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Abstract 
The formation of the heart is a complex morphogenetic process that depends 
on the spatiotemporally regulated contribution of cardiac progenitor cells. 
These mainly derive from the splanchnic mesoderm of the first and second 
heart field (SHF), with an additional contribution of neurectodermally derived 
neural crest cells that are critical for the maturation of the arterial pole of the 
heart. The origin and distinguishing characteristics of the two heart fields, as 
well as the relation of the SHF to the proepicardial organ and to a proposed 
third heart field are still subjects of debate. In the last ten years many genes 
that function in the SHF have been identified, leading to the establishment of a 
gene regulatory network in the mouse embryo. It is becoming increasingly 
evident that distinct gene networks control subdomains of the SHF that con
tribute to different parts of the heart. Although there is now extensive informa

tion about mutant phenotypes that reflect problems in the integration of 
progenitor cells into the developing heart, relatively little is known about the 
mechanisms that regulate SHF cell behavior. This important source of cardiac 
progenitor cells must be maintained as a proliferative, undifferentiated cell 
population. Selected subpopulations, at different development stages, are 
directed to myocardial, and also to smooth muscle and endothelial cell fates, 
as they integrate into the heart. Analysis of signaling pathways that impact the 
SHF, as well as regulatory factors, is beginning to reveal mechanisms that 
control cardiac progenitor cell behavior. 

1. Introduction 

The heart occupies an important place in the popular imagination. 
In medieval times, in Europe, it was regarded as the seat of courage. King 
Richard I of England, renowned for his bravery, was called Richard the 
Lion Heart and the great queen Elizabeth I proudly claimed, in terms now 
politically incorrect, “I know that I have the mind and body of a weak 
and feeble woman, but I have the heart and stomach of a king, and of a 
king of England too!”. After this period of male bravure, the heart, also 
regarded as the site of the soul and hence a holy relic, is now mainly a 
symbol of love, much evident in the commercialization of romance on 
St Valentine’s Day. Fixation on the heart reflects its obvious role as a vital 
organ. The beating of the heart as it pumps blood around the body is 
synonymous of life and until very recently the official definition of death 
was arrest of the heartbeat. 

The heart is the first organ to form in the embryo where its early 
function is essential for the circulation of nutrients and removal of waste, as 
soon as the number of cells reaches a point where diffusion is no longer 
efficient. Early heart defects are a frequent source of lethality when genes 
are mutated in mouse models. In the human population almost 1% of 
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newborn children have some form of congenital heart defects and cardiac 
malformations probably account for as many as 30% of embryos/foetuses 
lost before birth (Bruneau, 2008). These figures indicate the vital require
ment for a fully functional heart and also reflect the degree of precision 
required during cardiogenesis. The construction of the heart is a complex 
process, involving the integration of different cell populations at distinct 
sites as development proceeds. In this review, we discuss the origins of 
cardiac progenitor cells and the regulation of their contributions to the 
heart. The characterization of the second heart field (SHF) as a major 
contributor, with increasingly detailed genetic information about the reg
ulatory factors and signaling pathways that affect the behavior of cells that 
transit through this field has considerably advanced our understanding of 
cardiogenesis. Knowledge about the progenitor cells that form the heart is 
also of importance for potential stem cell therapies in the context of the 
failing adult heart. 

We shall discuss the formation of the heart from the stand point of 
mammalian cardiogenesis. In this context, the mouse is the best studied 
model. We shall particularly focus on the properties of the SHF because it 
constitutes a major source of cardiac progenitor cells as the primitive heart 
tube grows. However, the formation of the tube and the contribution of 
other sources of cells will also be considered in the context of cardiogenesis, 
briefly summarized as follows (see Fig. 1.1). 

The first differentiated myocardial cells are detected in the cardiac 
crescent, in splanchnic mesoderm underlying the head folds. As the embryo 
grows, the crescent fuses at the midline to form the primitive cardiac tube 
which rapidly begins to pump blood. It is now established that cardiac 
progenitor cells mainly lie medially and posteriorly to the crescent and then 
are located behind the heart tube, extending posteriorly and also anteriorly 
into pharyngeal mesoderm, as a result of morphogenetic movements as the 
embryo develops. These progenitor cells constitute the SHF, in contrast to 
the region of the crescent referred to as the first heart field (FHF). In the 
mouse embryo, the early heart tube has a mainly left ventricular identity and 
its expansion depends on contributions from the SHF (Buckingham et al., 
2005). The early FHF-derived cardiac tube thus provides a scaffold for 
subsequent growth. 

Other cell populations also contribute to the formation of the heart, in 
addition to the splanchnic mesoderm of the heart fields. The proepicardial 
organ (PEO) is a transitory mesenchymal structure that forms at the 
posterior end of the heart tube. Cells from the PEO grow over the 
myocardium of the tube to form the outer layer of the epicardium. 
Some of these epicardial cells undergo an epithelial/mesenchymal transi
tion (EMT) and enter the heart where they contribute the smooth muscle 
of the coronary blood vessels and also constitute the population of cardiac 
fibroblasts/interstitial cells. 
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Figure 1.1
Formation of the cardiac crescent (CC), with the second heart field (SHF) lying 
medial to it. (C–E) Front (left) and lateral (right) views of the heart tube as it begins 
to loop with contributions of cardiac neural crest cells (cNCC), which migrate from 
the pharyngeal arches (PA) to the arterial pole (AP). The proepicardial organ (PEO) 
forms in the vicinity of the venous pole (VP). (F) The looped heart tube, with the 
cardiac compartments—OFT, outflow tract; RA, right atrium; LA, left atrium; RV, 
right ventricle; LV, left ventricle. (G) The mature heart which has undergone 
septation—IVS, interventricular septum; AA, aortic arch; Ao, aorta; PT, pulmonary 
trunk; PV, pulmonary vein; SVC, superior caval vein; IVC, inferior caval vein. The 
first heart field (FHF) and its myocardial contribution are shown in red, the SHF and 
its derivatives in dark green (myocardium) and pale green (vascular endothelial cells), 
cNCC in yellow (vascular smooth muscle of the AA, endocardial cushions), and PEO 
derivatives in blue. (See Color Insert.) 

  (A) Migration of cells anteriorly from the primitive streak (PS). (B) 

The functional form of the mature arterial pole of the heart depends 
on neural crest cells. These are of neurectodermal origin and migrate from 
the dorsal neural tube. Cardiac neural crest (Hutson and Kirby, 2007) 
transits through the posterior pharyngeal arches and invades the anterior 
domain of the SHF before entering the anterior part of the heart tube. 
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This constitutes the outflow tract of the heart and neural crest plays a 
major role in the remodeling of this region, contributing to septum and 
valve formation, which results in the separation of the myocardial base of 
the pulmonary trunk and aorta. These great arteries connect with right 
and left ventricles, respectively, and ensure blood flow to the lungs and 
body. 

The venous pole of the heart, initially located at the posterior end of the 
heart tube, moves anteriorly as the tube undergoes looping. The inflow 
region of the tube develops with the addition of myocardium that will form 
the atria and then the base of the pulmonary and caval veins that recycle 
blood from the lungs and body to the left and right atria, respectively. The 
development of the cardiac chambers results from expansion of regions of 
the heart tube and subsequent septation and valve formation to give the 
mature heart (Fig. 1.1). 

2. The Origin of the Heart Fields and Cardiac 
Progenitor Cell Behavior 

Cardiac mesoderm derives from the anterior part of the primitive 
streak (PS), as shown previously by cell labeling and grafting experiments 
in the mouse (Lawson et al., 1991; Tam et al., 1997) as well as for the chick 
embryo (see Kirby, 2007). Since in both amniote models, the outflow tract 
of the heart tube has been shown to derive from the SHF, the question of 
whether there is pre-patterning of progenitor cells already in the streak can 
be addressed using the avian embryo, which is more amenable to experi
mental manipulations. 

This question is intimately linked to the mode of migration of cells from 
the streak to the heart-forming region of splanchnic mesoderm (Fig. 1.1). 
Earlier experiments suggested that cells that give rise to outflow tract 
myocardium are situated more anteriorly in the cardiogenic region of the 
streak (Garcia-Martinez and Schoenwolf, 1993); however, these and other 
fate mapping experiments were limited by the technical methods of the 
time (see Abu-Issa and Kirby, 2007). This was also the case for studies at 
later developmental stages when it was difficult to ensure that only cardiac 
progenitors were labeled. Thus Stalsberg and DeHaan (1969) had con
cluded that migrating cells behaved as cohesive groups, whereas Redkar 
et al. (2001) suggested that there was considerable dispersion. In a recent fate 
mapping analysis, using sophisticated time lapse imaging microscopy after 
marker electroporation in the quail embryo, Cui et al. (2009) showed that 
cardiac progenitor cells, originating from similar anterior/posterior levels in 
the streak to those previously identified, change their relative positions as 
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they migrate. This results in medial/lateral repositioning as the region where 
cardiogenic mesoderm is located undergoes morphological changes driven 
by endodermal folding. This would be consistent with the medial/lateral 
location of first and SHFs, respectively. They concluded that cardiac pro
genitors can move as cohorts of cells that will contribute to specific regions 
of the heart tube. 

