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Abstract During heart development at the pregastrula

stage, prospective heart cells reside in the posterior lateral

region of the epiblast layer. Interaction of tissues between the

posterior epiblast and hypoblast is necessary to generate the

future heart mesoderm. Signaling regulating the interaction

involves fibroblast growth factor (FGF)-8, Nodal, bone

morphogenetic protein (BMP)-antagonist, and canonical

Wnt and acts on the posterior epiblast to induce the expres-

sion of genes specific for the anterior lateral mesoderm. At

the early gastrula stage, prospective heart cells accumulate at

the posterior midline and migrate to the anterior region of the

primitive streak. During gastrulation, future heart cells leave

the primitive streak and migrate anterolaterally to form the

left and right anterior lateral plate mesoderm including the

precardiac mesoderm. At this stage, prospective heart cells

receive endoderm-derived signals, including BMP, FGF,

and Wnt-antagonist, and thereby become committed to the

heart lineage. At the neurula stage, the left and right pre-

cardiac mesoderm move to the ventral midline and fuse,

resulting in the formation of a single primitive heart tube.

Therefore, a two-step signaling cascade, which includes

tissue interaction between epiblast and hypoblast at the

blastula stage and endoderm-derived signals during gastru-

lation, is required to generate a beating heart.
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Developmental anatomy of the heart before beating

In a fate map analysis using a fluorescence dye in chick

embryos, Hatada and Stern (1994) showed that during heart

development in the pre-gastrula stage embryo (blastula),

prospective heart cells reside in the posterior half of the

blastoderm (green in Fig. 1a), which consists of two con-

centric germ layers, the epiblast (upper layer) and hypoblast

(lower layer). Subsequent explantation experiments of the

chick blastoderm showed that prospective heart cells are

located in the posterior lateral region of the epiblast layer

(Yatskievych et al. 1997; Ladd et al. 1998; Matsui et al.

2005). Shortly after the hypoblast is completed, a new layer,

called the endoblast (sickle endoblast or secondary hypo-

blast), develops from the posterior marginal zone and

displaces the hypoblast. The hypoblast expresses several

marker genes, including Goosecoid, Hex, Hesx1/Rpx,

Cerberus and Otx2, but the endoblast does not. These

observations show that the hypoblast and endoblast are dif-

ferent and that the hypoblast is similar to the anterior visceral

endoderm (AVE) of the mouse embryo (Stern 2004).

Soon after the hypoblast is completed, posterior epiblast

cells move into the midline (arrows in Fig. 1a) and form a

triangular-shaped initial primitive streak (PS) at the pos-

terior midline of the epiblast layer, from which future

mesendoderm cells ingress into the subepiblast space,
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resulting in the formation of the PS (PS in stage 3 gastrula

embryo in Fig. 1b) 1. A fate map analysis of the cardio-

vascular system from the primitive streak using a quail-

chick chimera technique showed that the prospective heart

cells, including future endocardial, myocardial, and peri-

cardial cells, occupy the anterior half of the PS in an

anterior–posterior sequence at the early PS stage (the

prospective bulbus cordis arises more anteriorly in the

streak than does the prospective ventricle, which in turn

arises more anteriorly than the sinus venosus; Fig. 1b, c;

Garcia-Martinez and Schoenwolf 1993). Recent work has

shown that the anterior–posterior polarity of the heart field

is not established definitively until stage 8 (early neurula),

just before fusion of the bilateral heart mesoderm in the

chick embryo (Redkar et al. 2001). Prospective heart cells

leave the PS, migrate anterolaterally, and accumulate in the

left and right anterior lateral plate mesoderm (arrows in

Fig. 1c), resulting in the formation of the precardiac

mesoderm (blue/pink in Fig. 1d). By the early neurula

stage (stage 6), the prospective heart cells have come to

occupy a crescent in the anterior lateral region of the

embryo (Rosenquist and DeHaan 1966). The precardiac

mesoderm of the gastrula embryo is defined molecularly

using various expression markers, such as Nkx2.5 and

GATA4. A recent study using dye marking and molecular expression in the same embryos demonstrated that the two

types of labeling do not correspond, suggesting a relatively

high level of complexity of the heart field in the chick

gastrula embryo (Redkar et al. 2001).

