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During heart development chamber myocardium differentiates from myocardium of 
the primitive linear heart tube to form the atria and the ventricles, thereby obtaining 
the ´working´ myocardial phenotype. The nodal components of the conduction 
system, which refers to the sinoatrial node and the atrioventricular node, are 
thought to arise from primary myocardium of the linear heart tube that does not 
differentiate into working myocardium, but which instead retain some of the 
primitive characteristics of the myocardium of the heart tube. However, the 
molecular mechanisms and pathways leading to the formation of the nodes and the 
other components of the conduction system are still largely unknown. Several 
transcriptional regulators have been identified in the past years to play an important 
role during heart development, including members of the T-box factor family. This 
thesis will focus on Tbx2 and Tbx3, two transcriptional repressors of the T-box 
family which share high homology in both structure and function. Chapter 1 and 
Chapter 2 are reviews of our current knowledge of the development vertebrate 
heart and the role of T-box factors in cardiogenesis. In Chapter 3 we explore the 
role of T-box factor Tbx2 during heart development. In Chapter 4 we describe the 
expression pattern of Tbx3 in the heart and investigate the possible function. In 
Chapter 5 the specific function of Tbx3 in SAN development and function is 
investigated. In Chapter 6 we identify novel genes downstream of Tbx3 that are 
involved in working myocardial function, pacemaker function and development of 
the endocardial cushions. Finally, in Chapter 7, we compare the function of Tbx3 
and alternative splice variant Tbx3+exon 2a in the heart. 
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Abstract 
The adult four-chambered heart of higher vertebrates functions as a sophisticated 
pump, driving a pulmonary and a systemic circulation that have been separated 
during evolution. During cardiac development, assemblage of all the different 
components that make this structure functional, is achieved by complex 
morphogenetic processes that we are just beginning to appreciate. Starting as two 
cardiac progenitor fields residing in the mesodermal layer of the embryonic disc, 
the heart begins to shape when these heart fields fuse and fold to form the heart 
tube. Subsequently, myocardial components are added to both poles of this tube 
and formation of the functional components of the adult heart, such as the 
chambers and the cardiac conduction system, is initiated. The molecular and 
cellular processes that control these morphogenetic processes are emerging and 
involve multiple gene programs controlled by conserved transcriptional regulators, 
such as T-box factors, Nkx2-5 and Gata4. In this chapter we will highlight the 
morphological changes the developing heart undergoes before the mature four-
chambered heart emerges. Furthermore, we will take a closer look at recent 
progress that has been made in deciphering the molecular pathways underlying 
these processes.  
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1. Introduction 

The adult heart is a vital and complex organ which supports the circulation of the 
blood flow, which is necessary for distribution and exchange of nutrients, oxygen 
and waste products. During vertebrate evolution the heart underwent remarkable 
adaptations to facilitate two separate circulations in the heart of higher vertebrates 
such as birds and mammals. This resulted in the four-chambered heart as we know 
it, pumping blood through the body via the systemic circulation and providing 
oxygenation of the blood via the pulmonary circulation. During heart development 
all the components required for a functional heart are shaped, beginning with two 
heart fields, which fuse and fold to form a linear heart tube. This tube elongates 
and bends to the right after which the ventricles and atria are formed at discrete 
sites. Septation of the chambers subsequently takes place to provide the barrier 
necessary for the physical separation of the pulmonary and systemic flows of 
blood. The cardiac conduction system provides the components necessary for the 
generation of the electrical stimulus as well as the means to propagate this impulse 
to the myocardial cells of the chambers, which results in the heart beat and the 
proper sequential contraction of the chambers. The correct development and 
alignment of these different components of the adult heart is highly regulated by 
conserved gene programs which determine cell fate by regulating important cellular 
processes such as differentiation, proliferation and migration. Identification of 
several key players and their role in these different processes during cardiogenesis 
provided much insight into the morphogenetic mechanisms underlying heart 
development and will be discussed in this chapter. We will focus on molecular and 
morphogenetic aspects of important processes that shape the heart, such as early 
heart development, patterning, chamber development, development of the arterial 
and venous poles and formation of the conduction system. 

2. Early heart development 
 

2.1. The heart-forming fields 

The heart is of mesodermal origin and is the first organ that is formed during 
embryogenesis by a sequence of complex morphogenetic processes. During 
gastrulation mesodermal cardiac progenitor cells migrate from the primitive streak 
to the cranial side of the embryonic disc, forming two heart fields, which join at the 
midline to form a crescent-shaped cardiac region known as the cardiac crescent 
(Fig. 1A). This region is referred to as the primary heart-forming field which 
subsequently folds to form the tubular heart. This primary heart tube consists of an 
inner layer, the endocardium and an outer layer, the myocardium (Fig. 1B). The 
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earliest cardiac fate of mesodermal progenitor cells can be demonstrated by the 
expression of Mesp1 and Mesp2, two basic helix looped helix (bHLH) transcription 
factors (Kitajima et al., 2000;Saga et al., 2000). Lineage analyses show that cells 
expressing these transcription factors contribute to all the cardiac lineages i.e. the 
myocardium, the endocardium, the epicardium, and also the mesenchyme of the 
cushions (Saga et al., 2000). At a later stage when the heart fields fuse to form the 
crescent, transcription factors Gata4 and Nkx2-5 label the cardiac lineage and 
expression of these factors is induced by the expression of the soluble proteins of 
the bone morphogenetic protein (BMP) and fibroblast growth factor (FGF) family 
(Brand, 2003). These pathways are conserved from fly to mouse and play an 
important role in cardiogenesis, althought in higher vertebrates these transcription 
factors are not essential for the formation of the heart tube, suggesting redundancy 
and involvement of other factors yet to be identified (Brand, 2003).  