The results of retrospective clonal analysis in the mouse embryo had shown 
that a period of dispersive progenitor cell growth precedes coherent growth 
that accompanies cardiogenesis (Meilhac et al., 2003). This retrospective 
approach does not throw any light on the spatial location of progenitors; 
however, it provides important temporal insights. Notably it distinguishes 
two myocardial cell lineages that segregate early, around the onset of gastrula
tion (Meilhac et al., 2004). These two lineages can be equated with the 
contribution of first and SHFs, in that the first is the exclusive source of the 
early left ventricle whereas the second is the exclusive source of outflow tract 
myocardium. Both lineages contribute to other parts of the heart. Prospective 
clonal analysis in the mouse embryo will be required to address spatial issues of 
myocardial lineage segregation, as well as the timing, at or before gastrulation. 

The issue of cell behavior in the SHF is linked to that of proliferation. 
Two recent studies in the chick embryo use three-dimensional reconstruc
tions to interpret BrdU data on cell proliferation (Soufan et al., 2006;  Van  den  
Berg et al., 2009). They conclude that the early heart tube has a low level of 
proliferation and that changes in cell size play a significant role in its expan
sion. Growth of the heart tube also depends on the addition of progenitor 
cells. This mainly occurs in a proliferative center which is located in a dorsal/ 
medial position, in the posterior SHF. Cell tracing experiments suggest that 
cells move anteriorly from this proliferative zone to contribute to the arterial 
as well as the venous pole of the cardiac tube and indeed impairment of 
proliferation in this posterior zone affects both poles of the heart. This finding 
for the chick embryo has to be equated with observations on clonal growth 
and cell fate determination for the mouse embryo. Retrospective clonal 
analysis suggests that the mouse heart tube is more proliferative (Meilhac 
et al., 2004) and the anterior as well as the posterior region of the SHF is 
clearly proliferating, as indicated by mutants that affect proliferation in the 
anterior SHF, with consequences for arterial pole formation (see Section 6.3). 

Explant experiments and dye-tracing of cells show that the anterior part of 
the SHF is programmed to make outflow tract and right ventricular myocar
dium  and contributes to this part of the  heart (Zaffran et al., 2004). In contrast, 
the posterior part of the SHF is programmed to make atrial myocardium and 
indeed cells in this domain contribute to the atria (Galli et al., 2008). These 
observations do not preclude that there may be posterior/anterior movement 
of cardiac progenitor cells, but would suggest that such a phenomenon may 
be limited. However, more detailed spatiotemporal fate mapping in the 
mouse SHF is required to clarify this issue. 
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3. Markers of Cardiac Progenitors and the 
Distinction Between First and Second Heart 
Fields (FHF and SHF) 

3.1. Cardiac progenitors and cell fate determination 

One of the first markers of cardiac progenitor cells is Mesp1, which is required 
for the delamination of these cells from the primitive streak. A Mesp1Cre/þ line 
crossed to the Rosa-26 conditional reporter marks all cardiac cells in the heart of 
mesodermal origin (Saga et al., 1999) and has proved to be very useful for 
genetic experiments in which mutations are targeted to cardiac mesoderm. 
Experiments with embryonic stem (ES) cells have led to the proposal that this 
transcription factor may act as a master regulator of cardiovascular cell fates 
(Bondue et al., 2008), down-regulating pluripotency genes and early mesoder
mal genes and up-regulating genes for key cardiac transcription factors such as 
Gata4 or Nkx2-5. In keeping with this, injection of Mesp1 RNA into Xenopus 
embryos leads to ectopic heart formation (David et al., 2008); however, these 
authors emphasize an indirect role for Mesp1 in the induction of the Wnt 
inhibitor, Dkk1, and effects on endodermal induction of cardiogenesis. Another 
series of experiments in ES cells also points to the role of Mesp1 in promoting 
cardiovascular cell fate in the presence of Dkk1 (Lindsley et al., 2008). These 
authors also demonstrate that Mesp1 triggers an epithelial/mesenchymal transi
tion (EMT) in ES cell embroid bodies. In the mouse embryo, Mesp1 is 
implicated in EMT, required for exit of cells from the streak, but the gene is 
rapidly down-regulated thereafter and it is not clear whether it directly activates 
transcriptional regulators of the cardiac program, which are detected later. 

Genes such as Gata4 or Nkx2-5 are expressed in the cardiac crescent 
where myocardial cell differentiation first takes place. T-box transcription 
factors, such as Tbx5 and Hand1/2 (basic helix–loop–helix), as well as 
Mef2c (MADS-box) factors, are also implicated in the differentiation of 
cells in the crescent, as well as in the heart. In the context of master 
regulators, it was shown recently that Gata4 and Tbx5, in the presence of 
the chromatin remodeling component, Baf60c/Smarcd3 specifically asso
ciated with cardiogenesis, can induce beating myocardial tissue when ecto
pically expressed in mesoderm (Takeuchi and Bruneau, 2009). Gata4 and 
Baf60c induce Nkx2-5 expression which acts with Gata4 to initiate the 
cardiac program; Tbx5 is required for full differentiation. The concept of a 
master regulator gene comes from the demonstration that transcription 
factors of the MyoD family can play this role for skeletal myogenesis 
(Weintraub et al., 1991). In this case, these factors have intrinsic chromatin 
remodeling activity (Tapscott, 2005), which cardiac regulatory factors 
appear to lack; hence the requirement for Baf60c. Skeletal myogenesis is 
also exceptional in its dependence on a single determination factor, whereas 
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most tissue programs depend on combinations of factors. These may also be 
interchangeable, which would explain why no single mutation in a cardiac 
regulatory gene completely abolishes myocardial cell differentiation. 

3.2. Markers of the heart fields 

Expression of Islet1 in the SHF first led to an appreciation of the full extent of 
this field and its contribution to the venous, as well as the arterial, pole of the 
heart (Cai et al., 2003). Islet1 has been regarded as a marker of the SHF. 
However, more recently Islet1 protein has been detected in the cardiac crescent 
and, in the absence of Nkx2-5, Islet1 expression is maintained in differentiating 
myocardial cells of the crescent as well as the heart at later stages, suggesting that 
this regulation operates in both heart fields (Prall et al., 2007). Islet1-Cre activa
tion of a highly sensitive conditional FLAP reporter in the Gata4 gene resulted 
in expression in the FHF as well as the SHF (Ma et al., 2008). Furthermore, a 
conditional Rosa26 reporter when activated by a new Islet1-Cre line is more 
broadly expressed in the heart than was seen previously, although part of the left 
ventricle remains negative (Sun et al., 2007). This observation, also reported 
with other SHF-Cre driver lines, such as Tbx1-Cre (Brown et al., 2004) or  
Mef2c-Cre (Verzi et al., 2005), may also reflect subsequent expansion of initially 
right ventricular myocardium into the left ventricular compartment as the heart 
tube matures. Such expansion of genetically marked cells is also seen for Tbx2, a  
marker of the atrioventricular canal (AVC); cells that had expressed Tbx2 
subsequently expand into part of the left ventricular myocardium (Aanhaanen 
et al., 2009). In this case, as AVC myocardium is derived from both first and 
second lineages, this does not necessarily imply that this is now a second lineage 
contribution (Harvey et al., 2009). Despite detection of Islet1 in the FHF, it is 
notable that Islet1 null mutants still form the primitive cardiac tube and the 
mutant phenotype primarily reflects a problem with the SHF contribution to 
the heart (Cai et al., 2003). Islet1 positive cardiac progenitors have now been 
identified in Xenopus, where they co-localize initially with Nkx2-5 positive 
cells but subsequently appear to constitute a progenitor cell field; knock-down 
of Islet1 suggests that it is not essential for early heart formation (Brade et al., 
2007). Thus there is some indication of an equivalent to the SHF in Xenopus, 
and there is evidence for early segregation of two cardiogenic lineages, such that 
the second lineage, as in the chick, appears to mainly contribute to the outflow 
tract (Gessert and Kühl, 2009). In zebrafish, there is evidence for two phases of 
myocardial differentiation, a first Islet1-dependent contribution to the venous 
pole, and a second Fgf8-dependent addition of cardiomyocytes to the arterial 
pole (de Pater et al., 2009). 

In addition to Islet1, a number of genes expressed in the SHF have now 
been characterized (Fig. 1.2). In many cases, such as Foxc1/Foxc2 (Seo and 
Kume, 2006), there is no evidence that they are also expressed in the FHF. 
Furthermore, as in the case of Islet1, when mutated they give rise to typical 
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Figure 1.2 Regulatory network in the SHF. Three nodes of regulation are highlighted: 
Tbx1 (light grey), Islet1 (dark grey), and Nkx2-5 (mid-grey). Direct in vivo regulations 
are indicated by dark grey lines, direct protein–protein interactions are indicated by 
dashed lines, and genetic expression data are indicated by dark lines. Asterisks highlight 
synergistic transcriptional activation of enhancers. Grey boxes indicate effects outside of 
the SHF. The question mark above Islet1 is discussed in Section 6.3: several groups 
reported that Islet1 is activated by the Wnt/β-catenin pathway, but a recent report 
suggested that down-regulation of Islet1 by Wnt/β-catenin is required for SHF 
progenitor proliferation. 