The anterior lateral mesoderm is initially a mesenchymal

population of cells that includes precursors of the somatic

and visceral mesoderm, and the visceral mesoderm includes

Fig. 1 Developmental anatomy of heart before beating. At the

blastula stage, prospective heart cells reside in the posterior region of

the epiblast layer anterior to the sickle (green in a). As development

proceeds, cells in the posterior lateral region migrate (arrows in a)

and accumulate into the midline region, then undergo epithelial–

mesenchymal transition (gastrulation), resulting in the formation of a

primitive streak (PS in b, c). At the mid-gastrula stage, prospective

heart cells reside in the anterior half of the PS with an anterior–

posterior sequence (green in b and pink/blue in c). During gastru-

lation, future mesoderm cells that include prospective heart cells

leave the PS and migrate anterolaterally (arrows in c1) to form the left

and right lateral plate mesoderm. At the late gastrula to early neurula

stage, the anterior lateral plate mesoderm divides dorsoventrally to

form the somatic mesoderm and visceral mesoderm (heart-forming

mesoderm, pink/blue in d), between which the pericardial coelom is

established (d2). During the embryonic folding (arrows in d2), the

right and left heart-forming regions move toward the ventral midline

of the intestinal portal and fuse together to form the primitive heart

tube (pink in e). The secondary/anterior heart field develops from the

medial limb of the lateral plate (blue in d). The secondary/anterior

heart field that gives rise to the outflow tract, right ventricle, and

atrium is mapped in the dorsal coelomic epithelium of the pericardial

coelom, dorsal mesocardium, and pharyngeal mesoderm (blue in e).

a1, b1, c1, d1 Schematic representations of the dorsal view of the

embryos, e1 ventral view. a2–e2 Sections indicated by black lines in

the panels immediately above

c

1 In the description of chick developmental stages, Roman numerals

from I to XIV are used to classify stages before the formation of the

PS (Eyal-Giladi and Kochav 1976), and numbers from 2 onward are

used for post-streak embryos (Hamburger and Hamilton 1992,

originally published in J Morphology 88:49–92, 1951)
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precardiac cells (pre-cardiomyocytes, pre-endocardiocytes,

and pre-epicardiocytes). The anterior lateral mesoderm

soon divides dorsoventrally to form the somatic mesoderm

and visceral mesoderm, between which the pericardial

coelom is established (Fig. 1d; Linask et al. 1997). During

embryonic folding (arrows in Fig. 1d2), the right and left

heart-forming mesoderm move toward the ventral midline

of the intestinal portal and fuse together, resulting in the

formation of the primitive heart tube in the pericardial

coelom (Fig. 1e) and demonstrating that the cardiomyocyte

mantle originates from the epithelialized visceral mesoderm

of the pericardial coelom. During this process, the endo-

cardial cell population is developed or sorted out from the

visceral mesoderm into the space between the visceral

mesoderm (developing myocardium) and pharyngeal

endoderm (Linask and Lash 1993). Immediately after the

formation of the primitive heart tube, the heart starts to beat

spontaneously, indicating that myofibrillogenesis occurs

rapidly (Hiruma and Hirakow 1985).

The primitive heart tube hangs in the pericardial coelom

via the dorsal mesocardium as well as via the arterial and

venous poles of the myocardium. Lineage tracing experi-

ments have shown that the primitive heart tube at the

neurula stage is composed of only two primitive cardiac

segments (the future apical trabecular regions and the

atrium), which originate from the outer region of the pre-

cardiac mesoderm (primary heart field; pink in Fig. 1d).