Classic labeling experiments in chicken suggested that myocardium is 
subsequently added, or recruited, from mesoderm to both the venous and arterial 
pole of the primary heart tube (Stalsberg and de Haan, 1969). More recent studies, 
based on dye labeling experiments in chicken embryos, substantiated the 
presence of an additional source of cardiac progenitor cells, which contributes to 
the development of the arterial pole of the tube and which resides outside the 
conventional primary heart-forming field in the pharyngeal mesoderm (Mjaatvedt et 
al., 2001;Waldo et al., 2001). This was also observed in mouse, where the 
expression of the lacZ gene, integrated in the Fgf10 locus, and DiI labeling of 
pharyngeal mesoderm revealed that myocardial cells at the arterial pole of the tube 
are recruited from pharyngeal mesoderm (Kelly et al., 2001). Lineage analysis of 
cells expressing the LIM homeodomain gene Isl1 revealed a cardiogenic precursor 
field, that contributes to the arterial pole, right ventricle and also to the atria (Cai et 
al., 2003). Isl1-knockout mice die early in development and lack outflow tract, right 
ventricle and part of the atria, suggesting that Isl1-positive cells residing in the 
pharyngeal mesoderm and mediastinal mesoderm of the dorsal mesocardium (Fig 
1B) are not only crucial for the contribution of cells to the arterial pole, but also to 
the venous pole. In addition, this study and other experiments identified the 
pathways important for the regulation of the cardiac progenitors in the second 
heart-forming field. These pathways involve transcription factors such as Gata 
factors, Nkx2-5, Foxh1, Mef2c and soluble factors Bmps and Fgfs factors, which 
act downstream of and/or in conjunction with Isl1 (Buckingham et al., 2005;Dodou 
et al., 2004;von Both et al., 2004;Yang et al., 2006). Since none of these genes 
specifically marks either the primary or the second heart-forming field, it is unclear 
whether the second heart-forming field represents a distinct cardiac lineage or 
whether it roots from the same lineage as myocardial cells of the primary heart-
forming field (Abu-Issa et al., 2004;Moorman et al., 2006). Nonetheless, we employ 
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the term second heart-forming field to refer to the cell population that is recruited to 
both poles of the tube.   
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Figure 1 Early stages of heart development. (A) In the flat human embryonic disc, the two bilateral 
progenitor fields at the cranial side of the embryonic disc have joined in the midline to form the cardiac 
crescent (cc), or primary heart-forming field. (B) Dorsal view of the cardiac crescent, which folds to form 
the heart tube consisting of an inner layer, the endocardium (yellow), and an outer layer, the 
myocardium (grey). Note that the red line depicts the peripheral region of the crescent, which becomes 
the ventral-caudal region subsequent to folding, and which gives rise to the systemic venous system 
recruited from Tbx18-positive mesoderm (red arrows). The blue line depicts the central boundary of the 
crescent, which becomes positioned dorsally to folding, and which gives rise to the myocardial 
decendants of the Isl1-positive second heart field (blue arrows). (C) Stages of heart development after 
formation of the primary heart tube. At embryonic day (E) 8.0 in mouse, the heart tube consist of 
primary myocardium, which displays a primitive phenotype. At E8.5, the first sign of chamber formation 
is observed at the ventral side of the tube, where the embryonic ventricle is formed. Subsequently at 
E9.5, the heart tube begins to loop and the atria are fromed at the outer curvatures of the heart tube. 
dm, dorsal mesocardium; ev, embryonic ventricle; hn, hensens node; la, left atrium; lv, left ventricle; ps, 
primitive streak; ra, right atrium; rv, right ventricle. sm, stomatopharyngeal membrane. 
 

2.2. Patterning and looping of the tube 

While myocardium is added at both poles, the heart tube undergoes a looping 
process, which results in the parallel arrangement of the future chamber 
compartments. Starting as a nearly symmetric structure, the tube becomes 
asymmetrically arranged as a result of the rightward looping of the tube (Fig. 1C). 
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Graded expression of different genes along the anteroposterior, dorsoventral and 
left-right axis is crucial for establishing cellular identity during looping of the heart 
tube and formation of the chambers. Over time there has been dispute about the 
point in time when cells of the cardiogenic region become arranged in a pattern 
corresponding to their future location. Classic labeling experiments in chicken, in 
which cells in the primitive streak already appeared to have the positional identity 
corresponding with their future location, led to the segmental model of heart 
development (Fig. 2A) (Garcia-Martinez and Schoenwolf, 1993;Rosenquist, 1970). 
This model assumes that the heart-forming regions and the heart tube can be 
divided into segments along the anteroposterior axis, which are predisposed to 
contribute to the different compartments of the mature heart. However, other 
experiments in both chicken and mouse, using labeling techniques as well as 
genetic tools to label cells in the early heart-forming region, demonstrated these 
cells are not yet definitively organized and that the first evidence of anteroposterior 
patterning is not established until later stages in the cardiac crescent (Meilhac et 
al., 2003;Redkar et al., 2001;Stalsberg and de Haan, 1969). When the heart tube is 
formed, polarity along the anteroposterior axis can also be observed by measuring 
electrical activity, with cells displaying the highest beat rate always located at the 
inflow region, or posterior part, of the heart. This results in unidirectional 
contractions, which generate a flow of blood before a conduction system is present. 
Retinoic acid signaling is essential for anteroposterior patterning of the primary 
heart tube. Deficiency of retinoic acid leads to expansion of the ventricular, or 
anterior, compartment and excess of retinoic acid results in expansion of atrial, or 
posterior structures (Hochgreb et al., 2003;Yutzey et al., 1994). Retinaldehyde-
specific dehydrogenase 2 (RALDH2), which is responsible for retinoic acid 
synthesis, was found to be the key component of retinoic acid signaling during 
embryogenesis and heart development (Niederreither et al., 2001). Several genes 
are sensitive for retinoic acid signaling including the transcription factor Tbx5, 
which is expressed in the cardiac crescent and later prevails in the posterior part of 
the developing heart, with high expression in the sinoatrial region (Bruneau et al., 
1999). RALDH2 deficiency results in reduced levels of Tbx5 expression in the 
sinoatrial region and excess of retinoic acid in the heart tube leads to high levels of 
Tbx5 in the right ventricle and outflow tract, suggesting that Tbx5 acts downstream 
of retinoic acid signaling in the heart (Liberatore et al., 2000;Niederreither et al., 
2001). Accordingly, hearts of Tbx5-deficient mice are severely malformed showing 
hypoplasia of the posterior structures of the tube (Bruneau et al., 2001). 
 With rightward looping of the heart tube, the heart becomes an asymmetric 
structure, which is governed by a left-right patterning pathway seemingly 
independent of pathways determining normal left-right identity of the different 
components of the body and the future heart. The molecular pathways involved in 
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the regulation of looping of the heart tube are to date largely unknown, however the 
transforming growth factor-β (TGF-β) superfamily has been implied to play an 
important role in this process. Block or expansion of Bmp-signaling in the heart 
tube of Xenopus and zebrafish and cardiac-specific deletion of ALK5, a type 1 
TGF-β-receptor, in mice leads to a block of looping (Breckenridge et al., 
2001;Charng et al., 1998;Chen et al., 1997). Furthermore, mice lacking 
transcription factors dHand/Hand2, Nkx2-5 and Mef2c are embryonic lethal before 
the looping of the heart tube is completed, suggesting these factors may also be 
involved in the looping of the heart tube. It is not known, however, whether this 
observed arrest of looping morphogenesis is secondary to the myocardial defects 
seen in these mice (Lin et al., 1997;Lyons et al., 1995;Srivastava et al., 1997).  