SHF phenotypes. The question of whether there is a continuum between 
FHF and SHF to the point where they are regarded as more or less 
differentiated regions of the same field is partly semantic. They are clearly 
juxtaposed in the mouse at E7.75 and contiguous in the chick at later stages 
(Abu-Issa and Kirby, 2008), where Islet1 is also characteristically expressed 
in undifferentiated cells (Yuan and Schoenwolf, 2000). Distinct first and 
second myocardial cell lineages exist in the mouse (Meilhac et al., 2004) and 
mutant phenotypes indicate that many cardiac regulators are mainly func
tional in the progenitor cell population of the SHF, where a gene regulatory 
network, based on analysis of mutants and transcriptional regulatory 
elements, is observed (Fig. 1.2). A classic example of this is provided by 
two enhancers of the Mef2c gene, which are targets of Islet1 and Gata factors 
(Dodou et al., 2004) and of Foxh1 and Nkx2-5 (von Both et al., 2004), 
respectively, to drive SHF expression. Another example is provided by the 
recent identification of an Islet1 enhancer active in the SHF that requires 
Foxc2 binding sites for activity, with an implication of Gata4 as well as Fox 
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factors (Kang et al., 2009; Kappen and Salbaum, 2009). Furthermore, factors 
present in the SHF may interact with each other, as shown for Tbx1 and 
SRF (Chen et al., 2009), adding a further level of complexity to a network 
in which Tbx1 activates Hod and Hod represses SRF (Liao et al., 2008). 
Another level of factor interaction is illustrated by Tbx20 which synergizes 
with Islet1 and Gata4 to activate the Mef2c enhancer and an Nkx2-5 cardiac 
enhancer (Takeuchi et al., 2005). 

4. Cardiac Progenitor Contributions to the 
Cell Types of the Heart 

4.1. Cell types derived from the SHF 

As stated in Section 1, the FHF is the major contributor to early left 
ventricular myocardium, whereas the SHF contributes to myocardium of 
other regions of the heart and most notably to that of the outflow tract. 
However, myocardium is not the only derivative of the SHF. The origin of 
the endocardium has been controversial. This endothelium forms the inner 
sheath of the cardiac tube and compartments of the heart as they develop. It 
plays a critical role in trabeculation of chamber myocardium and in valve 
formation, initiated by delamination of endocardial cells to form the cush
ions (Kirby, 2007). Retroviral tracing in the avian embryo (Wei and 
Mikawa, 2000) had suggested that myocardial and endocardial progenitors 
are already distinct at gastrulation. More recently, lineage studies in the 
zebrafish suggest that endocardial cells are derived from a hematopoietic/ 
vascular lineage (Bussmann et al., 2007). However, genetic tracing in the 
mouse embryo suggests that cells that had expressed Islet1 (Cai et al., 2003; 
Moretti et al., 2006), Nkx2-5 (Stanley et al., 2002), or activated the Mef2c 
SHF enhancer (Verzi et al., 2005) contribute to endocardium and myocar
dium. Furthermore Flk1 expressing progenitors contribute to both tissues 
(Motoike et al., 2003). Nfatc1 now provides a marker for endocardium that 
distinguishes these cells from other endothelial cells. Using this marker in 
the ES cell model system, it has been shown that multipotent Flk1 positive 
cardiac progenitors give rise to both endocardial and myocardial derivatives 
(Misfeldt et al., 2009). This is, therefore, in keeping with the prevailing view 
that the endocardium is an SHF derivative. Interestingly, a recent paper 
(Ferdous et al., 2009) showed that the endothelial/endocardial fate in the 
developing embryo depends on an Ets-related protein, Etsrp17. This is a 
direct activator of the endothelial Tie2 gene. Upstream of endocardial 
formation, Nkx2-5 transactivates the Etsrp17 gene. Etsrp17 is first detected 
in the cardiac crescent, suggesting that FHF derivatives may also contribute 
to endocardium. 
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The mesoderm of the arches can be regarded as an extension of the SHF, 
which becomes incorporated into the pharyngeal arches as these transitory 
structures bulge out as pouches on either side of the pharyngeal region 
(Fig. 1.1). SHF marker genes such as Fgf10 (Kelly et al., 2001), Islet1 (Cai 
et al., 2003), and Tbx1 (Xu et al., 2004) are expressed in the mesodermal core of 
all the arches. In the chick embryo, dye-labeling experiments have demon
strated the contribution of the mesodermal core of arches 1 and 2 to outflow 
tract myocardium (Kirby, 2007) and this has also been shown in the mouse 
embryo for arch 2 (Kelly et al., 2001). Endothelial cells of the derivatives of the 
pharyngeal arch arteries, at the arterial pole of the heart (Fig. 1.3) derive from  
SHF mesoderm of the posterior arches (3–6). In the mouse embryo, this is 
supported by genetic tracing experiments showing that these endothelial cells 
derive from progenitors that have expressed Mesp1 and Islet1 (Sun et al., 2007) 
and activated the Mef2c SHF enhancer (Verzi et al., 2005) and also by pheno
types such as that of the Tbx1 mutant (Zhang et al., 2005) or of Fgf8/Fgf10 
double mutants targeted to the mesoderm of the SHF (Watanabe et al., 2010). 

The ES cell system also shows that smooth muscle cells derive from the 
multipotent cardiac progenitors that give rise to myocardium and endothe
lial derivatives (Moretti et al., 2006; Wu et al., 2006). In the chick embryo, 
cell tracing and ablation experiments in the SHF have established that this is 
the source of smooth muscle cells in the outflow tract that will contribute to 
the sub-pulmonary and aortic smooth muscle at the base of these great 
arteries. This SHF contribution follows that of myocardium, which is 
contributed over a first 24-h period (HH14-18) (Waldo et al., 2005b; 
Ward et al., 2005). In the mouse embryo, cells that have expressed Mesp1 
(Saga et al., 2000) and Islet1 (Moretti et al., 2006; Sun et al., 2007) also 
contribute to smooth muscle at the arterial pole of the heart and Tbx1 
regulates this derivative, as well as myocardium (Chen et al., 2009). It is not 
yet clear whether SHF cells are multipotent for smooth, myocardial, and 
endothelial lineages as shown by clonal analysis for ES cells. However, 
interestingly, the rare Islet1 positive cells detected in foetal hearts (Laugwitz 
et al., 2005), which probably represent undifferentiated SHF progenitors, 
are multipotent in this respect (Bu et al., 2009). 

4.2. Neural crest 

Cardiac neural crest, that invades the mesodermal core of the posterior 
pharyngeal arches, contributes the smooth muscle of the pharyngeal arch 
arteries and their derivatives at the arterial pole of the heart (Fig. 1.3). Neural 
crest cells from the arches also migrate through the anterior SHF into the 
outflow tract where they form the endocardial cushions (Fig. 1.1). In the 
absence of neural crest, outflow tract septation and arterial pole maturation are 
compromised (Hutson and Kirby, 2007). 
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Figure 1.3 Pharyngeal arch artery remodeling. Ventral representation of the arterial 
network connected to the heart as development proceeds. The arterial pole of the 
heart (not represented here) feeds into the aortic sac (grey). The heart is connected 
to the paired dorsal aortas (black) via the artery of each of the five pharyngeal 
arches; the pharyngeal arch arteries (PAAs). During development, the pharyngeal 
arches and their arteries are symmetrically formed following a rostro-caudal, 
temporal gradient. (A) At E9.5, only the PAA1 (orange) and PAA2 (blue) are 
connected to the aortic sac. (B) At E10.5, the PAA1 and PAA2 are no longer 
connected directly to the heart but form the capillary beds of their respective 
pharyngeal arches. The heart is now connected via PAA3 (light green), PAA4 
(dark green), and PAA6 (purple). (C) At E11, the network is still symmetric and 
the pulmonary arteries (dark yellow) are clearly visible. (E) From E11.5, remodeling 
of the PAAs is initiated via the increase of blood flow in the left PAA6. This results 
in the stabilization of the aortic arch on the left side at the expense of the right side. 
Segments of the dorsal aortas are degenerating, leading to the individualization of 
the future common carotid arteries (RCC, right common carotid and LCC, left 
common carotid). (D) At E14.5, the left PAA4 contributes to the segment of the 
aortic arch between the LCC and the left subclavian artery (in bronze), whereas the 
right PAA4 will form a segment that connects the RSA to the brachycephalic trunk 
(BT—remains of the right aortic arch). The BT is also connected to the derivative of 
the right PAA3, the right common carotid (RCC). The right PAA6 is not 
maintained, whereas the left PAA6 contributes to the ductus arteriosus (DA). The 
DA is an embryonic shunt that connects the (left) dorsal aorta to the pulmonary 
trunk. At birth, the DA closes, allowing the establishment of the pulmonary and 
systemic blood circulations (adapted from Kaufman and Bard (1999); Ao, aorta; PT, 
pulmonary trunk; T, trachea; PA, pulmonary arteries). (See Color Insert.) 
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Neural crest ablation not only affects septation, but also results in a 
reduction in outflow tract myocardium and consequent arterial pole 
defects (Waldo et al., 2005a). The effect of neural crest on outflow tract 
development, demonstrated by experiments in the chick embryo, is also 
shown for the mouse, for example in the phenotype of mutants for Tbx3, 
expressed in neural crest (Mesbah et al., 2008), as well as at other sites in 
the heart. Pax3 is a key regulator of neural crest and in the Splotch2H 

mouse, where Pax3 function is affected, neural crest migration is reduced, 
again resulting in outflow tract defects, including ectopic myocardial 
differentiation with abnormal distribution of Islet1 positive cells of the 
SHF (Bradshaw et al., 2009). Interactions between neural crest and the 
anterior SHF affect the behavior of both cell populations and their 
contributions to the heart (see Section 6.4). 