Thus, the current view is that the heart is built in a

sequential and segmental manner by the continued addition

of future cardiomyocytes, which originate from the coelo-

mic epithelium of the dorsomedial region of the pericardial

cavity and pharyngeal arch mesoderm (these regions are

known as the secondary heart field or anterior heart field;

blue in Fig. 1d, e; Kelly et al. 2001; Mjaatvedt et al. 2001;

Waldo et al. 2001; Cai et al. 2003; Abu-Issa et al. 2004;

Moreno-Rodriguez et al. 2006). The secondary/anterior

heart field contains undifferentiated multi-potent heart cells

and contributes to the elongation of the heart tube at both

the arterial and venous poles by adding myocytes to the

right ventricle and outflow tract as well as to the atrioven-

tricular canal and atria (Buckingham et al. 2005). Recent

work has shown that the secondary heart field surrounding

the venous pole also gives rise to the dorsal part of the

atrioventricular septum as well as the primary septum,

called the spina vestibuli (Snarr et al. 2007).

Signaling regulates heart specification

and differentiation at the gastrula to neurula stages

Early heart development at the blastula to neurula stages

has been investigated extensively using chick embryos, as

the early chick embryo consists of disk-like germ layers

similar to those found in the human embryo and is easy

material to work with. Furthermore, the whole-embryo

culture model established by New [1955] and the tissue

culture system using a serum-free defined medium are

useful for analyzing cellular/tissue interactions regulated

by growth factors as well as by the extracellular matrix

(New 1955; Ladd et al. 1998; Matsui et al. 2006). Develop-

mental biology studies have revealed that the interaction

between the anterior lateral mesoderm and its adjacent

endoderm is necessary to generate beating tissue from the

excited anterior lateral mesoderm (Fig. 2). Therefore, an

endoderm-emitting inductive signal(s) during gastrulation

is required for the genesis of functional cardiomyocytes

and the heart (Orts-Llorca 1963; Lough and Sugi 2000;

Brand 2003). At the gastrula stages, the anterior endoderm

subjacent to the anterior lateral plate mesoderm (containing

prospective cardiomyocytes) expresses bone morphoge-

netic proteins (BMP)2 and -4 (Schultheiss et al. 1997).

Loss-of-function and gain-of-function experiments have

revealed that BMP2 and -4 are necessary—but not suffi-

cient on their own—to induce the expression of both the

Fig. 2 Signaling regulating early heart mesoderm/cardiomyogenesis.

At the pregastrula stage, tissue interaction between the posterior

epiblast and hypoblast, which is regulated by hypoblast-derived

fibroblast growth factor (FGF)-8 and epiblast-derived Nodal, is

necessary to generate the anterior lateral mesoderm (containing the

heart-forming mesoderm) as well as its adjacent endoderm. FGF8 and

Nodal, but neither factor alone, is capable of inducing the expression

of Chordin to inhibit bone morphogenetic protein (BMP) activity

(BMP has an antagonistic effect on cardiogenesis at the pregastrula

stage). The heart mesoderm is induced to express SMA, Tbx5, and

cTNT independently of BMP activity. During gastrulation, endoderm-

emitted growth factors BMP2/4 and FGF4/8 are necessary for heart

specification and subsequent terminal differentiation. Wnt/b-catenin

signaling also involves cardiogenesis in a stage-dependent fashion

(see Fig 4). Right panels Schematic representations of the dorsal view

of the pregastrula and gastrula embryos, left panels sectional diagrams

indicated by black lines seen in the corresponding right panel
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heart-specific transcription factors Nkx2.5 and GATA4 and

the cardiac contractile proteins sarcomeric a-actinin and

sarcomeric myosin (Schultheiss et al. 1995, 1997; Lough

et al. 1996; Walters et al. 2001; Nakajima et al. 2002). In

Drosophila, DPP, a member of the BMP family, induces

the expression of the heart-specific tinman gene, a homo-

logue of the vertebrate Nkx2.5 (Harvey 1997). BMP2-null

mutant mice show abnormal heart development, ranging

from the complete absence of a heart to an ectopic heart,

and the BMP4-null or type I BMP receptor null-mutant

dies before gastrulation (Mishina et al. 1995; Winnier et al.

1995; Zhang and Bradley 1996). Non-cardiogenic meso-

derm from the early neurula embryo cultured in BMP2

together with fibroblast growth factor (FGF)-4 differenti-

ates into beating tissue and expresses cardiac-specific

genes (Lough et al. 1996). The anterior endoderm expres-

ses FGF8 at the gastrula stage, and the ectopic adminis-

tration of both BMP2/4 and FGF8 in non-cardiogenic

mesoderm is able to induce the expression of Nkx2.5.