The homeobox transcription factor Pitx2 was found to be an important 
regulator of the molecular program governing the asymmetric morphogenesis of 
several organs including the heart. Mice lacking the Pitx2c isoform, which is 
responsible for left-right morphogenesis, display a range of cardiac morphogenetic 
defects due to laterality defects, including right isomerism (Kitamura et al., 1999). It 
is unlikely, however, that Pitx2c controls the looping process itself since these mice 
do not have any looping defects, suggesting a role for this transcription factor in 
establishment of left-right identity at later stages. Interestingly, Pitx2 has also been 
linked to the second heart-forming field. Pitx2 is asymmetrical expressed in the left 
part of the second heart-forming field and was found to be regulated by the T-box 
transcription factor Tbx1 and Nkx2-5 in this region (Nowotschin et al., 2006). 
Conditional inactivation of Pitx2 in the second heart-forming field results in severe 
outflow tract defects (Ai et al., 2006;Nowotschin et al., 2006). Just before looping 
commences, after anteroposterior patterning has been determined at embryonic 
day 8-8.5 in mouse, dorsoventral patterning is observed by the expression of 
several genes at the ventral side of the tube (Moorman and Christoffels, 2003). 
Genes like Nppa/Anf, Smpx/Chisel, Msg1/Cited1 and Hand1/eHand are expressed 
in the ventral region of the heart tube where the embryonic ventricle is formed, and 
mark the initiation of chamber development (Christoffels et al., 2004a;Moorman 
and Christoffels, 2003). Chamber formation is an event that is tightly regulated by 
conserved transcription factors such as T-box factors, which ensure local initiation 
and restriction of a chamber specific gene program, as will be discussed in the next 
chapter. 
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3. Chamber development 
 

3.1. Primary versus working myocardium 

The classic view presented by the segmental model of heart development is that all 
the components of the adult heart are already represented in the primary heart 
tube in an anteroposterior fashion (Fig. 2A). However, the discovery of the second 
heart-forming field led to the realization that after the linear heart tube has been 
formed large parts of the developing heart are added from the adjacent 
mesenchyme. Only the progenitors of the future left ventricle reside in the linear 
heart tube. Recent experiments in chicken show that a mesenchymal precursor 
pool at the venous pole of the heart tube displays the highest proliferation rate and 
that the primary myocardium of the heart tube itself exhibits low, if any, proliferative 
activity (Soufan et al., 2006). This is consistent with the idea that the initial 
elongation of the heart tube mainly occurs by recruitment of myocardial precursors 
from a cardiac precursor pool and not by proliferation of primary myocardium. 
Furthermore, a local increase in proliferation is observed at the outer curvature 
when the heart tube starts to loop, which coincides with the local initiation of 
chamber formation (Soufan et al., 2006). Myocardium of the outer curvature at this 
stage obtains a distinct molecular and structural phenotype, which is marked by the 
initiation of a distinct gene program, whereas the myocardium of the outflow tract, 
the atrioventricular canal, the inflow tract and also the inner curvatures, retain the 
more primitive myocardial phenotype of the primary heart tube. Myocardium of the 
developing and mature chambers is termed working myocardium since these cells 
exhibit all the features necessary for force production, including high conduction 
velocity of the electrical impulse, good cell-to-cell coupling and well-developed 
sarcomeric structures (Table 1). This model of heart development has been 
dubbed the ballooning model of chamber formation (Moorman and Christoffels, 
2003), since working myocardium expands, or balloons, at localized regions of the 
primary heart tube (Fig. 2B).  

Until recently, it was not known whether the gene program responsible for 
this localized expansion of the chambers and the working myocardial phenotype is 
regionally activated and not active in the parts that do not form working 
myocardium, or whether the chamber-specific gene program is locally repressed. 
Furthermore, the transcriptional regulators governing the chamber-specific gene 
program where unknown. Expression and regulation of natriuretic precursor 
peptide type A (Nppa) has been extensively studied in this perspective, because it 
marks the myocardium of the forming chambers (Fig. 2A). Transcriptional activity of 
this gene in working myocardium of the chambers is regulated by conserved 
transcription factors including Nkx2-5, Gata4 and Tbx5 (Bruneau et al., 2001;Garg 
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et al., 2003;Hiroi et al., 2001;Small and Krieg, 2003). Several studies, using knock-
out mouse models, show that these transcription factors are important for chamber 
development, with homozygous knock-out of these genes causing hypoplastic 
development of the chambers or even a lack of chamber formation. In addition, 
mutations in Nkx2-5, Gata4 and Tbx5 in human resulting in haplo-insufficiency are 
a frequent cause of heart defects, including septal defects (Basson et al., 
1997;Bruneau et al., 1999;Garg et al., 2003;Li et al., 2000;Pashmforoush et al., 
2004;Schott et al., 1998). 
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Table 1 Characteristic features of different myocardial components of the developing and adult heart. 
Nodal myocardium of the sinoatrial node and the atrioventricular node shares molecular and 
morphological features with the primary myocardium of the heart tube, such as high automaticity, low 
conduction velocity, low contractility and poorly developed sarcomeres and sarcoplasmic reticular 
structure (SR-activity). High automaticity in both primary and nodal myocardium coincides with the 
expression of the pacemaker channel Hcn4. Cells of the working myocardium of the chambers develop 
a phenotype which makes these cells specialized for contraction and conduction of the electrical 
impulse, with a high abundance of fast conducting gap junction proteins Cx40 and Cx43. They also 
have well-developed sarcomeres and sarcoplasmic reticular structure and display a high proliferation 
rate during development. Cells of the His-purkinje system display an intermediate phenotype, partly 
retaining the high automaticity and primitive phenotype of the primary myocardium but also displaying 
high condcution velocity necessary for the fast propagation of the electrical impulse to the working 
myocardium.  

 
However, the transcription factors mentioned above are also present in the primary 
myocardium where Nppa expression is absent, indicating that other factors are 
involved in the regulation of Nppa in the parts of the tube that do not form working 
myocardium. Studies of transgenic mice with lacZ controlled by 0.7 kb Nppa 
regulatory sequences, demonstrated that these sequences drive expression of β-
galactosidase in a pattern mimicking that of endogenous Nppa in the working 
myocardium (Fig. 2B). Repressive elements present in the Nppa promoter overrule 
the expression of β-galactosidase in the atrioventricular canal driven by cTnI 
regulatory sequences. This repression of lacZ expression was mediated by the 
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transcription factors Nkx2-5 and Tbx2 and/or Tbx3, since mutation of either a NK-
binding element or a T-box binding element in the 0.7 kb Nppa regulatory 
sequences resulted in expression of the transgene in the atrioventricular canal and 
outflow tract (Habets et al., 2002;Habets et al., 2003)(Fig. 2B). These experiments 
suggested a repressive transcriptional control of the chamber-gene program in 
regions of the heart tube that do not obtain the chamber phenotype. 
 

