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Abstract

Heart tube elongation occurs by progressive addition of cells from pharyngeal

mesoderm to the poles of the heart. These progenitor cells, termed the second

heart field, contribute to right ventricular and outflow tract myocardium at the

arterial pole of the heart and to atrial myocardium at the venous pole. Perturba-

tion of this process results in congenital heart defects. Since the discovery of this

progenitor cell population, much has been learned about the signaling pathways

and transcription factors regulating second heart field deployment. However,

fundamental questions about the molecular and cellular mechanisms underlying

heart tube elongation remain. Here we briefly review a selection of recent

findings in the area of second heart field biology and discuss the clinical

implications of these new studies for our understanding of the etiology of

congenital heart defects.
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23.1 Introduction

In 2001 a cardiac progenitor cell population situated in pharyngeal mesoderm was

found to give rise to myocardium of the right ventricle and outflow tract. In the

intervening period, it has become apparent that this progenitor cell population (1) is

part of a larger population of cardiac progenitor cells termed the second heart field

(SHF) that also contributes to atrial myocardium, (2) corresponds to a genetic
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lineage distinct from the first heart field (FHF) that gives rise to the cardiac crescent

and left ventricle, and (3) is progressively deployed in the pharyngeal region during

embryonic heart development through the activity of multiple signaling pathways

and transcription factors. Of particular relevance is the discovery that perturbation

of SHF development in animal models and human patients results in a spectrum of

congenital heart defects (CHD) affecting the poles of the heart, including

conotruncal and atrial septal defects. Details of these features of SHF development

have been documented in a series of recent reviews [1, 2]. Here we will discuss a

selection of recently published studies that impact on our understanding of second

heart field biology, with focus on mechanistic insights into the etiology of CHD.

23.2 Demarcating the First and Second Heart Fields and Their
Contributions to the Heart

The distinction between the FHF and SHF has been controversial, despite evidence

from clonal analysis and genetic lineage studies that these progenitor populations

correspond to separate lineages [1, 2]. Further support for a two-lineage model of

heart development has been provided by a study involving Boolean modeling of

gene regulatory networks in heart development [3]. This work identified two stable

states corresponding to the FHF and SHF and suggests that the differences between

these states are hardwired into the signaling and transcription factor interactions

operative in the early embryo. This modeling approach highlights the temporal

distinction between the FHF and SHF and can be used to predict gene function,

providing an important step toward integrated understanding of regulatory

networks during early heart development.

The discovery that Hcn4, encoding a nucleotide-gated channel protein, is

expressed in the FHF, in a complementary pattern to the SHF gene Isl1, has
reinforced the concept that the vertebrate heart is built from distinct progenitor

cell populations [4, 5]. An inducible Cre allele of Hcn4 has allowed evaluation of

the contribution of the FHF to the definitive heart. Unlike the SHF, which contains

multipotent cardiovascular progenitor cells, FHF derivatives appear to be restricted

to myocardium [4]. Interestingly, the two lineages contribute differently and in a

complementary manner to different components of the cardiac conduction system

[5]. In particular, the right bundle branch and majority of the right Purkinje fiber

system have a SHF origin. Similar observations have recently been made based on

retrospective clonal analysis and regionalized transgene expression data, supporting

dual contributions of the FHF and SHF to the conduction system [6]. These findings

are of relevance in understanding the origins of arrhythmias resulting from

perturbed development of particular segments of the conduction axis.
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23.3 New Insights into the Role and Regulation
of Noncanonical Wnt Signaling in the Second Heart Field
and the Origins of Conotruncal CHD

Continued proliferation and delayed differentiation are defining properties of the

SHF; indeed, separation of the sites of proliferation and differentiation provides a

mechanism allowing rapid growth of the embryonic heart. The role and regulation

of the noncanonical Wnt ligands Wnt5 and Wnt11 in these processes have been the

focus of a number of recent studies. While both ligands were known to be individ-

ually required for outflow tract morphogenesis, they have now been shown to be

co-required for SHF development [7], by downregulating the canonical Wnt path-

way during myocardial differentiation and activating noncanonical Wnt planar cell

polarity (PCP) signaling. Wnt5 is expressed before Wnt11 in SHF cells in the

posterior dorsal pericardial wall and has been shown to be directly activated by

the DiGeorge syndrome candidate gene Tbx1, a key regulator of proliferation and

differentiation in the SHF [8]. The severity of conotruncal defects in Wnt5a null

mice is increased in the presence of a Tbx1 null allele, while double mutant embryos

lack the right ventricle and outflow tract and die at midgestation. TBX1 directly

regulates Wnt5a through interaction with BAF60a, a progenitor cell-specific com-

ponent of the BAF chromatin remodeling complex, as well as the histone

methyltransferase SETD7, interactions shown to be necessary for activation of a

number of TBX1 transcriptional targets in the SHF [8]. Tbx1 itself is regulated by

the activity of a histone acetyltransferase, MOZ, loss of function of which partially

phenocopies DiGeorge syndrome [9]. The intersection of Tbx1 with chromatin

regulators is highly significant given the recent finding that de novo mutations in

genes encoding such molecules are overrepresented in human CHD patients [10].