4.3. The proepicardial organ 

The PEO is a transitory structure, which forms as a group of cells close 
to the venous pole of the heart tube (Fig. 1.1). It has been thought to be 
derived from coelomic mesenchyme of the septum transversum (Männer 
et al., 2001) and not from the SHF (Wessels and Pérez-Pomares, 2004); 
however, its relation to the SHF is not clear (see Section 5). In the early 
embryo this mesenchyme expresses Islet1 (Ma et al., 2008), so that the 
PEO and subsequent epicardium and coronary blood vessels are marked 
by Islet1-Cre genetic tracing (Moretti et al., 2006; Sun et al., 2007; Zhou 
et al., 2008b). Nkx2-5-Cre tracing also marks these cells (Zhou et al., 2008a, 
b) and, contrary to Islet1, Nkx2-5 is required for PEO development (Zhou 
et al., 2008b). Wt1 and Tbx18 are expressed in the PEO and in the 
epicardium. Wt1 mutant mice have coronary vascular defects and it has 
now been shown that this is due to a direct activation by Wt1 of the Snail 
gene, required for EMT of epicardial cells (Martínez-Estrada et al., 2010). 
ES cells mutant for Wt1, fail to form cardiomyocytes, as well as other 
mesodermal derivatives, but this probably results from a failure of EMT 
required for embroid body “gastrulation.” 

The smooth muscle cells of the coronary vasculature arise from the 
epicardium and until recently it was thought that the endothelial cells also 
came from this source. However, genetic tracing experiments with fluor
escent markers (Red-Horse et al., 2010) now show that endothelial cells in 
the coronary vessels and capillaries derive from the venous plexus, at the 
sinus venosus, which invades the heart after formation of the epicardium. 
The question of whether the PEO can give rise to myocardium is a subject 
of debate. Myocardial differentiation of PEO-derived cells had been 
reported in vitro but only when levels of FGF versus BMP signaling 
were manipulated (Kruithof et al., 2006; Van Wijk et al., 2009). Previous 
fate mapping studies in the chick or mouse had not shown any 
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proepicardial contribution to myocardium (Winter and Gittenberger-de 
Groot, 2007). Using a Wt1 GFP-Cre/þ line, the fate of PEO cells has been 
followed and, surprisingly, in addition to the expected derivatives, cardi
omyocytes were detected in the walls of the cardiac chambers and in the 
interventricular septum (Zhou et al., 2008a). Furthermore a subset of GFP-
positive non-myocardial cells, isolated from foetal hearts, differentiated 
into myocardium in culture. In a parallel experiment, a Tbx18-Cre line 
was used to trace cells that had expressed this gene, and also resulted in the 
labeling of cardiomyocytes (Cai et al., 2008). Labeling of the smooth 
muscle of coronary blood vessels and of cardiac fibroblasts was consistent 
with the observation that a subset of PEO cells express Tbx18. A caveat for 
all such genetic tracing experiments is that the interpretation depends on 
the expression of the Cre driver—whether this precisely reflects expression 
of the endogenous gene and whether the expression of the gene in 
question is restricted to the postulated progenitor source (see Christoffels 
et al., 2009). In the case of Tbx18, there is later expression in the 
myocardium and notably in the interventricular septum, where many 
labeled cells were present in the genetic tracing experiment, which com
plicates the interpretation. However, as in the case of Wt1, dye-labeled 
epicardium resulted in labeled cardiomyocytes after culture, consistent 
with some myocardial contribution (Cai et al., 2008; Zhou et al., 2008a). 
The suggestion that PEO-derived cells can contribute to myocardium is 
important in a therapeutic context also, since the fibroblasts of the heart, 
which come from the epicardium, are a potential endogenous source of 
cardiac stem cells. Unlike the rare Islet1 positive cells present in the foetal 
heart (Laugwitz et al., 2005), which are no longer present in the adult, the 
fibroblast population is maintained. An association between the epicardium 
and regeneration is demonstrated in the zebrafish heart where up-regula
tion of Raldh2 in the epicardium, triggered by injury, leads to a retinoic 
acid activated cascade which results in the extensive cardiac repair that 
characterizes this organism (Lepilina et al., 2006), although this is probably 
not due to direct formation of myocardium from epicardially derived cells 
(Jopling et al., 2010; Kikuchi et al., 2010). 

5. Subdomains of the SHF 

Genes that function within the genetic network of the SHF (Fig. 1.2) 
are not all expressed throughout this heart field. Cellular level resolution is 
lacking and even Islet1 may not be expressed in all progenitors. The results 
of Cre tracing experiments tend to be interpreted in terms of onset of 
expression of the Cre driver, but heterogeneity between cells in the SHF 
may also affect the results and this is, of course, also the case for mutant 
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phenotypes. If information on expression/co-expression of SHF genes at 
the cellular level is still lacking, there is increasing evidence for the existence 
of subdomains of the SHF, distinguishable by gene expression and by their 
contribution to the heart (Fig. 1.4). 

Figure 1.4 Subdomains within the SHF. (A) The SHF is characterized by the 
expression of Nkx2-5 and Islet1 shown at mouse embryonic day (E) 8.0. The anterior 
part of the SHF (light grey) is composed of cells that also express Tbx1, Fgf8, or Fgf10, 
and activate the Mef2c-SHF enhancer, whereas Wnt2 is expressed in addition to Nkx2-5 
and Islet1 in the posterior SHF (mid-grey). At the most posterior and lateral side of the 
SHF resides a domain that is characterized by the expression of Tbx18 but not Nkx2-5 
(dark grey). Pitx2c is expressed only on the left side of the SHF (diagonal stripes). (B) 
These different subdomains contribute to specific domains within the four-chambered 
heart shown at E14.5. Atrial myocardium contains cells that have expressed Islet1 and 
Nkx2-5 from the posterior SHF (mid-grey). The myocardium of the caval veins (IVC 
and SVC) is derived from cells that had expressed Tbx18 (dark grey), whereas pulmonary 
vein (PV) myocardium is derived from cells of the posterior SHF (mid-grey) that also 
expressed Pitx2. Cells of the anterior part of the SHF contribute to the right ventricle 
(RV) and outflow tract myocardium. Interestingly, a subset of Tbx1þ and Pitx2þ cells 
contribute to a more centrally located region of the RV (stipled stripes), encompassing 
the interventricular septum domain, including the myocardium at the base of pulmonary 
trunk (PT) (darker diagonal stripes). This pulmonary trunk (PT) myocardium is 
characterized by the expression of Sema3c and is constituted from SHF progenitors that 
had responded to Shh. In Tbx1 mutants, this domain is affected (see Section 6.3). RA, 
LA; right and left atria, respectively; RV, LV; right and left ventricles, respectively. 
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5.1.	 The anterior SHF and contributions to the arterial pole of the 
heart 

The anterior part of the SHF is marked by expression of Fgf8, Fgf10 (Kelly 
et al., 2001), and Tbx1 (Xu et al., 2004) and cells that have transcribed these 
genes form the arterial pole of the heart (Fig. 1.4). The Mef2c SHF enhancer 
also functions here (Dodou et al., 2004). Within this anterior region, sub
populations can be distinguished. Tbx1 controls the addition of cells that will 
constitute pulmonary trunk myocardium at the outlet of the right ventricle 
(Maeda et al., 2006) and this is severely reduced in Tbx1 mutant hearts 
(Théveniau-Ruissy et al., 2008) where the SHF contribution to smooth 
muscle is also affected (Chen et al., 2009). In human congenital heart disease, 
outflow tract alignment defects, such as tetralogy of Fallot, are frequent and 
probably result from a deficit in sub-pulmonary myocardium (Van Praagh, 
2009). Further evidence that different progenitor cell populations form sub-
pulmonary versus sub-aortic myocardium comes from retrospective clonal 
analysis and transgene expression profiles, which distinguish superior/inferior 
regions of the outflow tract and myocardium at the base of each artery 
(Bajolle et al., 2008). The transgenes that mark different SHF domains and 
arterial pole derivatives reflect insertion site effects now shown to correspond 
to the Sema3c gene that marks sub-pulmonary myocardium (Théveniau-
Ruissy et al., 2008) and to the Hes1 gene, also expressed in sub-aortic 
myocardium. Hes1 mutants have outflow tract defects, leading to over
riding aorta and ventricular septal defects (Rochais et al., 2009; Van Bueren 
et al., 2010). It has been suggested, as a result of experiments in the chick 
embryo, that the SHF contribution to smooth muscle, and probably also to 
myocardium at the base of the pulmonary trunk, spirals into the outflow 
tract from the right part of the SHF (Ward et al., 2005). However, genetic 
tracing experiments in the mouse (see Section 6) suggest that cells that had 
expressed Pitx2, that marks the left side of the SHF, contribute to pulmonary 
trunk myocardium (Ai et al., 2006). Interestingly cells that have expressed 
both Pitx2 and Tbx1 (Huynh et al., 2007; Maeda et al., 2006) also contribute 
to a central subdomain of the right ventricle extending into the interven
tricular septal region. The pulmonary trunk is further distinguished in fate 
mapping experiments which show it is derived from SHF cells that had 
received a sonic hedgehog (Shh) signal (Hoffmann et al., 2009). 