3.2. Regionalized control of chamber-specific gene expression 

The T-box factors Tbx2 and Tbx3 are expressed in the developing heart and act as 
transcriptional repressors of gene activity, displaying high homology in both 
structure and function (Christoffels et al., 2004b;He et al., 1999;Hoogaars et al., 
2004;Lingbeek et al., 2002;Paxton et al., 2002). During heart development Tbx2 
and Tbx3 show an overlap in expression (Fig.3A), suggesting a possible 
redundancy in function in early development. In mouse, Tbx2 is expressed in the 
inflow tract, atrioventricular canal and outflow tract of the developing heart from 
about embryonic day E8.5 onward (Fig. 3A). At later stages Tbx2 expression 
gradually fades in the heart (Christoffels et al., 2004b). Expression of Tbx3 is 
observed in the heart throughout development and adult stages, initially 
overlapping with Tbx2 in the inflow region and atrioventricular canal (Fig 3A). At 
later stages expression of Tbx3 becomes restricted to the proximal components of 
the conduction system (Hoogaars et al., 2004). Apart from myocardial expression, 
both Tbx2 and Tbx3 are expressed in the cushion mesenchyme of the 
atrioventricular canal and outflow tract (Fig. 3A and not shown). Both factors are 
also expressed in the second heart-forming field. The expression patterns of Tbx2 
and Tbx3 in the developing heart are conserved in chicken and human, suggesting 
the role of these factors is evolutionary preserved in vertebrates (Christoffels et al., 
2004b;Hoogaars et al., 2004). Recent experiments in which the functional role of 
Tbx2 during heart development was examined, revealed that Tbx2 can repress the 
development of the identity of the working myocardium. Over-expression of Tbx2 in 
the heart tube using the βMHC-promoter resulted in lack of chamber formation and 
repression of Nppa and the gap junction gene Cx40 (Fig. 3B)(Christoffels et al., 
2004b). Conversely, Tbx2 homozygous knockout mice die early in development of 
severe cardiovascular defects and lack an atrioventricular boundary as can be 
demonstrated by the expression of the chamber-specific genes Nppa, Cx40, Smpx 
and Cited1 (Harrelson et al., 2004). These data suggest that Tbx2 is important for 
the repression of the chamber-specific gene programs in the primary myocardium, 
resulting in the preservation of the primitive slow conducting phenotype. More 
recent studies from our lab show that Tbx3 has a comparable role during 
cardiogenesis (unpublished observations).  
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Figure 2 Local formation of the chamber is a morphogenetic process which depends on the local 
repression of gene-programs in the primary myocardium. (A) Two models of heart development. On the 
left, the segmental model and on the right the ballooning model. The section on the right shows 
expression of Nppa in myocardium of the forming chambers in the mouse heart at embryonic day 9.5 
(B) Local repression of the regulatory sequences of Nppa in the atrioventricular canal. Repressive 
elements present in a 0.7 kb regulatory fragment of Nppa are responsible for local repression in the 
atrioventricular canal. This promoter fragment drives expression of the lacZ reporter gene (blue staining) 
in a pattern largely mimicking the endogenous Nppa pattern in the chamber myocardium, but not in the 
atrioventricular canal. When the Nppa promoter is cloned upstream of a promoter fragment of a gene, 
cTnI, which drives expression of the reporter gene in the atrioventricular canal, the expression of lacZ is 
repressed in this region. Mutation of a T-box binding element or an Nkx binding element, depicted as a 
red asterix, abolishes this repression, thus showing a T-box factor and an Nkx-factor (Nkx2-5) are 
responsible for the repression of Nppa promoter activity in the primary myocardium of the 
atrioventricular canal. a, atrium; avc, atrioventricular canal; ift, inflow tract; la, left atrium; lv, left ventricle; 
oft, outflow tract; ra, right atrium; rv, right ventricle 

 
 The primary myocardium, which expresses Tbx2 and Tbx3, continues to 
display a low proliferation rate as opposed to the fast expanding and proliferating 
working myocardium. This makes it conceivable that another task for these 
transcriptional regulators could be the suppression of the proliferation rate of 
myocardial cells. It is well established that these transcription factors are involved 
in cell cycle regulation. In addition, expression of Tbx2 was found to be tightly 
regulated during cell-cycle progression, thus making it likely that Tbx2 plays a role 
in cell cycle regulation (Bilican and Goding, 2006). Both Tbx2 and Tbx3 are  
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Figure 3 Expression of T-box factors Tbx2 and Tbx3 in the primary myocardium of the developing heart 
represses chamber development. (A) Section of embryonic day (E)9.5 heart, showing expression of 
Tbx2 and Tbx3 in the atrioventricular canal (black arrows) and cushion mesenchyme (red asterix). (B) 
Over-expression of Tbx2 using the βMHC-promoter results in block of chamber development and 
expression of chamber-specific genes. βMHC-Tbx2 transgenic mouse embryos of E9.5 (TG) have a 
linear heart tube, while wildtype littermates (WT) show chamber formation. Sections on the right show 
expression of Nppa in wildtype embryos, which is absent in βMHC-Tbx2 embryos. a, atrium; avc, 
atrioventricular canal; ev, embryonic ventricle; la, left atrium; lv, left ventricle; ra, right atrium.  

 
amplified in a number of cancers and both factors are able to control the 
expression of several cell cycle regulators resulting in immortalization of cells 
(Jacobs et al., 2000;Rowley et al., 2004;Vance et al., 2005). In cell-culture, 
fibroblasts undergo a process called senescence, which results in cell-cycle arrest. 
This process is activated by accumulation of the tumor suppressor protein p53, 
which is protected against degradation by the negative cell-cycle regulator p19ARF. 
Additionally, p53 activates transcription of Cdkn1a, which encodes p21, a protein 
that prevents cells to enter the S-phase, or DNA replication phase, of the cell cycle, 
resulting in cell-cycle arrest. Tbx2 and Tbx3 are capable of repressing the 
transcriptional activity of the Cdkn2a locus, which encodes p19ARF. This results in 
the degradation of p53 and the subsequent immortalization of fibroblast cells in 
culture (Brummelkamp et al., 2002;Lingbeek et al., 2002). Tbx2 can also invoke 
senescence bypass through repression of p21 (Prince et al., 2004;Vance et al., 
2005). Accordingly, one would expect the myocardial components of the heart 
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expressing these factors to display a high proliferation rate. This, however, is not 
the case. Moreover, the observations that Tbx2 and Tbx3 induce senescence-
bypass are derived from experiments which use cell-culture systems. There is no 
proof, as yet, that Tbx2 and/or Tbx3 are involved in the regulation of p53-
dependent pathways in cardiac muscle cells and other tissues (Davenport et al., 
2003;Harrelson et al., 2004;Jerome-Majewska et al., 2005). Taken together, these 
data suggest that other pathways should be involved in the regulation of the cell-
cycle in the myocardium, or that these transcription factors play an opposite role in 
cell-cycle regulation in myocardium. In support of this latter notion, is the recent 
observation that Tbx2 may be involved in the repression of proliferation in primary 
myocardium, ensuring low proliferation rate by the repression of Nmyc1, a gene 
important for the expansion of chamber myocardium (Cai et al., 2005). Mice 
deficient of T-box factor Tbx20 show a lack of chamber development and ectopic 
Tbx2 expression in the heart, which is accompanied with the repression of Nmyc1 
(Cai et al., 2005). Moreover, direct binding of Tbx2 to a T-box binding element 
present in the promoter of this gene resulted in the repression of transcriptional 
activity of Nmyc1. Cyclin A2 was also down-regulated in these mice, although it 
was not established whether this was a direct cause of Tbx2 misexpression in the 
heart (Cai et al., 2005).  
 These data show that Tbx2 is important for the retention of the primary 
myocardial phenotype in slowly proliferating regions of the heart tube. The primary 
myocardium of the inflow tract, the atrioventricular canal and the outflow tract is 
subsequently involved in two important processes during heart development. First, 
primary myocardium of the outflow tract and the atrioventricular canal induces 
epithelium-to-mesenchyme transformation of endocardial cells, resulting in the 
formation of cushion mesenchyme. This cushion mesenchyme is important for the 
development of the septa which divide the systemic and pulmonary circulation, 
thereby participating in the correct alignment of the chambers. Second, as will be 
discussed later on, the nodal components of the conduction system origin from the 
primary myocardium.   
 