Therefore, cardiogenesis appears to occur in the anterior

lateral plate mesoderm, where both BMP and FGF sig-

naling are present, indicating that BMP signaling

cooperates with FGF signaling to regulate cardiogenesis

during the gastrula stages (Fig. 2; Alsan and Schultheiss

2002). However, loss-of-function experiments using anti-

FGF8 antibody, truncated FGF receptor, or SU5402

(FGFR1 antagonist) fails to suppress cardiogenesis in

whole embryos at gastrula stages. The Fgfr1-null embryo

stem cells also fail to differentiate into cardiomyocytes

without affecting hematopoiesis, suggesting that FGF sig-

naling at the blastula and/or early gastrula stage is

necessary for heart mesoderm induction/cardiogenesis

(Dell’Era et al. 2003). After the precardiac mesoderm is

committed to the heart lineage, terminal differentiation

(expression of contractile proteins and generation of the

sarcomeric apparatus) occurs. Loss-of-function experi-

ments have shown that BMP2/4 are necessary to induce the

expression of sarcomeric a-actinin, titin, and sarcomeric

myosin. However, the expression of smooth muscle a-actin

(SMA), which is first expressed in the precardiac meso-

derm and recruited into the nascent myofibrils as an initial

a-actin, is not regulated by endoderm or BMP (Nakajima

et al. 2002). Other experiments have shown that cardiac

troponin T (cTNT), Tbx3, and Tbx5 are also expressed in

the anterior lateral plate mesoderm and that their expres-

sion is not endoderm-dependent (Schlange et al. 2000;

Yamada et al. 2000; Antin et al. 2002). These observations

suggest that (1) endoderm-emitted BMP together with FGF

regulates heart specification as well as terminal differen-

tiation and that (2) in addition to endoderm-derived

signaling, an additional regulatory pathway(s) appears

to exist for the activation of cardiac genes (Fig. 2 and

following section).

Soon after the cardiac specification is completed, the left

and right precardiac regions migrate to the anterior mid-

line and fuse to form the primitive heart tube. As the heart

immediately starts to beat spontaneously, myofibrillogen-

esis occurs rapidly after the specification. The processes of

de novo myofibrillogenesis are highly conserved in verte-

brate striated muscle. Several models have been proposed

to explain how myofibrillogenesis is conducted during

cardiomyogenesis using fetal and neonatal cardiomyocyte

culture models (Fig. 3). In one model, the first step

involves a stress fiber-like structure acting as a scaffold;

this is followed by the independent assembly of I-Z-I

components (sarcomeric a-actinin, a-actin, and Z-line titin)

and the A-band (thick filament consisting mainly of myo-

sin), which subsequently become involved with striated

Fig. 3 Schematic drawing of a model for myofibrillogenesis. � The

first step involves a stress fiber-like structure acting as a scaffold for

myofibrillogenesis. Sarcomeric a-actinin is associated with a nascent

focal-adhesion/costamere that contains several focal-adhesion mole-

cules, including vinculin, talin, and integrin a6b1. `–´ I-Z-I

components (containing sarcomeric a-actinin, a-actin, and Z-line

titin) and the A-band (thick filament consisting mainly of myosin) are

assembled independently. ´–ˆ Sarcomeric a-actinin components are

aligned and A-bands are recruited into the I-Z-I components to later

become involved with striated myofibrils. During heart myofibrillo-

genesis, endoderm-derived BMP is involved in the expression of

sarcomeric myosin, a-actinin, and titin, but smooth muscle a-actin

(SMA) and cardiac troponin T (cTNT) are BMP-independent
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myofibrils (Holtzer et al. 1997). A different (but similar)

model is the premyofibril model (Turnacioglu et al. 1997)

