a function of
LIM proteins linking cytoplasmic signals and nuclear gene
expression has attracted much attention (Kadrmas &
Beckerle, 2004). The dynamic intracellular shuttling of
Cal appears to have implications in cardiogenetic gene
program, because the nuclear expression of Cal promotes
cardiac differentiation of P19CL6 cells in vitro.

2.5. Congenital heart diseases
associated with CSX/NKX2-5 mutations

In humans, mutations in CSX/NKX2-5 gene provided the
first evidence that the genetic factors are etiologically
crucial in nonsyndromic congenital heart diseases (CHD).
Linkage analyses were performed in 4 families having a
high incidence of ASD and progressive conduction dis-
turbance with an autosomal dominant trait, and the disease
locus proved to be mapped to chromosome 5q34-q35
(Schott et al., 1998), where CSX/NKX2-5 is located
(Shiojima et al., 1995; Turbay et al., 1996). The sequencing
of CSX/NKX2-5 exons in affected individuals identified 3
kinds of mutations: 1 nonsense mutation (Glnl70ter, type
A) and 1 missense mutation (Thrl78Met, type B) located
within the homeodomain, and | nonsense mutation
(GIn198ter, type C) located C-terminal to the homeodomain.
To date, more than 10 disease-related mutations in CSX/
NKX2-5 have been documented in patients with a spectrum
of CHD (Schott et al., 1998; Benson et al., 1999; Hosoda et
al., 1999; Goldmuntz et al., 2001; Ikeda et al., 2002;
Watanabe et al., 2002; Elliott et al., 2003; McElhinney et al.,
2003; Reamon-Buettner & Borlak, 2004; Reamon-Bucttner
et al., 2004; Fig. 2). The most common phenotypes are
secumdum ASD and AV conduction disturbance, but other
cardiac anomalies have been reported, such as VSD, TOF,
double-outlet right ventricle (DORV), tricuspid valve
abnormalities including Ebstein’s anomaly, and hypoplastic
left heart syndrome. Estimation by cohort studies indicated
that CSX/NKX2-5 mutations were relatively rare among all
the CHD patients unselected for a family history or AV
conduction disturbance (Elliott et al., 2003; McElhinney et
al., 2003). For example, a screening of 102 ASD and 25
patent foramen ovale patients (13 with positive family

Gin149ter

7bp deletion: frame shift mutation Gin170ter (type A)
Thr178Met (type B)