3.3. Modes of cardiac transcriptional regulation 

It is imperative to appreciate that the regulation of downstream target-genes by T-
box factors is complex since transcriptional activators of Nppa, such as Tbx5, 
Gata4 and Nkx2-5 are present in both primary and working myocardium. The 
transcriptional regulation of chamber-specific genes therefore depends on the 
physical and genetic interactions of their transcriptional regulators, such as T-box 
factors, present in the different components of the developing heart. All T-box 
factors share a conserved region called the T-box which is highly preserved 
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between all T-box family members. The T-box domain accounts for the DNA-
binding ability of these transcription factors to conserved DNA-binding sites called 
T-box binding element (Bollag et al., 1994;Plageman, Jr. and Yutzey, 2005). The 
consequence of this preserved T-box domain is that different T-box factors can 
target the same genes, depending on their spatial distribution and their specific 
DNA-binding affinity for the specific T-box binding element. In addition, some T-box 
factors can target specific genes through binding to variant T-box binding sites 
(Lingbeek et al., 2002). T-box factors can act as repressor or activator of 
transcription, depending on the presence of additional activation or repression 
domains (Naiche et al., 2005;Plageman, Jr. and Yutzey, 2005). Therefore, the 
expression of T-box target genes is dependent on the presence of the different T-
box factors in their expression-domain, and may be fine-tuned through competition 
between different T-box factors. In vitro these interactions can be demonstrated 
with reporter-gene assays using the promoter region of Nppa or Cx40, which 
contain multiple conserved T-box binding elements (Bruneau et al., 2001;Hiroi et 
al., 2001). Activity of the Nppa promoter is synergistically activated by Tbx5 and 
Nkx2-5. Cotransfection with either Tbx2 or Tbx3 resulted in dose-dependent 
abrogation of this synergistic activation, thus showing these factors can compete 
with Tbx5 to regulate Nppa gene-transcription (Christoffels et al., 2004b;Hoogaars 
et al., 2004). Regulation of Nppa is dependent on the DNA-binding capacity of 
these proteins, since isoforms of Tbx2 or Tbx3 with a mutation in the T-box 
domain, can not bind to the promoter and are not able to exert this repression.  

These reporter-gene assays also show that physical interactions between 
T-box factors and other transcription factors, such as Nkx2.5 and Gata4, can result 
in synergistic regulation of target genes. Mutations specifically affecting these 
interactions are known to cause congenital heart disease in human (Garg et al., 
2003). Recent experiments identified other protein partners of T-box factors 
cooperating to regulate specific target genes, although the exact function of these 
protein-complexes in heart development is, as yet, not fully understood (Koshiba-
Takeuchi et al., 2006;Murakami et al., 2005). In this respect it is intriguing to see 
that a protein involved in the deacetylation of genes, HDAC1, interacts with Tbx2 to 
repress the Cdkn1a promoter activity in melanoma cells (Vance et al., 2005).  

Recent lines of evidence also pointed out that T-box factors may regulate 
expression of other T-box factors. As mentioned above, analysis of knock-out mice 
of the T-box factor Tbx20, which is expressed in primary as well as working 
myocardium in early stages of heart development, revealed ectopic expression of 
Tbx2 (Cai et al., 2005;Singh et al., 2005;Stennard et al., 2005). In addition, one of 
these studies demonstrated that Tbx20 is capable of directly suppressing the 
transcriptional activity of the Tbx2 promoter, and that Tbx20 binds to a T-box 
binding element present in the Tbx2 promoter sequence (Cai et al., 2005). Analysis 
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of Tbx5-deficient mice, using micro-array analysis, revealed down-regulation of 
Tbx3, placing Tbx5 upstream of Tbx3, although it is not known, as yet, whether this 
regulation is direct or indirect (Mori et al., 2006).  

In summary, T-box factors are important transcriptional regulators of 
chamber-specific genes and accordingly control the formation and restriction of the 
working myocardial phenotype in the developing heart. The transcriptional 
regulation of T-box target-genes is highly dependent on protein-protein interactions 
with other protein partners as well as the availability of the different T-box factors.  
 

3.4. Role of Bmp signaling in chamber formation and septation 

Bone morphogenetic proteins (BMPs) are soluble proteins which play an important 
role in many developmental processes through paracrine and autocrine signaling 
pathways resulting in Smad and TAK1 mediated transcriptional regulation of 
downstream target genes. During vertebrate heart development several members 
of this family are expressed in the heart where they are involved in different 
processes. Expression of Bmp10 is restricted to working myocardium of the 
developing chambers, where it is required for normal proliferation and maturation of 
myocardial cells. Bmp10-deficient mice display severe cardiac defects including 
hypoplastic ventricles and absence of trabecular myocardium as a result of 
proliferation defect (Chen et al., 2004). In addition, a conditional knock-out mouse 
model for Nkx2-5 in the ventricles shows hypertrabeculation as a result of Bmp10 
overexpression, suggesting Nkx2-5 controls Bmp10-mediated proliferation in 
trabecular myocardium (Pashmforoush et al., 2004).  
 Bmp2 and Bmp4 are expressed early in the cardiac crescent stage where 
they induce expression of Nkx2-5 and Gata4 and are important for cardiomyocyte 
differentiation (Brand, 2003). At later stages, at the time chamber development is 
initiated, these factors become restricted to atrioventricular canal and outflow tract 
myocardium. BMPs have been implied to regulate the expression of T-box factors 
in the heart and in other tissues like the limbs (Suzuki et al., 2004). Experiments in 
chicken embryos showed that expression of Tbx2, and to a lesser extent Tbx3, can 
be induced by beads soaked in Bmp2 protein (Yamada et al., 2000). Cardiac-
specific deletion of Bmp2 in mice resulted in a lack of atrioventricular-restriction as 
demonstrated by the expansion of chamber-markers Nppa, Cx40 and Chisel/Smpx. 
Furthermore, these mice lack Tbx2 expression, suggesting a role for Bmp2 in the 
restriction of the chamber-phenotype through regulation of Tbx2 expression (Ma et 
al., 2005;Rivera-Feliciano and Tabin, 2006). Conditional knockout of BmpR1 in the 
Isl1-positive second heart-forming field resulted in the ablation of Tbx3 expression 
in the atrioventricular canal myocardium. Regulatory sequences of the Tbx3 gene 
contain Smad sites capable of inducing transcriptional activity of the Tbx3 promoter 
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in vitro through Smad1 and 4 (Yang et al., 2006). Regulation of Tbx2 and Tbx3 
mediated by BMP signaling seems to be specific since neither Tbx5 or Tbx20 are 
affected in these models.  