in which the premyofibril, a primordium of the mature

myofibril, consists of mini-sarcomeres containing thin

filaments, a-actinin, and non-muscle myosin IIb. The

distance between the dense materials of the sarcomeric

a-actinin initially increases, thereafter the N-terminal

region of titin is incorporated into the Z-band of the nascent

myofibril, and non-muscle myosin is replaced by muscle-

specific myosin. During this process, nebulin, a ruler pro-

tein, plays a role in the determination of the thin filament’s

length (McElhinny et al. 2005; Bang et al. 2006). The

myosin light chain(s) as well as the M-line epitope of titin

is essential for thick-filament assembly and myofibrillo-

genesis (Xu et al. 2002; Rottbauer et al. 2006). The

structural linkage between the cytoskeletal architecture,

sarcomeres, and the cell-substratum adhesion apparatus,

costameres, is important for the generation of striated

cardiomyocyte. During heart myofibrillogenesis, endo-

derm-derived BMP is required for the expression of

sarcomeric proteins, such as sarcomeric a-actinin, titin,

troponin C, myosin light chain, and the sarcomeric myosin

heavy chain (Walters et al. 2001; Nakajima et al. 2002),

while the expression of a-actin (initially smooth muscle

a-actin) and cTNT are BMP-independent (Fig. 3). An

intracellular signaling pathway, the Rho–Rock pathway, is

also important in the regulation of myofibrillogenesis via

actin–myosin assembly, focal adhesion/costamere, and

N-cadherin-based cell–cell adhesion (Sakata et al. 2007).

However, the mechanisms that regulate the genesis of

accurate striation as well as those that mediate the

differentiation of specific cardiomyocytes (conduction

myocytes) are still unclear.

Signaling regulating heart mesoderm formation

at the blastula stage

Numerous studies have detailed in the role of BMP and

FGF signals provided by the anterior lateral endoderm in

the heart specification and its terminal differentiation

(Fig. 2; see the review of Lough and Sugi 2000; Brand

2003). The specification of premyocardial cells to the heart

lineage occurs while the cells are within the streak and

during their migration to the anterior lateral mesoderm

(precardiac mesoderm). On the other hand, BMP2 or

BMP4 inhibits cardiac myogenesis before stage 3 (early

gastrula stage), indicating multiple or opposing roles

for BMP in heart mesoderm/cardiomyocyte induction in

a stage-dependent fashion (Fig. 2; Ladd et al. 1998).

Explantation experiments using chick blastoderm explants

showed that signaling from the hypoblast is required to

induce cardiac myogenesis in the early epiblast and that the

hypoblast-derived signal(s) appears to act upstream of the

heart-inducing signals emitted from the anterior lateral

endoderm (Yatskievych et al. 1997). Several genes

expressed in the anterior lateral mesoderm, such as those

for SMA, cTNT, and Tbx5, are regulated independently of

endoderm-emitted signaling, including BMP (Schlange

et al. 2000; Yamada et al. 2000; Antin et al. 2002;

Nakajima et al. 2002). Genetic studies in the mouse and

zebrafish have shown that transforming growth factor beta

(TGFb) signals of the Nodal family are essential for the

formation of mesoderm in vertebrates (Schier and Shen

2000). Mouse nodal mutants lack a PS and most of

the mesoderm (Conlon et al. 1994). In chick blastoderm,

loss-of-function and gain-of-function experiments have

revealed that Nodal, which is expressed in the posterior

epiblast, plays a role in the expression of BMP-independent

heart mesoderm genes (including SMA, Tbx5, and cTNT)

as well as heart mesoderm formation/cardiomyogenesis.

However, Nodal itself fails to induce the expression of

SMA, while Nodal in association with a BMP-antagonist,

such as Chordin, Noggin, or Follistatin, is capable of

inducing the expression of SMA (Matsui et al. 2005).

Therefore, not only Nodal but also anti-BMP activity at the

pregastrula stage is necessary for heart mesoderm induc-

tion/cardiogenesis (Fig. 2).