The anterior part of the SHF extends into the mesodermal core of the 
pharyngeal arches which gives rise to arterial pole myocardium or 
endothelial cells of the pharyngeal arch arteries (Section 4.1). In addition 
to myocardial versus endothelial cells derived from the mesodermal core 
of anterior compared to posterior pharyngeal arches, there are differences 
between progenitor populations that assume the same cell fate, but derive 
from different arches. This probably reflects differences in the pharyngeal 
environment which in turn reflects the progressive development of the 
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pharyngeal arches on the anterior/posterior axis. Thus, for example, the 
arterial derivatives of the fourth pharyngeal arch are particularly subject to 
interruption or hypoplasia. In mutants in which Tbx1 is deleted in meso
derm, with consequent loss of pharyngeal arches 3–6 and  failure of  
pharyngeal arch artery development, restoration of mesodermal Tbx1 
expression rescues most of these defects, but not the fourth pharyngeal 
arch phenotype (Zhang et al., 2006), now shown to be due to Gbx2 
regulation by Tbx1 in the pharyngeal ectoderm (Calmont et al., 2009). 
Gain of function Tbx1 expression also specifically affects the fourth phar
yngeal arch arteries as well as pulmonary trunk myocardium (Vitelli et al., 
2009). The mesodermal core of the anterior pharyngeal arches (1–3) not 
only contributes to arterial pole myocardium (1–2) or endothelial cells of 
pharyngeal arch arteries (3), but also to skeletal muscles of the head 
(Noden and Francis-West, 2006). These contributions have now been 
mapped  for the  first two  arches  in  the chick embryo and an overlapping 
gradient of gene expression for skeletal myogenic versus SHF markers 
demonstrated, following a proximal/distal gradient within the core meso
derm (Nathan et al., 2008; Tirosh-Finkel et al., 2006). Genetic tracing 
experiments in the mouse indicate that cells that had expressed Islet1, for  
example, populate a subset of head muscles as well as giving rise to 
myocardium (Harel et al., 2009; Nathan et al., 2008). Again these results 
point to subdomains of the SHF, with different potential cell fates. 

5.2. The posterior SHF and formation of the venous pole 

Cells that contribute to the atria, at the venous pole of the heart, express 
Islet1, but not the anterior SHF markers (Cai et al., 2003; Galli et al., 
2008) (Fig. 1.4). This posterior contribution of Islet1 positive cells to the 
atria and atrio-ventricular canal depends on Wnt2 signaling leading to 
Gata6 activation in a feed-forward regulatory loop that is specific to this 
domain (Tian et al., 2010). Furthermore, explant experiments suggest 
that this region of the SHF is programmed to assume an atrial fate (Galli 
et al., 2008), whereas explants from the anterior region form right 
ventricular or outflow tract myocardium (Zaffran et al., 2004). In the 
posterior domain, there is also evidence of regional heterogeneity, dur
ing the complex development of the venous pole (Anderson et al., 
2006). The dorsal mesenchymal protrusion (or spina vestibuli) is  a  mor
phologically distinct structure that contributes to the atrio-ventricular 
septum and undergoes a later myocardial transition (Mommersteeg et al., 
2006; Snarr et al., 2007b). The mesodermal cells that form this structure 
are Islet1 positive and the dorsal mesenchymal protrusion, formed from 
the dorsal mesocardium is thought to be a SHF derivative (Meilhac et al., 
2004; Snarr et al., 2007a). Its formation is particularly dependent on Shh 
signaling (Goddeeris et al., 2008) (see Section 6.6). 
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As the venous pole develops, after formation of atrial myocardium (by 
E9.5), the sinus venosus develops with formation of myocardium around the 
caval veins. This is marked by the expression of Tbx18, and the absence of 
expression of Nkx2-5, both in the surrounding mesenchyme of the SHF, as 
well as the caval vein myocardium (Christoffels et al., 2006). Tbx18 is 
required for the correct development of this part of the sinus venosus into 
caval vein myocardium. Explant experiments now confirm that these 
Tbx18 positive progenitor cells, that are Nkx2-5, and also Islet1, negative, 
form Nkx2-5 negative myocardium. In close proximity to these progeni
tors, Tbx18 negative, Islet1 positive cells contribute to pulmonary vein 
myocardium, with overlapping expression only at the lateral most border 
of these domains. Tbx18 positive cells are first detected caudal/lateral to the 
cardiac crescent (Fig. 1.1) and cell, as well as genetic, tracing experiments 
show that they subsequently contribute to the venous pole. Labeled cells 
were also seen in the PEO (Section 4.3). Interestingly, cells in the Tbx18 
positive domain of cardiogenic mesoderm had initially expressed Islet1 and 
Nkx2-5. The question, therefore, arises of whether this constitutes another 
heart field (Christoffels et al., 2006; Mommersteeg et al., 2010) and also of 
the relation with the PEO. Formal cell lineage studies will show whether 
there is an additional early lineage segregation, as seen for the first and 
second myocardial cell lineages (Meilhac et al., 2004). However, the Tbx18 
positive population clearly represents a distinct domain which contributes to 
a specific part of the venous pole and is characterized by the presence of a 
different transcriptional network from most of the posterior SHF. Recent 
results in the chick embryo suggest that Tbx18 expressing cells of the PEO 
and subdomain of the second/third heart field derive from a common 
precursor pool and demonstrate how segregation to epicardial or myocar
dial lineages is promoted by FGF or BMP signaling, respectively, both in 
explants and in vivo (Van Wijk et al., 2009). 

6. Molecular Mechanisms that Govern SHF 
Cell Behavior—Transcriptional Regulators 
and Signaling Pathways 

Signaling pathways and their interaction with transcriptional regula
tors underlie the patterning of the SHF, in terms of both its extent and its 
subdomains. The contribution and future cardiac identity of progenitor cells 
depends on the signals to which they are exposed. In the SHF, cells are 
maintained as proliferating, non-differentiated progenitors until they enter 
the heart tube. Indications of how regulatory networks (Fig. 1.2) and, 
particularly, signaling pathways affect SHF cell behavior are beginning to 
emerge (Fig. 1.5). 
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Figure 1.5 The SHF is a target of multiple signals. Schematic representation of a left-sided 
view of the heart region. The SHF itself is a source of signals: the Notch ligand Jagged1, is 
involved in the activation of Fgf8, but Notch signaling also interferes with canonical Wnt 
signaling, inhibiting progenitor proliferation. Fgf8 and Fgf10 are important for the 
promotion of SHF proliferation, whereas Bmp4/7 is required for the survival of the 
cNCCs. Bmp2, which is repressed by Nkx2-5 and also by canonical Wnt signaling, 
inhibits SHF proliferation. In the posterior SHF, Wnt2 controls the contribution of venous 
pole progenitors. Fgf8 also comes from the pharyngeal endoderm and ectoderm (grey 
arrow). The outflow tract is also a source of signals for the SHF: Bmp2 has been shown to 
be required for the deployment of SHF cells. Non-canonical Wnt11 and Wnt5a do not affect 
the SHF, but control outflow tract maturation. The midline is another signaling source. Shh 
(purple arrow), from the endoderm (in dark grey) (but also from the notochord and the 
floorplate, in blue), affects arterial pole formation, probably through an effect on SHF 
proliferation, and is required for the formation of the atrial septum at the venous pole. Also 
coming from the midline, canonical Wnts (Wnt1, Wnt3a, green arrow) from the dorsal 
neural tube (green domain) are important for the maintenance of proliferating progenitors 
within the SHF and inhibition of differentiation. On the contrary, lateral signals such as Bmp4 
(red arrow) from the lateral plate mesoderm (red domain) promote cardiac differentiation. 
The paraxial mesoderm (posterior to the SHF, in brown) is a source of retinoic acid (RA, 
brown arrow) that is important in the early stages of cardiogenesis for anterior/posterior 
patterning and limiting the posterior boundary of the SHF. On the left side, and only between 
E8 and E8.5, Nodal (dashed blue arrow) activates Pitx2c asymmetrically on the left side of the 
SHF. Asymmetric Pitx2c expression is maintained independently of Nodal and affects both 
the arterial and venous poles of the heart (see Section 6.2). (See Color Insert.) 
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6.1.	 Anterior/posterior patterning of the SHF: retinoic acid 
signaling 

The patterning of the SHF on the anterior/posterior axis depends on 
retinoic acid signaling, as indicated by the abnormal posterior expansion 
in expression of anterior SHF marker genes, such as Tbx1, Fgf8, and  
Fgf10 in Raldh2 mutant embryos (Ryckebusch et al., 2008; Sirbu et al., 
2008). In avian embryos, vitamin A deficiency, or over-expression, of 
retinoic acid also up- or down-regulates Tbx1 expression, respectively 
(Roberts et al., 2006). Reduction in retinoic acid synthesis results in 
many of the phenotypic features of DiGeorge syndrome at the arterial 
pole of the heart, in which TBX1 is implicated, and analysis of com
pound Raldh2/Tbx1 mouse mutants  indicates that decrease in levels of  
retinoic acid accelerates the recovery from arterial growth delay seen in 
Tbx1-/- embryos (Ryckebüsch et al., 2010; Vermot et al., 2003). This 
genetic interaction also operates in Tbx1 mutant embryos in which the 
Raldh2 expression domain is moved anteriorly and enzymes that 
degrade retinoic acid are down-regulated (Guris et al., 2006; Ivins 
et al., 2005; Liao et al., 2008; Roberts et al., 2006). In Raldh2 mutants 
the posterior domain of Islet1 expression in the SHF is also abnormally 
extended caudally (Ryckebusch et al., 2008; Sirbu et al., 2008), indicat
ing that not only the patterning, but also the limits of the SHF are 
affected by retinoic acid. 