Apart from a role in repression of chamber-identity, both Bmp2 and Bmp4 
are important for epithelium-to-mesenchyme transition in the outflow tract and the 
atrioventricular canal. During this process, signals from the myocardium to the 
endocardium result in the invasion of epithelial cells into the cardiac jelly, thereby 
forming cushion mesenchyme, which is essential for the development of septa and 
valves of the heart. Bmp4-deficient mice and conditional myocardial specific 
inactivation of Bmp2 in mice result in defects of atrioventricular cushion formation 
and septation defects (Jiao et al, 2003;Ma et al, 2005). Furthermore, inactivation of 
the type 1A-Bmp receptor (Bmpr1a), a major receptor for Bmp2 and Bmp4 
signaling, in the endocardium disrupted endocardial cushion formation (Ma et al, 
2005). Since Tbx2 and Tbx3 are expressed in cushion mesenchyme and the 
myocardium flanking the cushions, these T-box factors might be involved in 
epithelium-to-mesenchyme transistion and in the development of the cushion 
mesenchyme flanking the primary myocardium (Fig 3A). Together, these data 
place BMPs high in the transcriptional hierarchy that dictate morphogenesis during 
heart development, where they play diverse roles in early development as well as 
later in development during chamber-development and septation by regulating the 
expression of transcription factors like T-box factors and Nkx2-5.  

 
4. Development of the arterial and venous poles of the 
heart 
 

4.1. Introduction 

The arterial and venous poles of the heart serve as the outflow and the inflow tract, 
respectively, of the blood flow in the heart. In the formed adult heart of higher 
vertebrates, the outflow tract is segregated and comprises the aorta, which 
provides the systemic circulation, and the pulmonary artery, through which the 
pulmonary circulation is guided. The inflow tract consists of the inferior and 
superior caval veins, which make up the systemic venous return, draining the blood 
from the systemic circulation into the right atrium, and the pulmonary veins, which 
make up the pulmonary venous return that drains the oxygenated blood from the 
pulmonary circulation into the left atrium.  

During heart development the outflow tract and the inflow tract form by 
recruitment of mesenchymal cells to the myocardial lineage, as will be discussed 
below. In addition, cells migrating from the neural crest make an important 
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contribution to the septation process of the outflow tract, which is crucial for the 
segregation of the outflow tract that subsequently gives rise to the aorta and 
pulmonary trunk (Kirby et al., 1983). Early in heart development, elongation of the 
primary heart tube prior to the appearance of the chambers occurs mainly by 
recruitment of mesodermal cells at both poles (Fig. 1B). At this stage the tube 
consists of progenitors of the future left ventricle only, while the myocardium of the 
outflow tract, right ventricle, and of large parts of the atria is recruited from the Isl1-
positive second heart-forming field. Whereas the chambers obtain the phenotype of 
working myocardium, the rest of the developing heart including the outflow tract 
and the systemic venous return component of the inflow tract retains the phenotype 
of the primary myocardium, which is marked by the absence of chamber-markers 
such as Nppa and Cx40.  
 

4.2. Development of the arterial pole 

The molecular mechanisms underlying the development of the outflow tract have 
recently received much attention owing to the discovery of the second heart-
forming field, which was found to be the main contributor to the formation of this 
structure (Buckingham et al., 2005). Tbx1 is a key regulator in outflow tract 
development, possibly by regulating proliferation in the second heart-forming field, 
thereby effecting recruitment of mesodermal cells to the arterial pole (Baldini, 
2005;Zhang et al., 2006). Fgf-signaling has also been identified to play a major role 
in outflow tract development. Fgf8 expression in the second heart-forming field is 
required for cell-survival and proliferation in this region and normal outflow tract 
development, as demonstrated by studies that conditionally deleted Fgf8 in the 
second heart-forming field (Ilagan et al., 2006;Park et al., 2006). Several studies 
show that Tbx1 acts upstream of Fgf8 (Hu et al., 2004;Vitelli et al., 2002;Vitelli et 
al., 2006), although Fgf8 also seems to function independent of Tbx1 (Vitelli et al., 
2006). In addition, other transcription factors that play important roles in the cell-
population of the second heart-forming field are also necessary for the normal 
formation and elongation of the outflow tract, including Pitx2c, Isl1, Mef2c and 
FoxH1 (Buckingham et al., 2005). 
 

4.3. Development of the venous pole 

The inflow tract of the heart tube can be morphologically distinguished as an 
initially symmetric component consisting of two conduits draining into the heart at 
the venous pole at embryonic day 8 in mouse. At this stage, the inflow tract 
consists entirely of the systemic venous return since the pulmonary venous return 
has not yet formed. In lower vertebrates, like fish, the compartment in which the 
systemic venous return drains into the heart is called sinus venosus. This structure 
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is not observed as such in the adult hearts of higher vertebrates. In addition, recent 
experiments based on morphological and molecular observations show that in 
mammals no sinus venosus can be distinguished upstream from the atrium at the 
venous pole at any given time-point in development (Soufan et al., 2004). Thus, 
the convergence of the systemic venous return should be considered as an integral 
part of the forming atrium and never as a separate entity like the sinus venosus in 
lower vertebrates.  

Approximately two days later in development (E10-11 in mouse), the 
systemic venous return, at this stage the common cardinal veins, become 
asymmetrical arranged, protrude into the pericardial cavity from the pericardial 
mesenchyme and become surrounded by primary, i.e. Cx40 and Nppa- negative, 
myocardium. These myocardial structures are termed sinus horns and represent 
the precursors of the adult systemic venous return. In human, the right sinus horn 
will become the dominant structure of the systemic venous return, forming the 
myocardial component of the inferior and superior caval veins, which is 
incorporated into the right atrium to form the smooth-walled part of the right atrium 
called the sinus venarum. The left sinus horn diminishes in size and ends up as the 
coronary sinus, forming the confluence of the cardiac veins, which drain into the 
heart at the border of the right side of the atrioventricular canal. In contrast to the 
human condition, in mouse both the left and the right sinus horns persist as the left 
and right superior caval veins.  

The data from our laboratory show that the myocardium, which surrounds 
the initial inflow tract of the heart tube and which expresses the homeodomain 
transcription factor Nkx2-5, becomes incorporated into the developing atria, 
including the venous valves (Christoffels et al., 2006;Soufan et al., 2004). The 
myocardial precursors of the sinus horns are recruited at a later stage from 
pericardial mesenchyme that expresses the T-box factor Tbx18 (Christoffels et al., 
2006). In addition, lineage analysis experiments of Nppa-expressing cells and 
Nkx2-5-expressing cells show that these “atrial” myocardial lineages do not 
contribute to the development of the sinus horns (Christoffels et al., 2006). 
Interestingly, the Tbx18-positive pericardial mesenchyme is Isl1-negative, 
suggesting this recruitment does not involve precursors of the second heart-
forming field (Fig 1B). The importance of Tbx18 in the development of the systemic 
venous return was demonstrated in Tbx18-deficient mice, which have a defect in 
sinus horn development, and in which myocardial differentiation was impaired and 
the common cardinal veins remained embedded in the pericardial mesenchyme 
(Christoffels et al., 2006). The pulmonary veins, which constitute the pulmonary 
venous return draining into the left atrium, form later in development from the 
mediastinal mesenchyme (Christoffels et al., 2006).  
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5. Development of the cardiac conduction system 

5.1. Definition of the mature cardiac conduction system 

The cardiac conduction system is a crucial functional component of the vertebrate 
heart. It consists of cells of myogenic origin that are responsible for the generation 
and the propagation of the electrical impulse to the cardiomyocytes of the 
chambers. Based on this definition, the cardiac conduction system of the adult 
heart can be subdivided into the nodal components, which display the ability of 
impulse generation, and the His-purkinje system, which displays high conduction 
velocities, necessary for impulse propagation. The term central conduction system 
has been introduced in the past without exact definition, but is used further on to 
refer to the proximal components of the conduction system, i.e. the sinoatrial node, 
the atrioventricular node, the His-bundle and the interventricular ring.  