Fibroblast growth factor has been reported to have a

potent inductive signaling role by inducing mesoderm

induction in the Xenopus animal cap (Kimelman and

Kirschner 1987; Slack et al. 1987). Experiments by Cornell

and Kimelman (1994) using a dominant negative form of

the type I FGF receptor revealed that the FGF signal is

required for mesoderm induction by Activin. In mouse,

nascent mesoderm of the fgfr1-mutant differentiates into the

mesoderm subtype without patterning, suggesting that

FGFR1 transduces signals which specify correct mesoderm

cell fates and proper mesoderm patterning during gastrula-

tion (Deng et al. 1994; Yamaguchi et al. 1994; Ciruna et al.

1997). Fgfr1 mutant embryos fail to express Snail and to

downregulate the expression of E-cadherin, suggesting that

FGF signaling downregulates the expression of E-cadherin

through Snail to promote epithelial–mesenchymal transition

during gastrulation (Ciruna and Rossant 2001). Sun et al.

(1999) demonstrated that targeted disruption of mouse Fgf8

resulted in the failure of epiblast cells to migrate away from

the PS, thereby impairing the formation of the mesoderm

and endoderm. Therefore, FGF signaling affects mesoderm

specification as well morphogenetic cell movements during

gastrulation. Vertebrate gastrulation requires the orches-

tration of mesoderm specification with morphogenetic

movements, and both of these processes require FGF

signaling. During FGF-dependent gastrulation, Sproutys

(receptor tyrosine kinase inhibitor) inhibits morphogenesis/

pattern formation and Ca2? and PKCd signaling, leaving
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MAPK activation and mesoderm specification intact, while

Spreds inhibits MAPK activation and mesoderm specifica-

tion, with little effect on Ca2? or PKCd signaling, leaving

morphogenetic movement intact (Sivak et al. 2005). It is

also reported that p38 MAP kinase and a p38-interacting

protein are critical for the downregulation of E-cadherin

expression during gastrulation (Zohn et al. 2006).

In early chick embryos, FGF8 is expressed in the pos-

terior hypoblast before gastrulation and in the anterior PS

after gastrulation; therefore, expression is restricted to the

regions where prospective heart cells reside. In chick

blastoderm culture, anti-FGF8 properties were found to

inhibit the expression of BMP-antagonist as well as BMP-

independent heart mesoderm genes (SMA, Tbx5, and

cTNT), but not the pan-mesoderm marker Brachyury

(Matsui et al. 2008). Gain-of-function experiments show

that FGF8 and Nodal, but neither factor alone, induce

cardiomyogenesis in the non-cardiogenic anterior epiblast.

Therefore, FGF8 acts synergistically with Nodal on the

posterior epiblast to induce the expression of the BMP

antagonist Chordin and to specifically induce the expres-

sion of endoderm-independent heart mesoderm genes,

thereby inducing heart mesoderm/cardiomyogenesis

(Fig. 2). The results suggest that a two-step signaling

cascade regulates cardiomyogenesis in a stage-dependent

fashion: hypoblast-derived FGF8 plus epiblast-derived

Nodal act on the posterior epiblast at the blastula stage for

heart mesoderm induction, and endoderm-derived BMP2/4

plus FGF4/8 act on the anterior lateral mesoderm for heart

specification and terminal differentiation (Fig. 2).

Wnt signaling early in cardiogenesis

Wnts are a family of secreted signaling proteins encoded

by 19 distinct genes in the vertebrate genome. They initiate

several signal transduction pathways, including the

canonical Wnt/b-catenin, Wnt/Ca2?, and the Wnt/planar

cell polarity pathways (Logan and Nusse 2004; Moon et al.

2004; Reya and Clevers 2005). There are two Wnt groups

among which a divergence of functional activity is evident

(Foley et al. 2006; Eisenberg and Eisenberg 2007; Tzahor

2007). The Wnt1 group (Wnt1, -3a, and -8) transmits sig-

nals exclusively via the canonical Wnt/b-catenin pathway

(Logan and Nusse 2004). In contrast, the Wnt5a group

(Wnt4a, -5a, and -11) has more complex signaling prop-

erties. The Wnt5a subgroup does not normally trigger

canonical Wnt/b-catenin signaling and, therefore, acts as

dominant-negative inhibitors of Wnt1 class factors (Topol

et al. 2003; Weidinger and Moon 2003; Maye et al. 2004).