In the zebrafish embryo, retinoic acid has been shown to control the 
size of the cardiac field (Keegan et al., 2005). Retinoic acid levels 
regulate anterior/posterior expression of genes in the Hox clusters, 
which are potential effectors of retinoic acid signaling in the SHF. In 
zebrafish, this scenario is complex since indirect effects of Hox5b, acting 
in the forelimb field, downstream of retinoic acid signaling, may control 
signals that affect the number of atrial progenitors (Waxman et al., 
2008). In the mouse Raldh2 mutant, despite the expansion of SHF 
marker expression, the heart tube fails to grow which may reflect the 
fact that although more cells express SHF genes, the level of expression 
is reduced (Ryckebusch et al., 2008). A related phenomenon is seen in 
retinoic acid receptor mutants where the distal outflow tract fails to 
form. This late phenotype is associated with a marked reduction in 
Mef2c expression and genetic tracing with the Mef2c SHF enhancer (Cre) 
shows that this subpopulation of cells is strongly reduced and does not 
enter the heart, whereas Islet1 and Fgf8 expression in the SHF appears 
normal (Li et al., 2010). This effect of interference in retinoic acid 
signaling on activation of the Mef2c SHF enhancer, probably mediated 
through Gata4, with failure to form the distal part of the arterial pole, 
provides another example of regulatory subdomains of the SHF (see 
Section 5). 
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6.2. Left/right patterning: Nodal signaling through Pitx2c 

The SHF is also patterned on the left/right axis by the Nodal signaling path
way which leads to the activation of Pitx2c in the left side of the SHF. This 
transcription factor also has a dynamic expression pattern in the heart itself, 
where it is important for cardiac remodeling during development (Tessari 
et al., 2008). Interference with this left/right signaling has a striking effect on 
cardiac morphogenesis, and asymmetry, exemplified by right atrial isomerism 
(see Franco and Campione, 2003; Tessari et al., 2008), but interestingly Pitx2 
mutants still undergo cardiac looping and indeed signals that drive this striking 
aspect of asymmetric development remain poorly understood. In the posterior 
domain of the left SHF, where it is strongly expressed, Pitx2c functions to 
repress the acquisition of right atrial identity, followed with a transgenic 
marker in explant cultures, as well as in vivo (Galli et al., 2008). Pitx2c also 
represses proliferation in the left sinus venosus, but not detectably in the left 
SHF. It is not clear whether these are direct effects, since the function of Pitx2 
as a transcriptional activator or repressor, and its transcriptional targets, are 
poorly understood at present. At later stages in the posterior SHF, Pitx2 is 
required to initiate the formation of pulmonary vein myocardium, but the 
identity of this myocardium appears to depend on Nkx2-5, since in Nkx2-5 
mutants markers of caval vein myocardium begin to be expressed in pulmon
ary vein myocardium (Mommersteeg et al., 2007). Here, too, the molecular 
role of Pitx2 and the nature of its interaction with Nkx2-5 are obscure. 

In addition to its role at the venous pole, Pitx2c also plays a role in 
outflow tract development. By genetic lineage tracing and cell type specific 
conditional mutation, it is now clear that this is not due to a primary effect 
on neural crest cells, but due to the function of Pitx2c in the left anterior 
SHF and its derivatives (Ai et al., 2006). Once the outflow tract is formed in 
the mouse embryo, it undergoes rotation, essential for the final juxtaposi
tion of the great arteries, and this depends on Pitx2c (Bajolle et al., 2006). 
Spiraling of the outflow tract structure and consequent rotation of the aortic 
sac, which affects the initially symmetrical blood flow, has been further 
investigated in Pitx2 mutants, where Pitx2 indirectly induced asymmetric 
signaling, through PDGF and VEGF2 receptors, points to downstream 
mechanisms (Yashiro et al., 2007). Genetic interaction between Pitx2 and 
Tbx1 has been demonstrated, with the suggestion that in the anterior SHF, 
Pitx2 expression requires Nkx2-5 and Tbx1, transitorily expressed on the 
left side (Nowotschin et al., 2006). Foxh1, another transcription factor 
implicated in the development of the anterior SHF (von Both et al., 
2004), functions in the Nodal signaling pathway. It has now been shown 
that mutations in FOXH1 and other mutants of this pathway are linked to 
arterial pole defects in the human population (Roessler et al., 2008). 

Sonic hedgehog signaling is involved in the establishment of left/right 
asymmetry and characterization of cardiac defects in the Shh mutant mouse 
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shows a phenotype at the arterial pole similar to tetralogy of Fallot, with complete 
pulmonary trunk atresia (Washington Smoak et al., 2005), which may result from 
an asymmetric effect on the SHF. Furthermore, left atrial isomerism, with 
bilateral Pitx2 expression, is seen in the Shh mutant embryo, in which the 
heart remains attached to the dorsal mesocardium (Hildreth et al., 2009). 

6.3.	 Maintenance of proliferation in the SHF: FGF, hedgehog, 
and canonical Wnt signaling 

A number of signaling pathways that impact the SHF have been shown to 
promote proliferation. This is the case for FGF signaling. Fgf8 is produced 
by the mesodermal cells of the SHF, and also by endoderm, and ectoderm 
of the pharyngeal arches. Fgf8 mutants do not gastrulate, but Fgf8 hypo
morphs have demonstrated its importance in arterial pole development, 
with defects that ressemble those in Tbx1 mutants (Abu-Issa et al., 2002; 
Frank et al., 2002). Mutation of Fgf8 in the Tbx1 expressing domains of the 
SHF and endoderm/ectoderm of the arches results in phenotypes that 
suggest that Fgf8 lies downstream of Tbx1 and indeed a regulatory element 
on the Fgf8 locus is directly activated by Tbx1 (Hu et al., 2004). However, 
targeting of an Fgf8 coding sequence to the Tbx1 gene shows that, whereas 
Fgf8 can replace Tbx1 for many aspects of pharyngeal arch artery formation 
(Brown et al., 2004), Fgf8 and Tbx1 play independent roles in outflow tract 
development. Notably Tbx1, but not Fgf8, is crucial in a Hoxa3 expressing 
domain of the pharynx which includes the mesoderm of the anterior SHF 
(Vitelli et al., 2006). Conditional mutants, in which Fgf8 deletion has been 
targeted to specific expression domains, clarify its role in pharyngeal arch 
artery and in outflow tract development (Ilagan et al., 2006; Macatee et al., 
2003; Park et al., 2006). In addition to effects on myocardial derivatives, 
targeting Fgf8 deletion to Tbx1 expressing cells with a Tbx1-Cre shows its 
role in the SHF cells that will form smooth muscle (Brown et al., 2004). 
Mesodermal Fgf8 expression is clearly important for SHF development. 
Fgf10 is also expressed in the SHF, but Fgf10 mutants do not demonstrate 
an SHF phenotype (Marguerie et al., 2006). However, mesodermal Fgf8/ 
Fgf10 compound mutants display increasingly severe pharyngeal artery and 
outflow tract defects, as alleles of Fgf8 and Fgf10 are removed. This shows 
that the SHF contribution to the arterial pole, which depends on main
tenance of proliferation is very sensitive to FGF dosage (Watanabe et al., 
2010). Conditional deletion in cardiac mesoderm of Fgfr1 or Fgfr2, which 
encode the principal receptors of Fgf8 and Fgf10, or of Frs2α which encodes 
an adaptor protein that links FGFR to MAPK and P13K signaling cascades 
within the cell, as well as conditional over-expression of Sprouty that 
interferes with this intracellular signaling, demonstrates an autocrine 
requirement for FGF signaling in the SHF (Park et al., 2008; Zhang et al., 
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2008). In these different genetic situations in the mouse embryo, and in 
chick, FGF signaling is required for SHF proliferation. In zebrafish embryos, a 
reduction in FGF signaling reduces the number of cardiomyocytes, particu
larly in the ventricle (where Fgf8 is expressed), and an ectopic increase in FGF 
increases the number of ventricular and atrial cardiomyocytes prior to cardiac 
tube differentiation (Marques et al., 2008). In Xenopus, FGF  from  anterior  
neural ectoderm increases the extent of Nkx2-5 expression in mesoderm, 
rendering it cardiogenic (Keren-Politansky et al., 2009). In these models, 
FGF signaling, probably through its effects on proliferation, increases the 
extent of the heart field and consequent numbers of cardiomyocytes. 

Hedgehog (Hh) signaling is also often associated with proliferation. 
A number of defects at the venous as well as at the arterial pole have been 
documented when Shh signaling from endoderm is abrogated (see Section 6.6; 
Goddeeris et al., 2007; Hoffmann et al., 2009). In the mouse model it is not 
clear  that this is due  to  an  effect  on  SHF proliferation; however, in the chick 
embryo, Shh signaling is clearly important for maintaining progenitor cell 
proliferation in the critical time frame which precedes addition of cells to the 
heart tube (Dyer and Kirby, 2009). 

Canonical Wnt signaling, in addition to playing earlier roles in meso
derm development and negative modulation of cardiac specification, also 
promotes progenitor cell proliferation, as evidenced by work with ES 
cultures and embryo model systems (see Cohen et al., 2008). Wnt/β-catenin 
signaling is active in the SHF and specific deletion of the gene encoding 
β-catenin in cardiac mesoderm leads to right ventricular and outflow tract 
hypoplasia, probably due to a reduction in SHF proliferation (Ai et al., 2007; 
Cohen et al., 2007; Klaus et al., 2007; Kwon et al., 2007; Lin et al., 2007; 
Qyang et al., 2007). SHF marker expression is reduced, including transcripts 
of Islet1, Fgf10, and Shh, suggesting an upstream role for canonical Wnt 
signaling, although this also reflects the reduction in cell number. β-Catenin 
can directly activate transcription from Islet1 and Fgf10 promoters (Cohen 
et al., 2007; Lin et al., 2007), but the significance of this is not demonstrated 
in vivo. Complementary gain of function experiments, by LiCl treatment 
and conditional expression of stabilized β-catenin, results in expansion of 
SHF progenitors. Transcriptome analysis of these Islet1 positive cells shows 
up-regulation of Fgfs, which will promote proliferation, when canonical 
Wnt signaling is increased (Kwon et al., 2009). 