Arg25Cys
GIn22Pro \ Alag3Val Alat27Glu Asn188Lys
G|u21G|n\ \ \ /Arg189Gly
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Fig. 2. Schematic presentation of the CSX/NKX2-5 gene and the locations
of the mutations. Two exons (open boxes) of CSX/NKX2-5 are separated by
a 1.5-kb intron. The homeodomain is denoted as a black box.
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history and 5 with AV block) revealed only 1 CSX/NKX2-5
mutation in a familial ASD patient without AV block (Elliott
et al., 2003). Another study enrolled CHD patients
prospectively without regard for family history and esti-
mated the frequency of CSX/NKX2-5 mutations to be ~3%
(18 out of 608 probands; McElhinney et al., 2003).
Likewise, a cohort study estimated that CSX/NKX2-5
mutations were present in ~4% of nonsyndromic TOF
patients (Goldmuntz et al., 2001). The genotype—phenotype
correlations in patients with CSX/NKX2-5 remain to be
precisely determined, but it was reported that most of the
mutations identified in sporadic CHD were missense
situated outside the homeodomain and not associated with
AV conduction disturbance (McElhinney et al., 2003).
However, in the majority of patients with familial ASD,
CSX/NKX2-5 mutations are situated within or around the
homeodomain and associated with AV block (Schott et al.,
1998; Benson et al., 1999; Hosoda et al., 1999). Therefore,
the identification of CSX/NKX2-5 mutations in familial
ASD patients is of clinical relevance, because such patients
are frequently associated with progressive AV block (Schott
et al., 1998; Hosoda et al., 1999) and the prediction of the
requirement for pacemaker implantation may be feasible.
It is a challenging issue to be solved why specific
mutations of CSX/NKX2-5 cause various types of CHD with
a dominant inheritance. Some reports illustrated the molec-
ular basis of mutant CSX/NKX2-5 proteins (Kasahara et al.,
2000; Zhu et al., 2000; Monzen et al., 2002). The transcrip-
tional activities of most CSX/NKX2-5 mutant proteins with
mutations in the homeodomain are impaired due to reduced
DNA-binding affinity, and haploinsufficiency is postulated to
be the underlying mechanism. A CSX/NKX2-5 mutant with a
nonsense mutation in the homeodomain, Glnl70ter, type A,
was not localized in the nucleus but distributed diffusely
within the cell, and failed to transactivate the ANP promoter
(Zhu et al., 2000). Altered subcellular localization was
observed in a mutant harboring a point mutation at the
intron-splicing donor site (Kasahara et al.,, 2000). Another
kind of CSX/NKX2-5 mutant harboring a missense mutation
located in the homeodomain, Thrl178Met, type B, was
localized normally in the nucleus but showed weaker DNA-
binding affinity and milder promoter activation than wild-
type CSX/NKX2-5 did (Zhu et al., 2000). The co-transfection
of wild-type CSX/NKX2-5 together with type A or B mutant
revealed that these mutant proteins somehow inhibited
promoter activation by wild-type CSX/NKX2-5 (Zhu et al.,
2000). Therefore, these mutations may affect the transcrip-
tional activity of CSX/NKX2-5, in part, by a dominant-
negative manner, as well as by haploinsufficiency. In
contrast, CSX/NKX2-5 mutants with mutations located C-
terminal to the homeodomain showed intact DNA-binding
activity to the monomeric binding site but significantly
decreased DNA-binding activity to the dimeric binding sites
(Kasahara et al., 2000). Therefore, the mutations outside the
homeodomain may disturb the ability to form dimmers on the
dimeric sites. Interestingly, a CSX/NKX2-5 mutant with
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nonsense mutation in the homeodomain, Gin198ter, type C,
enhanced transcriptional activity (Kasahara et al., 2000; Zhu
et al., 2000), although the overexpression of this mutant
induced apoptosis in cultured cardiomyocytes of neonatal
rats (Zhu et al., 2000). In P19CL6 cardiomyogenic cells, the
stable overexpression of CSX/NKX2-5 promoted cardiomyo-
cyte differentiation not only by enhancing expressions of
cardiac-specific genes but also by preventing stress-induced
apoptotic cell death (Monzen et al., 2002). On the other hand,
P19CL6 cells overexpressing CSX/NKX2-5 type C mutant
showed lower expression levels of antiapoptotic proteins and
higher expression levels of apoptosis-promoting proteins and
were vulnerable to cytotoxic insults such as exposure to H,0,
or nutrition deprivation (Monzen et al., 2002). Therefore, the
function of CSX/NKX2-5 to prevent stress-induced cardio-
myocyte apoptosis may be hampered by type C mutation.
Recently, a novel deletion frameshift mutation in CSX/NKX2-
5 was reported in patients with familial ASD and AV block
(Watanabe et al., 2002). An unusual finding in this case was
that the proband exhibited heterotaxia as well as ASD.
Whereas the penetrance was extremely low, it is possible that
the CSX/NKX2-5 mutation might predispose to situs abnor-
malities because maintenance of left-sided expression of
Pirx2 is controlled under an enhancer element containing a
Csx/Nkx2-5-binding site (Shiratori et al., 2001).
Physiological and anatomical reevaluation of mice
heterozygous for Csx/Nkx2-5 null mutation demonstrated
that the effects of Csx/Nkx2-5 haploinsufficiency in mice
were not intense and were influenced by genetic back-
grounds (Biben et al., 2000). Only 5 cases of ASD were
found out of 425 Csx/Nkx2-5-heterogygous mice,
although the frequency of patent foramen ovale and
septal aneurysm were increased. Septal dysmorphogenesis
was most frequent in the 129/Sv strain, and in particular,
17% of Csx/Nkx2-5-heterozygous mice exhibited ASD.
With regard to AV conduction disturbance, Biben et al.
(2000) reported that only mild prolongation of P-R
interval was observed in female Csx/Nkx2-3-heterozygous
mice. However, a recent study using electrophysiological
recordings with higher resolution indicated that the
cardiac conduction system was more defective than
imagined in Csx/Nkx2-5-heterozygous mice (Jay et al.,
2004). Jay et al. (2004) reported that the conduction
system was hypocellular in the absence of Csx/Nkx2-5
and that Csx/Nkx2-5 haploinsufficiency was associated
with conduction and electrophysiological abnormalities.
The essential role of Csx/Nkx2-5 in the formation and
maturation of the conduction system was further con-
firmed by the observation that ventricular-restricted
deletion of Csx/Nkx2-5 resulted in the formation of
hypoplastic AV node and atrophic conduction system.
Transgenic mice overexpressing human CSX/NKX2-5 with
a DNA-nonbinding missense mutation in the homeodo-
main (Ile183Pro) in the hearts exhibited AV conduction
defect accompanied by reduced expression levels of gap
junction proteins, connexin 40 and 43 (Kasahara et al.,
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2001b). Connexin 40 is a major constituent protein of
gap junction in the specialized conduction cells, and the
loss of connexin 40 predisposed mice to cardiac
conduction abnormalities (Kirchhoff et al., 1998; Simon
et al, 1998). In addition, the promoter of connexin 40 is
directly transactivated by Csx/Nkx2-5 together with Tbx-
5 (Bruneau et al., 2001). These results suggest that Csx/
Nkx2-5 plays an essential role in the differentiation of
specialized cells in the conduction system in part through
transcriptional regulation of gap junction proteins,
although the possibility cannot be ruled out that the
phenotype of Csx/Nkx2-5 (1le183Pro) transgenic mice
might be influenced by a hypomorphic gain-of-function
effect because the endogenous Csx/Nkx2-5 expression
was increased. To make the matters more complicated, a
recent immunohistochemical analysis revealed that the
number of connexin 40-positive gap junctions per
individual Purkinje cells was not significantly altered in
Csx/Nkx2-5-heterozygous mice (Jay et al., 2004), whereas
connexin 40 was almost absent in the conduction system
of ventricular-restricted Csx/Nkx2-5-deficient mice
(Pashmforoush et al, 2004). Further investigations will
be required for the elucidation of the molecular and
cellular mechanism how Csx/Nix2-5 regulates proper
development of cardiac conduction system.