In support of a role for Tbx1 upstream of noncanonical Wnt signaling, wnt11r is
downregulated in tbx1mutant zebrafish; heart looping and differentiation defects in

the absence of tbx1 can be partially rescued by ectopic wnt11r or a wnt11r target

gene encoding a cell adhesion molecule, alcama [11]. Altered cell shape in tbx1
mutant fish hearts suggests that noncanonical Wnt signaling regulates

cardiomyocyte cell polarity downstream of tbx1 [11]. Whether Tbx1 and nonca-

nonical Wnt signaling also regulate cell polarity in the SHF remains to be seen. SHF

and conotruncal development is impaired in mice lacking Dvl1 and Dvl2, regulators

of both canonical Wnt signaling and the noncanonical Wnt PCP pathway [12]. In

this study, the PCP signaling function of Dvl genes was shown to be specifically

required in the SHF lineage and the cardiac phenotype to resemble that of embryos

lacking the core PCP gene Vangl2; furthermore, Wnt5a and Vangl2 interact to

increase the severity of outflow tract defects [12]. Loss of PCP gene function results

in disorganization of progenitor cells in the posterior dorsal pericardial wall,

potentially resulting in impaired SHF deployment toward the outflow tract and

conotruncal anomalies.

Among the last myocardial derivatives of the SHF to be added to the elongating

heart tube is future subpulmonary myocardium, a cell population specifically

affected in Tbx1 mutant embryos [13]. Asymmetric addition of SHF progenitor
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cells giving rise to subpulmonary myocardium continues on the left side of the

outflow tract up until embryonic day 12.5 in the mouse; furthermore, this late

contribution drives rotation of the outflow tract, positioning subpulmonary myo-

cardium on the ventral side of the heart and aligning the ascending aorta with the

left ventricle [14]. Failure of this process, termed the “pulmonary push,” results in

outflow tract alignment defects such as double outlet right ventricle. Underdevel-

opment of subpulmonary myocardium has been implicated in the etiology of

tetralogy of Fallot [15], and further analysis of the regulation of future

subpulmonary myocardium is an important step toward deciphering the etiology

of CHD.

23.4 Involvement of the Second Heart Field in Atrial
and Atrioventricular Septal Defects

At the venous pole of the heart, SHF cells contribute to the dorsal mesenchymal

protrusion that bridges the atrioventricular cushions and primary atrial septum.

Failure of proliferation or precocious differentiation of these cells results in primum

atrial septal defects when canonical Wnt or hedgehog signaling, respectively, is

compromised [1, 2]. BMP signaling has now been shown to promote the prolifera-

tion of DMP progenitor cells, in contrast to the pro-differentiation role of this

signaling pathway during SHF addition at the arterial pole [16]. Isl1, Wnt2, and

the transcription factor Gli1 are expressed in this region of the SHF and have been

shown to identify a multipotent cardiopulmonary progenitor cell population that

contributes not only to the venous pole of the heart but also to diverse pulmonary

lineages, including smooth muscle and endothelium [17]. The development of these

cells that ensure the vascular connection between the heart and lung is coordinated

by hedgehog signaling from future pulmonary endoderm. The Holt-Oram syndrome

gene Tbx5 also operates in this posterior component of the SHF and is required for

normal atrial septation through regulating proliferation and hedgehog signal recep-

tion by direct activation of cell cycle progression genes such as Cdk6 and the

hedgehog signaling component Gas1 [18]. Genetic and retrospective lineage stud-

ies have revealed that venous pole and future subpulmonary myocardium are

clonally related, suggesting that a population of common SHF progenitor cells

segregates to the arterial and venous pole of the heart [19]. Where such common

progenitor cells are located and how their segregation to the poles is regulated

remains unknown.

23.5 Future Directions and Clinical Implications

The importance of perturbed SHF development in the etiology of common forms of

CHD affecting both poles of the heart is now clear. The studies discussed here

provide new insights into the underlying mechanisms, although much remains to be

learnt about the regulatory interactions between signaling pathways and
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transcription factors controlling cellular properties of the SHF and how different

regions of the heart are prepatterned and segregate within the progenitor cell

population. Future research will address these questions in the context of dynamic

heart tube elongation. The human SHF, as defined by ISl1 expression, coincides

with that observed in avian and mouse embryos [20], and thus findings from these

models are directly relevant to a better understanding of the origins of CHD in man.

Furthermore, insights into how the differentiation of cardiac progenitor cells is

controlled are essential for future regenerative therapies.
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