There are two distinct soluble extracellular factors that can

inhibit canonical Wnt/b-catenin signaling. Secreted

frizzled-related proteins (sFRPs and Crescent) have a

Wnt-binding domain that is conserved among sFRP and the

frizzled cell membrane receptor protein. Thus, sFRP

affects canonical Wnt/b-catenin signaling by competitively

inhibiting the binding of Wnts to their cell membrane

receptor, frizzeled (Rattner et al. 1997). Dickkopf (DKK)

binds to the cell membrane receptors LRP5 and LRP6 and

competitively inhibits canonical Wnt activity (Kawano and

Kypta 2003). Intracellular signaling cascades regulated by

canonical and non-canonical Wnt pathways have been

reviewed elsewhere (Logan and Nusse 2004; Gordon and

Nusse 2006; Eisenberg and Eisenberg 2007). The latest

information on Wnt is available on the Wnt Home page

(http://www.stanford.edu/*rnusse/wntwindow.html).

There are three distinct antagonists of the canonical Wnt/

b–catenin pathway that act as a mediator of cardiogenesis at

the gastrula stages—DKK1, Crescent, and Wnt11 (Fig. 4;

Eisenberg and Eisenberg 1999; Marvin et al. 2001;

Schneider and Mercola 2001; Pandur et al. 2002). In chick

gastrula, Crescent (Frizzled-related protein) is expressed in

the anterior endoderm just beneath the heart mesoderm.

Inhibition of the canonical Wnt pathway synergistically acts

with BMP and FGF to promote heart formation in the

anterior lateral mesoderm, whereas canonical Wnt signaling

Fig. 4 Distinct and biphasic roles mediated by Wnt/b–catenin

regulate cardiogenesis in a stage-dependent fashion. Before gastru-

lation, the canonical Wnt/b–catenin pathway (Wnt8c) regulates the

induction of anterior lateral mesoderm/cardiac progenitor cells. At

this stage, Crescent (canonical Wnt/b–catenin antagonist) is

expressed in the anterior region of the epiblast, therefore resulting

in predominant Wnt signaling in the posterior epiblast, in which

prospective heart cells reside. At the gastrula stages, Wnt/b–catenin

signaling acts on the anterior lateral mesoderm to suppress cardio-

genesis. Therefore, inhibition of Wnt/b–catenin signaling by

Crescent, Dickkopf (DKK), and Wnt11 is necessary for heart

specification and terminal differentiation. Right panels Schematic

representations of the dorsal view of the pregastrula and gastrula

embryos, left panels sectional diagrams indicated by black lines seen

in the corresponding right panels
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in the posterior lateral mesoderm induces hematopoiesis

(Marvin et al. 2001). Another experiment showed that

Wnt11, which is expressed in the anterior lateral mesoderm,

is capable of inducing cardiac differentiation in the non-

cardiogenic posterior mesoderm (Eisenberg et al. 1997;

Eisenberg and Eisenberg 1999). In Xenopus, cardiogenesis

in mesoderm depends on Cerberus (mediated by nodal),

which functions parallel to homeodomain protein Hex

mediated by Dkk1. Therefore, both pathways in the endo-

derm appear to initiate cardiogenesis in the overlying

mesoderm (Foley et al. 2007). Interestingly, mice lacking

Hex showed a number of congenital heart defects, including

hypoplasia of the right ventricle, ventricular septal defects,

outflow tract abnormalities, atrio-ventricular (AV) valve

dysplasia, and aberrant development of the compact myo-

cardium (Hallaq et al. 2004).

The above descriptions indicate that the Wnt/b–catenin

pathway negatively regulates cardiac differentiation

(Marvin et al. 2001; Eisenberg and Eisenberg 2007; Foley et al.