Unequal phenotypes of Csx/Nkx2-5 heterozygotes
between in mice and in humans may arise from the
differences in genetic effects of Csx/Nkx2-5 mutations or
the intrinsic differences in hemodynamic status. Importantly,
studies in mice and in humans hightighted the phenotypic
variations of Csx/Nkx2-5 mutants, which suggested that the
effects of Csx/Nkx2-5 mutations might be influenced by
genetic modifiers and environmental factors. Of course, it is
possible that some human CSX/NKX2-5 mutant proteins
operate in a dominant-negative manner. To elucidate the
function of CSX/NKX2-5 mutant proteins in vivo, a
sophisticated approach will be required, such as the
generation of genetically engineered mice in which a
specific CSX/NKX2-5 mutation is knocked in. The geno-
type—phenotype relationship of human CSX/NKX2-5 muta-
tions contributed to understanding the etiologies of human
cardiac abnormalities and provided a clue to undermining
the role of Csx/Nkx2-5 in cardiac morphogenesis and
conduction system formation.

2.6. Role of Csx/Nkx2-5 in postnatal hearts

In contrast to the essential role of Csx/Nkx2-5 during
embryogenesis, its functional role in the postnatal heart has
not been fully determined. Csx/Nkx2-3 is expressed in the
adult heart (Komuro & Izumo, 1993; Shiojima et al., 1996;
Kasahara et al., 1998), and notably, its expression is up-
regulated in hypertrophied hearts, Banding of the feline
pulmonary artery induces right ventricular hypertrophy and
up-regulated the expression of Csx/Nkx2-5 and its down-
stream target genes, such as ANP and cardiac o-actin
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(Thompson et al., 1998). In phenylephrine- or isoproterenol-
mediated hypertrophic hearts, the expression of Csx/Nkx2-5
is increased as well as fetal genes such as ANP and p-
myosin heavy chain (MHC), and immediate-early genes
such as c-fos, c-jun, and Egr-1 (Saadane et al., 1999). The
up-regulation of Csx/Nkx2-5 expression in pressure over-
load-induced and agonist-induced hypertrophic hearts indi-
cates a potential role of Csx/Nkx2-5 in the generation of
cardiac hypertrophy.

However, transgenic mice overexpressing Csx/Nkx2-5
under the control of the cytomegalovirus enhancer/chicken
B-actin promoter exhibited normal-sized hearts (Takimoto
ct al., 2000). The expression levels of cardiac genes such
as ANP, BNP, CARP, and MLC2v were increased in the
hearts of Csx/Nkx2-5 transgenic mice. These results
suggest that Csx/Nkx2-5 is not sufficient for the generation
of cardiac hypertrophy but that Csx/Nkx2-5 controls
cardiac gene program in adult hearts as well as in
embryonic hearts. As mentioned in the previous section,
the transcriptional activity of Csx/Nkx2-5 is modulated
through physical interaction with other transcription factors
such as GATA4 (Durocher et al., 1997; Lee et al., 1998;
Sepulveda et al., 1998; Shiojima et al., 1999) and SRF
(Chen & Schwartz, 1996), which are implicated in the
generation of cardiac hypertrophy (reviewed in Akazawa &
Komuro, 2003a). Cooperative transactivation of the ANP
promoter by Csx/Nkx2-5 and Cal was enhanced when Cal
protein was targeted into the nucleus (Akazawa et al.,
2004). The nuclear translocation of Cal in response to an
increase in intracellular calcium prompted us to speculate
that Cal may play a certain role in the generation of cardiac
hypertrophy by modulating the transcriptional activity of
Csx/Nkx2-5. Combinatorial regulation involving Csx/
Nkx2-5 and its coactivators might be necessary for the
generation of cardiac hypertrophy, although it is still
speculative.