A caveat for genetic experiments that depend on manipulation of 
β-catenin is that this has a second function in cell adhesion, which may 
also influence the SHF phenotypes. Of Wnt ligands potentially involved in 
autocrine signaling within the SHF, only Wnt2 expressed in the posterior 
SHF has been shown, in concert with β-catenin, to directly regulate pro
liferation of venous pole progenitors (Tian et al., 2010). 

A link between Notch signaling and the canonical Wnt/β-catenin 
pathway has been demonstrated (Kwon et al., 2009). Conditional deletion 
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of Notch1, with an Islet1-Cre line, promoted proliferation of Islet1 positive 
progenitors in the SHF at the expense of cardiogenesis, with absence of the 
arterial pole, including the right ventricle, as had been seen when β
catenin is over-expressed (Cohen et al., 2007). In the absence of Notch1, 
higher levels of stabilized β-catenin and increased Wnt/β-catenin signaling 
were observed, suggesting that Notch signaling normally represses cardiac 
progenitor proliferation by negatively regulating the active form of β
catenin (Kwon et al., 2009). 

6.4.	 Interactions with neural crest in the SHF: FGF, Notch, 
and semaphorin signaling 

FGF signaling in the SHF was thought to directly affect neural crest. 
However, targeted deletion, with a neural crest (Pax3)Cre line, of condi
tional mutants for the Fgfr1 and Fgfr2 genes or for Frs2α which encodes an 
FGFR adaptor protein, does not result in any arterial pole defects, in 
contrast to deletion in the SHF. This is also the case when Sprouty, the 
intracellular inhibitor of FGF signaling is up-regulated in neural crest cells 
(Park et al., 2008; Zhang et al., 2008). In mesodermal Fgf8 mutants, BMP/ 
TGFβ signaling is down-regulated in the SHF and it is proposed that this 
pathway normally provides a relay that then affects neural crest (Park et al., 
2008), which requires Smad4 mediated signaling for survival (Nie et al., 
2008). In addition to Fgf8 and Fgf10, Fgf15 is also implicated in outflow 
tract development. It is expressed, independently of Tbx1, in pharyngeal arch 
mesoderm (arch 3) and in the anterior SHF. In Fgf15 mutants, outflow tract 
morphogenesis is abnormal, and this is probably at least partly due to effects 
on neural crest (Vincentz et al., 2005). Neural crest also feeds back on FGF 
signaling in the SHF, since in chick embryos neural crest ablation results in 
an increase in Fgf8 which perturbs SHF development and this can be 
rescued when the level of Fgf8 is reduced (Hutson et al., 2006). An increase 
in FGF signaling might be expected to increase the cardiac progenitor pool 
at the expense of differentiation; however, in Splotch2H mutant embryos, 
where neural crest migration is reduced, ectopic myocardial differentiation 
is observed (Bradshaw et al., 2009), suggesting perturbation of additional 
SHF regulators in this case. 

Interference with Notch signaling in neural crest cells results in arterial 
pole and arch artery phenotypes (High et al., 2008, 2007; Varadkar et al., 
2008). Manipulation, using Islet1- or Mef2-Cre lines of a dominant-negative 
form of Mastermind-like (MAML), a co-activator, of the Notch transcrip
tional complex, interferes with Notch signaling in the SHF and results in 
arterial pole defects (High et al., 2009), probably also partly due to effects on 
neural crest. Similar effects are seen when the gene encoding for Jagged1 is 
conditionally deleted, indicating that this is the principal Notch ligand in 
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the SHF. Jagged1 is also produced by endothelial derivatives of the SHF, 
with important consequences for neural crest derived smooth muscle dif
ferentiation (High and Epstein, 2008). Interference with Notch signaling 
correlates with a decrease in BMP signaling, which in turn can be explained 
(Park et al., 2008) by an observed down-regulation of Fgf8 in the pharyngeal 
region (High et al., 2009). Changes in the expression of other SHF marker 
genes, such as Islet1, Fgf10, or  Tbx1, are not observed suggesting that this is a 
specific effect of Notch signaling acting upstream of Fgf8. Thus in addition 
to a direct effect of Notch signaling in the SHF on neural crest, there is also 
probably an indirect effect through Fgf8 which then affects BMP signaling. 

Semaphorin signaling, functioning through Plexin receptors, is impor
tant for neural crest migration. Semaphorin3C which is expressed in a 
subdomain of the SHF and marks pulmonary trunk myocardium (Théve
niau-Ruissy et al., 2008), is required for normal neural crest migration into 
the arterial pole of the heart (Brown et al., 2001; Feiner et al., 2001). 
Sema3C is directly regulated by Gata6 in smooth muscle derived from 
neural crest, where it is also expressed (Lepore et al., 2006); GATA6 
mutations in humans have been linked to arterial pole malformations 
(Kodo et al., 2009). In the mouse embryo, PlexinD1, which interacts with 
Semaphorin3C, and PlexinA2, both expressed in cardiac neural crest, are 
required for correct outflow tract development (Toyofuku et al., 2008). 
PlexinD1 is also expressed in endocardial and endothelial cells (Gitler et al., 
2004) and its expression in these Tie2 positive cells is essential for arterial 
pole development (Zhang et al., 2009). 

6.5.	 Prevention of differentiation in the SHF: canonical Wnt 
signaling and transcriptional repression 

In addition to its role in promoting proliferation in the SHF there is 
evidence that canonical Wnt signaling also prevents the onset of differentia
tion. This was suggested by experiments in the Xenopus embryo where 
cardiac differentiation is negatively affected, with inhibition of Gata4/6 and 
Nkx2-5 expression (Lavery et al., 2008). In experiments in which canonical 
Wnt signaling is increased by conditional expression of stabilized β-catenin 
(Kwon et al., 2009), maintenance of Islet1 positive cells in the outflow tract 
would be in keeping with a delay in cardiac differentiation. Further analysis 
of genes expressed by Islet1 positive cells in which β-catenin is stabilized 
shows down-regulation of the gene encoding Myocardin which, together 
with SRF, promotes myocardial and smooth muscle differentiation, and 
also of the repressor Bhlhb2, shown to be a direct Wnt/β-catenin target 
(Fig. 1.2). However, surprisingly, down-regulation of the level of Islet1 
expression was also observed. Because of its presence in the SHF, Islet1 had 
been associated with proliferation; however, it may, at least when expressed 
at a high level, promote differentiation. Manipulation of Islet1 in the ES cell 
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system suggests that it can promote myocardial differentiation, and further
more Islet1 directly activates a regulatory element of the Myocardin gene. 
This may explain why maintenance of Islet1 in cardiomyocytes in the 
Nkx2-5 mutant (Prall et al., 2007) is compatible with differentiation. The 
importance of differences in levels of Islet1 in determining its effects on 
differentiation or proliferation is further supported by manipulation of 
stabilized β-catenin versus Islet1 in ES-derived cardiac progenitors, leading 
to the conclusion that a low level of Islet1 is required for Wnt/β-catenin 
mediated proliferation of these cells (Kwon et al., 2009). 

It is possible that differences in function, according to the level of 
expression, may also hold for factors like Nkx2-5 or Mef2c, present both 
in the SHF and in the heart where they play a role in activating myocardial 
genes. In this context, modulation or prevention of expression of genes 
encoding factors that can promote differentiation will be critical for main
taining the progenitor cell pool. Tbx1 represses SRF and Tbx5 expression in 
the SHF, since these genes, which are implicated in myocardial differentia
tion, are up-regulated in Tbx1 mutants (Liao et al., 2008). 

6.6.	 Regulation of SHF differentiation potential, recruitment 
to the heart tube, and differentiation: Shh, Notch, BMP, 
and non-canonical Wnt signaling 

A number of signaling pathways affect subdomains of the SHF (Section 5). 
Whereas they may primarily exert an effect on proliferation, as in the case of 
FGF signaling in the anterior SHF, in other cases it is beginning to be 
evident that they exert effects on myocardial differentiation potential, in 
terms of the SHF contribution to a region of the heart. At the arterial pole, 
Shh from the endoderm affects pharyngeal arch mesoderm and Tbx1 
expression (Yamagishi et al., 2003), with additional effects on the main
tenance and deployment of neural crest (Goddeeris et al., 2007; Washington 
Smoak et al., 2005). In the absence of Shh, pharyngeal vasculature as well as 
outflow tract development is affected (Kolesová et al., 2008). The effect of 
Shh on Tbx1 expression has particular implications for the formation of 
pulmnary trunk myocardium (Théveniau-Ruissy et al., 2008). In the chick 
embryo, manipulation of Shh signaling affects migration of SHF cells into 
the outflow tract (Dyer and Kirby, 2009) suggesting that it is also important 
for SHF recruitment. In the absence of Shh signaling in the posterior SHF, 
there are specific venous pole defects. The source of the signal is the 
underlying pulmonary endoderm, where Islet1 is also present and is 
required for Shh expression (Lin et al., 2006). Development of the dorsal 
mesocardial protrusion and subsequent formation of the primary atrial 
septum depend on this signaling pathway (Goddeeris et al., 2008; Hoffmann 
et al., 2009). Observations on the dorsal myocardium suggest that Shh plays 
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a role in the specification of atrial septal precursors and in the recruitment of 
cells from this part of the SHF. A role for Shh in cardiac cell specification is 
in keeping with observations in P19 embryonic carcinoma cells. In the 
absence of primary cilia, which are intimately related to Hh signaling, 
myocardial derivatives are compromised in these cells. Furthermore mouse 
mutants that lack cilia have cardiac abnormalities (Clement et al., 2009; 
Slough et al., 2008). During cardiogenesis in the zebrafish embryo, Hh 
signaling promotes cardiomyocyte formation as well as regulating the num
ber of cardiac progenitor cells (Thomas et al., 2008), pointing to a dual role. 