2007); however, studies with embryonic carcinoma cells

suggest that the canonical Wnt pathway, Wnt3A and -8A,

promotes cardiogenesis (Nakamura et al. 2003). In zebrafish

embryos, Wnt/b–catenin signaling before gastrulation pro-

motes cardiac differentiation, whereas signaling during

gastrulation inhibits heart formation (Ueno et al. 2007). In

an in vitro system comprising mouse embryonic stem (ES)

cells, activation of the Wnt/b–catenin pathway early during

the embryoid body formation was seen to enhance the dif-

ferentiation of ES cells into cardiomyocytes, whereas Wnt/

b-catenin signaling in the late phase after embryoid body

had formed inhibited the differentiation and enhanced the

hematopoiesis (Naito et al. 2006). In vivo, a tissue-specific

manipulation strategy showed that b-catenin is required for

the development and proliferative expansion of cardiac

progenitor cells (Kwon et al. 2007). Furthermore, Wnt/b–

catenin signaling is required for isl1 expression in cardiac

progenitors and is also necessary upstream of genes regu-

lating the secondary/anterior heart field (Ai et al. 2007; Lin

et al. 2007). Current views suggest that Wnt/b–catenin

plays biphasic and distinct—even opposing—roles in

cardiogenesis depending on the stage (Fig. 4): before

gastrulation, the canonical Wnt/b–catenin pathway regu-

lates positively the induction of anterior lateral mesoderm/

cardiac progenitor cells and subsequently acts on the

precardiac mesoderm to regulate negatively the cardiac

specification and differentiation during gastrulation.

Micro-RNA in cardiogenesis

MicroRNAs (miRNAs) are endogenous non-coding RNAs

that mediate post-transcriptional gene silencing and control

protein expression in various cellular pathways (Ambros

2004). More than 400 mammalian miRNAs are transcribed

in the nucleus and subsequently processed to ultimately

yield mature miRNA of approximately 20–22 nucleotides

by the enzymes Drosha and Dicer (Berezikov et al. 2006).

Mature miRNAs bind to target mRNAs by partial sequence

matching in the 30untranslated region of target mRNAs, and

the complex is then incorporated into the RNA-induced

silencing complex (RISC), resulting in degradation of

the mRNA transcript and/or translational inhibition

(Kloosterman and Plasterk 2006). It has been reported that

miRNAs are involved in the regulation of development as

well as oncogenesis because of their tissue-specific or

developmental stage-dependent expression and their evo-

lutionary conservation (Alvarez-Garcia and Miska 2005).

However, the in vivo requirement for specific miRNA in

mammalian organogenesis, including that of the heart, is

largely unknown. Several recent reports have described a

role for miRNAs in the regulation of in vivo cardiac func-

tions, such as the conduction of electrical signals, heart

muscle contraction, heart growth and morphogenesis

(Chien 2007; Mishima et al. 2007). Zhao et al. (2007)

reported that mice lacking the miRNA processing enzyme

Dicer in the heart show cardiac failure associated with

pericardial effusion and a thin-walled myocardium. These

phenotypes are consistent with the defects observed in

zebrafish embryonic heart lacking a functional Dicer

(Giraldez et al. 2005). Two members of the miR-1 class of

miRNA, miR-1-1 and miR-1-2, are specifically expressed in

the developing mouse heart. Mice lacking miR-1-2 have a

spectrum of cardiac abnormalities, including ventricular

septal defect, cardiac rhythm disturbances and cardiomyo-

cyte cell-cycle abnormality that leads to hyperplasia of the

heart (Zhao et al. 2007). Yang et al. (2007) reported that

overexpression of miR-1 in the hearts of mice can induce

cardiac arrhythmia, indicating a crucial role in normal

cardiac conduction. In vivo inhibition of miR-133 causes

marked and sustained cardiac hypertrophy (Car et al. 2007).

In the mouse heart, a cardiac-specific miR-208 encoded by

an intron of the a-myosin heavy chain gene is required for

cardiomyocyte hypertrophy and the expression of the

b-myosin heavy chain during stress as well as thyroid

hormone-induced cardiac growth (van Rooij et al. 2007).

These observations suggest that a subset of miRNAs can

modulate a diverse spectrum of cardiac functions and

morphogenesis in vivo. Although miRNAs appear to control

cardiac muscle cell lineages, such as ventricular muscle,

isoforms of myosin, and conduction myocardium, the roles

of miRNAs during early cardiogenesis remain uncertain.
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