In addition, transcriptional regulation by Csx/Nkx2-5 in
postnatal hearts is profoundly involved in maintaining the
highly differentiated properties and in protecting the heart
from cytotoxic stress. We generated transgenic mice over-
expressing a dominant-negative human CSX/NKX2-5 LP
mutant, in which a highly conserved leucine in the
homeodomain was replaced by a proline, under the control
of a-MHC promoter (Toko et al., 2002). The homeoproteins
harboring the identical mutation have been used to interfere
with the biological activities of Xenopus homeoproteins
such as Mix.1 (Mead et al., 1996), Xvent-2 (Onichtchouk et
al., 1998), XNkx2-3, and XNkx2-5 (Grow & Krieg, 1998).
The CSX/NKX2-5 LP mutant also acts as a dominant-
negative repressor because it inhibited CSX/NKX2-5-
induced promoter activation in a dose-dependent manner
and inhibited cardiac differentiation of P19CL6 cells (Toko
et al,, 2002). In dominant-negative CSX/NKX2-5 transgenic
mice, cardiac function was deteriorated and degenerative
changes of cardiomyocytes were apparent. Furthermore,
after the injection of doxorubicin, dominant-negative CSX/
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NKX2-5 transgenic mice showed more severe cardiac
dysfunction in association with a significant increase in
cardiomyocyte apoptosis, while doxorubicin-induced myo-
cardial damage was mild in transgenic mice overexpressing
the wild-type of CSX/NKX2-5. These results indicate a
cardioprotective role of Csx/Nkx2-5 in postnatal hearts.
However, the apparently established notion that Csx/
Nkx2-5 is cardioprotective is now open to question.
Kasahara et al. (2003) generated transgenic mice over-
expressing wild-type of murine Csx/Nkx2-5 under the
control of the «-MHC promoter. Unexpectedly, the trans-
genic mice exhibited heart failure with AV conduction
disturbance. Cardiomyocytes expressing the transgene
showed sarcomere disorganization in association with
down-regulation of connexin 43 expression. Furthermore,
the adenoviral delivery of Csx/Nkx2-5 in cultured postnatal
cardiomyocytes induced the down-regulation of its potential
target genes such as connexins, ANP, and CARP. From these
results, the authors concluded that the overexpression of
Csx/Nkx2-5 altered cardiac structure and function in
postnatal hearts. It could be in principle possible that
transcriptional activities switch from “promotive” to
“repressive” according to the context of cell types. The
contradictory effects of Csx/Nkx2-5 gain-of-function in the
hearts might arise from the functional gaps of human CSX/
NKX2-5 versus murine Csx/Nkx2-5, but it is likely that
Csx/Nkx2-5 proteins in both species should share the
fundamental properties in common. Alternatively, the
phenotypes might be dependent on the expression levels
of Csx/Nkx2-5 transgenes (Akazawa & Komuro, 2003b), Of
note, the overexpression of a Csx/Nkx2-5 mutant with
truncation of the C-terminus induced apoptosis in cultured
rat neonatal cardiomyocytes, although this mutant func-
tioned as a transcriptional activator of the ANP promoter
(Zhu et al., 2000). It is speculated that the transcriptional
activity of Csx/Nkx2-5 may be strictly regulated by the
expression levels and be modulated both positively and
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negatively by the interacting endogenous partners in a cell-
type-specific fashion.

3. Conclusion and perspectives

In summary, Csx/Nkx2-5 plays a crucial role in tran-
scriptional regulation essential for normal cardiac develop-
ment and homeostasis of postnatal hearts (Fig. 3).
Especially, Csx/Nkx2-5 is involved in cardiac morpho-
genesis, including rightward looping and subsequent cham-
ber specification and septation and in functional maturation
and maintenance of working myocardium and conduction
system. Several mutations of human CSX/NKX2-5 have
been identified that cause nonsyndromic CHD occasionally
associated with AV block. A number of downstream target
genes have been identified, and transcriptional regulatory
mechanisms whereby protein—protein interactions with
other cofactors allow an intricate gene expression have
been clarified.