Notch signaling is an important regulator of many developmental pro
cesses, with a spectrum of effects on cell behavior. Modification of this 
pathway in the heart leads to cardiac phenotypes which reflect the variety 
of its roles (High and Epstein, 2008). Components of the pathway are 
present in the SHF. Among Notch functions are regulation of cell fate 
choices and of the decision to differentiate rather than proliferate. In cells 
of the anterior SHF, a role in myocardial versus smooth muscle fates, for 
example, has not yet been demonstrated. However, effects on myocardiali
zation of the outflow tract have been reported after interference with Notch 
signaling, by manipulation in the SHF of a dominant-negative form of 
MAML (see Section 6.4) (High et al., 2009). MAML can interact with 
Mef2c (Shen et al., 2006), which may complicate the interpretation. How
ever, similar AP defects are seen when the gene for Jagged1 is conditionally 
deleted, supporting the role of Notch in promoting differentiation. 

BMP signaling promotes cardiac specification and myocardial differen
tiation, as established in classic experiments on the chick embryo (see 
Schultheiss et al., 1997), and also more recently for mesoderm in the core 
of the anterior pharyngeal arches which can form cardiac or skeletal muscle 
(Tirosh-Finkel et al., 2006). The overall picture (Fig. 1.5) in which SHF 
progenitors lie medially to the differentiating cardiac crescent, at a distance 
from sources of BMP emanating from lateral mesoderm, is consistent with 
their maintenance in an undifferentiated state. Medially produced signals, 
such as canonical Wnts from the neural tube, will promote proliferation 
(Section 6.1). Mouse mutant phenotypes demonstrate the importance of 
BMP signaling for heart development. Deletion of Bmpr1a, encoding the 
BMP type 1 receptor, in early cardiac mesoderm results in failure to form a 
differentiating cardiac tube, although Islet1 positive cardiac progenitors are 
present (Klaus et al., 2007). Later conditional deletion in Islet1 expressing 
cells results in an abnormal right ventricle and outflow tract where increased 
numbers of Islet1 positive cells suggest a differentiation defect, since Islet1 is 
normally down-regulated in cardiomyocytes. This is accompanied by a 
reduction in Tbx20, required to repress Islet1 in the outflow tract (Yang 
et al., 2006). Bmp4 is required for outflow tract development (McCulley 
et al., 2008), where it probably affects myocardium formation, as well as the 
survival of neural crest (Nie et al., 2008). Outflow tract elongation is 
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reduced in embryos lacking both Bmp4 and Bmp7 (Liu et al., 2004) and  
Bmp2, acting with Bmp4, is also implicated in cardiac development (Uchi
mura et al., 2009). Bmp2 and Bmp4, expressed by the outflow tract myo
cardium, are candidate molecules for inducing differentiation of SHF 
progenitors at the arterial pole of the heart tube and it has also been proposed, 
from experiments in the chick embryo, that they play an additional role in 
the recruitment of these cells (Somi et al., 2004; Waldo et al., 2001). 

Bmp4, together with other genes for BMP/TGFβ family members, 
are targets of FGF signaling in the SHF (Park et al., 2008), where Wnt/β
catenin signaling also up-regulates Bmp4 (Ai et al., 2007) (Fig. 1.2). This 
might, at first sight, seem contradictory, since these signaling pathways 
promote proliferation in the SHF where maintenance of an undifferen
tiated state is important. However, the levels of expression are probably 
critical and different signaling thresholds may be required for an effect on 
proliferation or myocardial differentiation. A balance between FGF/BMP 
had been shown to be important in this context (Barron et al., 2000). The 
importance of regulating the level of TGFβ/BMP signaling within the 
SHF is demonstrated by the role of Nkx2-5 which represses Bmp2 
expression. In the absence of Nkx2-5, there is cardiac over-specification 
and a reduction in proliferating  SHF progenitors leading to outflow tract 
truncation. The SHF effect of Bmp2 is mediated by Smad1. 
In mesodermal Smad1 mutants SHF proliferation and outflow tract 
length are increased; furthermore the Nkx2-5 phenotype is alleviated 
on loss of Smad1 alleles, demonstrating the presence of an Nkx2-5/ 
Bmp2/Smad1 negative feedback loop that controls progenitor specifica
tion and proliferation in the SHF (Prall et al., 2007). Tbx1 is another SHF 
transcriptional regulator that can affect BMP/TGFβ signaling, in this case 
by direct interaction with Smad1 (Fulcoli et al., 2009). 

Non-canonical Wnt signaling is associated with cardiac differentiation, 
as shown when Wnt5a, in combination with the canonical Wnt inhibitor 
Dkk-1, is added to stromal vascular cells (Palpant et al., 2007). In vivo in 
lower vertebrates, non-canonical Wnt signaling induces cardiac specifica
tion as shown for Wnt11 in Xenopus embryos (Pandur et al., 2002). In the 
mouse embryo, Wnt5a mutants have arterial pole defects, but these may 
be due to effects on neural crest, through PlexinA2 down-regulation 
(Schleiffarth et al., 2007). Wnt11 null mice have arch artery patterning 
and outflow tract defects (Zhou et al., 2007) also seen with  Dishevelled 
mutants (Etheridge et al., 2008). However, expression of Islet1 and other 
markers is normal and this is probably not a SHF phenotype. Wnt11, 
expressed at a high level in the mouse outflow tract, is implicated in 
polarized cell behavior required for correct arterial pole development 
(Phillips et al., 2005, 2007). Wnt11 mediated effects on cardiomyocyte 
organization are also important for ventricular myocardium development 
(Nagy et al., 2010). Wnt11 participates in a gene regulatory network in 
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which it is a direct target of Pitx2 and of canonical Wnt/β-catenin 
signaling, whereas Tgfβ2 is a target of Wnt11 acting through ATF/ 
CREB. Wnt11, Vangl2, Scribble, and  TGFβ2 mutants have a similar out
flow tract phenotype suggesting that TGFβ2 is implicated in the cellular 
polarization required for outflow tract development (Zhou et al., 2007). 

7. Conclusion 

Studies on the mouse embryo have provided extensive information 
about mutant phenotypes which affect different parts of the heart. The 
existence of subdomains within the SHF is now emerging, with potentially 
important consequences for the diagnosis and prognosis of human conge
nital heart disease as well as for the fundamental understanding of cardio
genesis. The developmental and regulatory history of these cell populations 
raises many of the same questions as do the first and second heart fields, in 
terms of lineage, cell behavior and gene networks. Complex genetic net
works for transcriptional regulators and signaling pathways are documented 
for the SHF, but their spatiotemporal importance is poorly understood. 
Apparently confusing observations on the interactions between signaling 
pathways and effects on proliferation or differentiation probably partly 
reflect the lack of definition in terms of the location of subpopulations 
and developmental timing. Indications of the importance of the latter come 
from observations on SHF cell fate choices, illustrated by the addition of 
smooth muscle to the outflow tract after the myocardial contribution. 

Quantitative data are also mainly lacking and are probably very impor
tant in determining the impact of a signaling pathway or a transcriptional 
regulator. The level of BMP/TGFβ signaling in the SHF required for 
neural crest survival, for example, is probably not the same as the level that 
promotes myocardial differentiation. The importance of gene dosage can 
be approached by study of an allelic series, as in the case of Fgf8/Fgf10, 
where progressively more severe phenotypes point to the underlying 
importance of FGF signaling on SHF proliferation. However, in this 
example, quantitative effects on interacting factors and signaling pathways 
in the FGF network have not yet been evaluated. The suggestion that 
higher levels of Islet1 promote differentiation rather than SHF proliferation 
illustrates the importance of quantitative considerations. Moving from a 
qualitative to a quantitative level of description and extending this to the 
cellular level is a major challenge for developmental biology in general. 
The cellular and molecular mechanisms that underlie the behavior of 
cardiac progenitor cells are also poorly understood at present. Here the 
challenge is to distinguish regulatory circuits, within the cells, that promote 
proliferation, prevent or promote differentiation, direct cell fate choices 
and affect cell interactions and cell movement. Dissection of regulatory 
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outcomes, through a pathway like that of canonical Wnt signaling, is 
beginning to provide insight at this level. In addition to analysis of mutant 
phenotypes in the embryo, model cell systems, such as cardiogenic pro
genitors derived from ES cells, facilitate regulatory analysis, into the role of 
Wnt signaling for example. Of course, such cell culture systems present an 
artificial situation, with the risk that selection of a progenitor cell type or 
conjunction of regulatory inputs is a product of the in vitro system rather 
than a major component of the in vivo situation. Verification of a hypoth
esis, in the in vivo embryonic context, is often difficult, but essential. 
Explants, of regions of the SHF, for example, can provide a useful inter
mediate state for regulatory studies. 

Analysis of outcomes at a single cell level in the SHF will depend on 
resolutive imaging techniques and genetically manipulable fluorescent 
probes. This technology is developing rapidly and provides a complemen
tary approach to high-throughput analyses of gene expression or regulation 
which is also becoming practicable at the level of isolated single cells. 
Integrating this information for cardiac progenitor cell behavior in normal 
and mutant, or experimentally perturbed, contexts will depend on sophis
ticated modeling. In the long term, the aim is to transform the current crude 
level at which cardiogenesis is perceived into a precise spatiotemporal map 
of cardiac progenitor cell regulation that predicts behavior. 
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