The nodal components comprise the sinoatrial node, located at the border 
of the right atrium and the superior caval vein, and the atrioventricular node, 
located at the atrioventricular junction (Fig 4A). The sinoatrial node acts as the 
dominant pacemaker of the heart and is crucial for the initiation of the heart beat. 
The atrioventricular node also has pacemaker characteristics and, in addition, acts 
as a relay point, delaying the electrical impulse at the atrioventricular junction 
thereby ensuring proper sequential contraction of the atrial and ventricular 
chambers. The His-purkinje system includes the His-bundle, or atrioventricular 
bundle, which propagates the electrical impulse to the components of the 
ventricular conduction system. These consist of the bundle branches on both sides 
of the interventricular septum, and purkinje fibers embedded in the ventricular 
myocardium (Fig. 4A). This configuration of the fast conducting components of the 
conduction system results in the apex to base excitation of the ventricles. The 
myocardial cells of the His-purkinje system display high conduction velocities and 
good cell-to-cell coupling, which makes these cells exquisitely suited for fast 
conduction. In contrast to what the term conduction system may lead one to 
suspect, the nodal components of the conduction system are in fact not part of the 
fast conducting network. Instead, these pacemaker cells are poorly coupled and 
exhibit low conduction velocities. In addition, nodal cells have few myofilaments, 
low abundance of mitochondria and poorly developed sarcoplasmic reticulum 
(Boyett et al., 2000;Virágh and Challice, 1977;Virágh and Challice, 1980). 

Apart from conductive properties and the morphological phenotype, 
another important feature of myocardial cells of the conduction system, especially 
the nodes, is pacemaker activity or automaticity, which is defined by the ability to 
spontaneously generate an electrical impulse necessary to trigger contraction of 
the working myocardial cells of the chambers. This can be demonstrated by 
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recording the electrical action potential of myocardial cells. Working myocardial 
cells display a so-called fast-response action potential, which is characterized by a 
negative maximum diastolic depolarization and a fast upstroke of the resting 
membrane potential followed by partial repolarization, the plateau phase, and a 
subsequent repolarization back to the resting membrane potential (Fig. 4C). 
Conversely, pacemaker cells display a so-called low-response action potential, 
characterized by a relatively positive maximum diastolic depolarization of the 
membrane, a slow upstroke velocity, a lack of partial repolarization and a relatively 
long action potential duration (Fig. 4C). Automaticity of pacemaker cells is the 
result of slow diastolic depolarization of the membrane potential until it reaches the 
threshold for the next action potential (Fig. 4C). The pacemaker cells of the nodes 
display high automaticity and accordingly prominent diastolic depolarization, 
resulting in a high pacemaker-rate. Myocardial cells of the His-purkinje system also 
display diastolic depolarization and can therefore function as escape pacemakers 
(Callewaert et al., 1984;Schram et al., 2002).  

Although the precise molecular landscape that accounts for the hallmarks 
of the different components of the conduction system has not yet been established, 
the electrical and conductive characteristics of the conduction system correlates 
with the unique composition of gap junction proteins and ion channel proteins 
identified in these cells. 
 

5.2. Gap junctions and impulse propagation 

At the molecular level, several genes are linked to the functional properties of 
myocardial conduction cells. Gap junction channels located at the intercellular 
junction, or intercalated disc, have been shown to be crucial for the propagation of 
the impulse. Both morphological and immunological studies have demonstrated a 
high abundance of these membrane structures in the working myocardium and the 
His-purkinje system. Gap junction channels are composed of twelve connexin 
proteins that allow the propagation of the electrical impulse by passage of ions. 
Depending on the availability of different connexin isoforms, gap junction channels 
can be composed of one connexin isoform (homotypic/homomeric channel) or 
multiple connexin isoforms (heterotypic/heteromeric channel), resulting in gap 
junctions with unique conductance properties (Moreno, 2004).  

Cx40 is the dominant connexin isoform in the fast conducting components 
of the conduction system of the adult heart and is also expressed in the atria, 
whereas Cx43 is exclusively expressed in the working myocardium of the ventricles 
and the atria (Miquerol et al., 2004;van Kempen et al., 1996) (Fig 4B, Table 1). 
Analysis of Cx40-deficient mice revealed the necessity of Cx40 in the electrical 
coupling of myocardial cells of the conduction system and atrial myocardium, since 
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these mice display atrioventricular block, bundle branch block and altered atrial 
conduction (Bagwe et al., 2005;Kirchhoff et al., 1998;Simon et al., 1998). In 
contrast, cells of the nodes have a low abundance of these fast conducting gap 
junctions (Boyett et al., 2000;Dobrzynski et al., 2003). This accounts for the poor 
electrical coupling and low conduction velocities observed in the nodes. In addition, 
two other gap junction proteins, Cx30.2 and Cx45, are expressed in the conduction 
system. Expression of Cx45 is found in the entire conduction system while Cx30.2 
is expressed in the nodes and the His-bundle where it overlaps with Cx45 (Fig. 4B) 
(Coppen et al., 1999b;Coppen et al., 1999a;Kreuzberg et al., 2005). Gap junction 
channels composed of these proteins have much lower conductance properties 
compared to Cx40 and Cx43 channels (Kreuzberg et al., 2005). This could 
contribute to the electrical coupling and the, albeit slow, propagation of impulse 
from the sinoatrial node and the atrioventricular node to working myocardium of the 
chambers (Kreuzberg et al., 2005). Confusingly, Cx30.2-deficient mice show 
accelerated conduction velocity in the atrioventricular node (Kreuzberg et al., 
2006). Cx45 could account for this acceleration, since it is the only isoform co-
expressed with Cx30.2 in the atrioventricular node centre. In addition, Cx45 
homotypic channels exhibit higher conductance properties compared to 
Cx45/Cx30.2 heterotypic/heteromeric channels and Cx30.2 homotypic channels 
(Kreuzberg et al., 2005;Kreuzberg et al., 2006). Thus, the expression of different 
connexin isoforms in the conduction system provides a molecular base for the 
conductive properties of the conduction system. 
 

