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Origins of congenital heart defects

Properties of cardiac progenitor cells



Animal models of heart development





Tinman/Nkx2.5 expression in different species

In situ hybridisation

Harvey 1996
Dev Biol 178:203-16







Heart Development

From the cardiac crescent to the embryonic heart

Second heart field cardiac progenitor cells

Cardiac septation and chamber morphogenesis

Conduction system and epicardial development



Specifying cardiac fate in the early embryo

Harvey 2002
Nat Rev Genet 3:544-56

Kirby 2007
Cardiac Development

Takeuchi and Bruneau 2009
Nature 459:708-11
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Ieda et al 2010
Cell 142:375-86



From the cardiac crescent to the embryonic heart



E8.25 E9.25

DiI labeling, 24hr embryo culture

The right ventricle and outflow tract are added
progressively to the elongating heart tube



The second heart field

Parmacek and Epstein 2005
Cell 120:295-298
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Second heart field 

Outflow tract
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Transcriptional programs in the first and second heart field

lacZ

Transgenic mice

Olson 2006
Science 313:1922-27



Clonal analysis in the embryonic heart:
evidence for the existence of two myocardial lineages

Meilhac et al., 2004
Dev Cell 6:685-98
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Martin-Puig, Wang and Chien 2008, Cell Stem Cell 2:320-31

Cardiac progenitor cell lineages
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Gene expression in the second heart field

Isl1-Cre

Isl1

E8.5

Stop
Rosa26-Stop-lacZ

Cai et al. 2003
Dev Cell 5:877-89
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Pitx2cFgf10 lacZ

Fgf10
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Tbx1+/-

Tbx1-/-

Fgf10 lacZ

Tbx1: DiGeorge Syndrome candidate gene expressed in the
second heart field

Chen et al. 2009
Circ Res 105:842-51

Tbx1



The second heart field and conotruncal congenital heart defects

Di Felice and Zummo 2009
Trends Cardiovasc Med 19:130-5



The second heart field and cardiac neural crest cells 

Hutson and Kirby, 2007
Sem Cell Dev Biol

Wnt1-Cre R26R

Jiang et al. 2000
Development 127:1607-16

Fgf10 lacZ

Neural crest
Mesoderm



Ablation of the cardiac neural crest impairs
second heart field development

Second heart field
progenitor cells

Neural crest cells

Outflow tract
septation

Heart tube
extension

Endoderm/
ectoderm

Yelbuz et al, 2002
Circulation 106:504-10



Signaling pathways controling second heart field development



Regulation of second heart field differentiation by microRNAs

Wang et al 2010
Dev Cell 19:903-12



Fgf8 is required for second heart field 
and outflow tract development

Ilagan et al. 2006 
Development 133:2435-45 

Reifers et al. 2001 
Development 126:225-35



Zhou et al 2011 
Nature 474:645-8
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Second heart field contribution at the venous pole of the heart

Briggs et al 2012 
Differentiation 84:117-30

ISL1
NKX2.5



Second heart field contribution to atrial and AV septation 

Hoffman et al 2009 
Development 136:1761-70



The second heart field is part of a cardiocraniofacial 
developmental field

Nathan  et al. 2008 
Development 135:647-657
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A common lineage relationship between head muscles 
and SHF-derived myocardium

Lescroart et al 2010 
Development 137:3269-79
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Tbx1+/- Tbx1-/-

Kelly et al. 2004 
Hum Mol Genet

13:2829-40



From the cardiac crescent to the embryonic heart

Second heart field cardiac progenitor cells

Cardiac septation and chamber morphogenesis

Conduction system and epicardial development

Heart Development



Moorman and Christoffels. 2003
Physiol Rev 84:1223-67

Cardiac chamber formation: the ballooning model



ANF/Nppa

Differential gene expression during chamber formation

700bp promoter
nlacZ

Habets et al. 2002
Genes Dev 16:1234-46



Tbx5 Tbx2

A T-box gene network regulates chamber formation

Habets et al. 2002
Genes Dev 16:1234-46

ANF/Nppa

ANF/Nppa 

promoter
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Activator Repressor



Hoogaars et al. 2007
Cell Mol Life Sci 64:646-660

A T-box gene network regulates chamber formation

Wildtype Tbx2-/-

ANF/Nppa

Harrelson et al. 2004
Development 131, 5041-5052



Singh et al. 2009
Circ Res 105:442-52Tbx2

A T-box gene network regulates chamber formation

Wildtype Tbx20-/-

ANF



Conduction system development

Cx40 GFP

Purkinje fibre network

Tbx3 Cx40
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Central conduction
system: AV node
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Clonal analysis of the origin of the ventricular conduction system
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Miquerol et al. 2010 Circ Res 107:153-61

Biphasic development of the conduction system – specification
from a common progenitor followed by outgrowth



GFP
X-Gal

Mixed clone Unmixed clone





Purkinje fibre hypoplasia in Nkx2.5 haploinsufficient hearts

Meysen et al. 2007 
Dev Biol 303:740-51

Cx40eGFP Cx40eGFP;Nkx2.5+/-



The epicardium regulates ventricular growth

RXR-/-

Wessels and Sedmera, 2003
Physiol. Genomics 15: 165-176



Fate of the epicardium and origin of the coronary vasculature

Chien et al. 2008 Science 322:1494-7

Smooth muscle cells
Cardiac fibroblasts

Epicardial-derived 
cells

? Coronary endothelial cells

? Myocardium Wu et al. 2012
Cell 151:1083-96

Endocardium is a major source 
of coronary endothelial cells



The second heart field is a population of cardiac
progenitor cells in pharyngeal mesoderm

Heart Development

The epicardium is required for myocardial growth and
coronary smooth muscle development

Perturbation of second heart field development results 
in congenital heart anomalies

Chamber formation and conduction system development
are regulated by a network of T-box transcription factors
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