However, our current knowledge just outlines the func-
tional role of Csx/Nkx2-5 in the heart, and numerous issues
remain to be solved to make our understandings to be
satisfactory. Insomuch as Csx/Nkx2-5 is considered to be an
early and specific marker for cardiogenic lineage, the
elucidation of the pathways controlling Csx/Nkx2-5 expres-
sion will provide novel insights into the molecular
mechanism of vertebrate heart formation. In addition, the
pathways enhancing Csx/Nkx2-5 expression in response to
hypertrophic stimulations should be clarified. With regard to
transcriptional regulation by Csx/Nkx2-5, it is assumed that
Csx/Nkx2-5 executes regulatory decisions in combination
with ubiquitous and tissue-specific cofactors. It should be
comprehensively determined how much the cooperative
transcriptional regulation weighs and how the mutual
interaction is regulated according to the stages, cell types,
and extracellular stimulations. The elucidation of the
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Fig. 3. Functional role of Csx/Nkx2-5 during embyrogenesis, and in adulthood, Csx/Nkx2-3 plays an important role in transcriptional regulation essential for
normal cardiac development and homeostasis of postnatal hearts. Especially, Csx/Nkx2-5 is involved in cardiac morphogenesis, including rightward looping
and subsequent chamber specification and septation and in the functional maturation and maintenance of working myocardium and conduction system.
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upstream and downstream framework involving transcrip-
tional regulation by Csx/Nkx2-5 will not only enrich our
understanding of the intrinsic cardiogenic program, but also
provide a helpful clue to make the ‘stem cell therapy’ to be
more sophisticated. Recent discoveries of stem cells or
progenitor cells with an ability to differentiate into
cardiomyocytes have prompted researchers to try to repair
the damaged heart by introducing the exogenous stem cells
or by stimulating the endogenous stem cells, but these
approaches have not obtained satisfactory results because of
the low efficiency of cardiomyocytes differentiation
(reviewed in Caplice & Deb, 2004; Mathur & Martin,
2004). It remains largely unknown whether the cardiogenic
signaling pathways are similarly utilized during cardiomyo-
cytes differentiation of adult stem cells or progenitor cells,
but adult heart-derived cardiac progenitor cells expressing
stem cell antigen-1 (Sca-1) was reported to differentiate in
vitro in part depending on the BMP signals (Oh et al.,
2003). Recently, we isolated Sca-1-positive stem cells from
adult hearts and demonstrated that Sca-1-positive cells
differentiated in vitro into beating cardiomyocytes when
treated with oxytocin (Matsuura et al., 2004), which is also
capable of inducing differentiation of P19 cells into
cardiomyocytes (Paquin et al., 2002). A detailed under-
standing of transcriptional regulation involving Csx/Nkx2-5
will contribute to enhance the efficacy of stem cell therapy
by optimizing the strategy for stimulating the stem cells to
highly differentiated cardiomyocytes.

Despite the accumulation of case reports presenting
clinical features caused by specific CSX/NKX2-5 mutations,
the mechanisms linking each mutation to cardiac pheno-
types remains obscure. Insomuch as transcriptional activity
of Csx/Nkx2-5 is supposed to be subject to genetic
modifiers in a complex manner, the creation and analysis
of genetically engineered mouse models will be required for
the clarification of the genotype—phenotype relationship in
the individual Csx/Nix2-5 mwutations. Further cumulative
information regarding CSX/NKX2-5 mutations will also
facilitate the genetic counseling on affected individuals.

Finally, the postnatal role of Csx/Nkx2-5 remains to be
an open question, “to be cardioprotective or cardiotoxic”? A
recent paper demonstrated that the dysregulation of con-
tractile proteins and ion channels might contribute to cardiac
dysfunction in Csx/Nkx2-5-deficient hearts, supporting the
cardioprotective role of Csx/Nkx2-5 that extends into
maintenance of normal cardiac function throughout life
(Pashmforoush et al., 2004). Then, is it possible to restore
and maintain cardiac function in failing hearts by introduc-
ing Csx/Nix2-5 expression? Indeed, Csx/Nkx2-5 may be a
promising therapeutic target for cardiovascular diseases, but
the researcher should be cautious because too much Csx/
Nkx2-5 is as bad as too little (Akazawa & Komuro, 2003b).
In a near future, a high-throughput screen may identify a
chemical compound that is capable of modulating the
transcriptional activity of Csx/Nkx2-5. Further investigation
will be required to understand the molecular basis of the
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gene expression program by Csx/Nkx2-5 and to target this
molecule for therapeutic purposes.
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