5.3. Ion channels and pacemaker phenotype  

Different voltage-dependent ion currents contribute to the characteristic electrical 
phenotype of pacemaker cells, including the hyperpolarization-activated cation or 
funny current (Ih or If), L-type Ca2+ current (ICaL), T-type Ca2+ current (ICaT), delayed 
rectifier current (IK) and sustained inward current (Ist) (Fig.4C and 4D). 
Furthermore, pacemaker activity is regulated by the autonomic nervous system, 
which controls the heart rate, and is highly dependent on the concentration of 
intracellular cAMP and the activity of cAMP-dependent protein kinase (Baruscotti et 
al., 2005;DiFrancesco, 1993). Sympathetic stimulation, modulated via �-adrenergic 
receptors, induces inward currents active during the diastolic depolarization, 
including If , ICaL and Ist, while deactivating the outward IK current, which results in 
acceleration of the heart rate. Conversely, para-sympathetic stimulation via 
acetylcholine lowers the heart rate by inhibiting cAMP-dependent modulation of ion 
channels and by activating the acetylcholine-sensitive K+ current, IKAch, encoded by 
Kir3.1 (Schram et al., 2002).  
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 Automaticity of conduction system cells is predominantly regulated by If 
(DiFrancesco, 1993). If is activated upon hyperpolarization of the membrane and 
provides an inward sodium current that contributes to the spontaneous 
depolarization of the membrane potential. Regulation of the heartbeat by 
expression of If is conserved in all vertebrate species, and inhibition of this current 
results in bradycardia and sinoatrial node dysfunction in fish, mouse and human 
(Milanesi et al., 2006;Stieber et al., 2003;Warren et al., 2001). The molecular 
component of If is the hyperpolarization-activated cyclic nucleotide-gated family of 
proteins (HCN), which is encoded by four genes in mammals, Hcn1-4 (Ludwig et 
al., 1998;Moosmang et al., 2001;Robinson and Siegelbaum, 2003). Hcn4 is 
prevalent in the developing and mature components of the conduction system and 
is the dominant isoform in the sinoatrial node and atrioventricular node (Dobrzynski 
et al., 2003;Efimov et al., 2004;Moosmang et al., 2001). Accordingly, deficiency of 
this channel in mice causes almost complete loss of If and slower contraction of the 
embryonic heart, resulting in prenatal death between embryonic day 9.5 and 11.5 
(Moosmang et al., 2001;Stieber et al., 2003). Mutations resulting in nonfunctional 
HCN4 in humans cause bradycardia and sick sinus syndrome, showing the 
importance of this pacemaker channel in the regulation of the heart rate (Milanesi 
et al., 2006;Schulze-Bahr et al., 2003). Although expressed in all conduction 
system components, HCN transcripts are much more abundant in the sinoatrial 
node compared to the purkinje fibers, providing a possible molecular explanation 
for the high pacing rate of the sinoatrial node compared to the His-purkinje system 
(Shi et al., 1999).  

In addition to If , calcium dependent inward currents have also been shown 
to play an important role in the regulation of pacemaker activity. L-type calcium 
currents (ICaL) provide an inward Ca2+ current and are important for the 
spontaneous diastolic depolarization and upstroke of the pacemaker action 
potential (Schram et al., 2002;Verheijck et al., 1999). L-type calcium channels are 
composed of several poreforming-subunits, and the main subunit expressed in the 
heart is the α1C ion-conducting subunit Cav1.2, encoded by Cacna1c, which is 
enriched in the sinoatrial node (Bohn et al., 2000). Loss of function of Cav1.2 in 
humans, as seen in Timothy syndrome, results in conduction system defects like 
bradycardia, AV-block and arrythmia (Splawski et al., 2004;Splawski et al., 2005). 
Cav1.3, the α1D ion-conducting subunit of the voltage-gated L-type calcium 
channel, is also expressed in the SAN, and deficiency of Cav1.3 in mice results in 
SAN dysfunction and bradycardia (Mangoni et al., 2003;Platzer et al., 2000;Zhang 
et al., 2002). The role of T-type calcium currents in pacemaker activity was 
demonstrated in mice deficient of the protein Cav3.1/α1g, which is a pore-forming 
subunit of the T-type calcium channel that is mainly expressed in the conduction 
system (Bohn et al., 2000). These mice lack ICaT and display bradycardia and 
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impaired AV conduction, suggesting a role for ICaT in conduction and regulation of 
the heart rate (Mangoni et al., 2006).  

The outward delayed rectifier current IK is divided into a slow component 
(IKs) and a fast component (IKr), and plays an important role in repolarization of the 
action potential. IKr is also involved in the regulation of pacemaker activity in 
mouse. This was demonstrated in mice deficient of ERG1, encoding the α-subunit 
of IKr, which display sinus bradycardia (Lees-Miller et al., 2003). Expression of 
minK, which encodes the β-subunit of IKs, is found in the developing conduction 
system components, but no report exists on its role in pacemaking or conduction 
(Kondo et al., 2003). In addition, several currents are not, or at a much lower level, 
expressed in pacemaker cells compared to working myocardial cells. Absence or 
low amount of the inwardly rectifying K+ current (IK1) also contributes to the diastolic 
depolarization characteristic to pacemaker cells (Fig. 4C). IK1 is important for 
maintaining the resting membrane potential in working myocardial cells, and loss of 
this current in these cells, encoded by Kir2.1/2.2, results in spontaneous activity 
(Miake et al., 2002). The transient outward current (Ito), encoded by Kv4.2/4.3, is 
important for early phase-1 repolarization in working myocardial cells, which 
pacemaker cells lack (Schram et al., 2002). 

Thus, it can be concluded that the electrical properties of the different 
components of the cardiac conduction system and the working myocardium of the 
chambers appears to be dependent on the composition of the different channel 
proteins present in these cells. Although the physiological contribution of these 
genes to the function of the cardiac conduction system is emerging, the molecular 
pathways regulating their distribution and transcriptional activity are less-well 
defined. In addition, the spatial distribution and expression of these genes during 
heart development is, to date, still inadequatly established. Elucidating the 
expression and regulation of these genes during heart development will therefore 
provide much needed information about the function as well as the origin of the 
conduction system. 
 

5.4. Early delineation of the conduction system 

The development of the cardiac conduction system and its origin have been heavily 
debated since its discovery and initial morphologic description. It is now well 
established that the origin of these cells is myocardial, although the electrical 
phenotype of these cells resembles in some aspects that of neuronal cells which 
intially led to the opposing notion of an extracardiac neurogenic origin for these  
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Figure 4 Molecular determinants of the adult conduction system (A) The components of the cardiac 
conduction system of the adult heart. avn, atrioventricular node; bb, bundle branches; His-b, His-bundle; 
pf, purkinje fibers; san, sinoatrial node; scv, superior caval vein. (B) Scheme showing the expression of 
gap junction proteins in the adult cardiac conduction system. Cx43 is not expressed in the conduction  
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cells. This view was supported by the discovery that neuronal markers, such as the 
neuroligament NF-M and HNK1 in rabbit, are expressed in the developing 
conduction system (Gorza et al., 1988;Nakamura et al., 1994;Vitadello et al., 1996). 
Neural crest cells, which originate from the neural folds, were thought to be the 
primary neurogenic source of the conduction system (Stoller and Epstein, 2005). 
However, myocardial cells of the heart tube display coordinately contraction 

before neural crest cells reach the developing heart. In addition, lineage 
experiments at the end of the last century demonstrated that virally-tagged neural 
crest do not end up in the conduction system and furthermore ascertained that 
myocardial cells are the source of the cardiac conduction system (Cheng et al., 
1999). Although discussion remains because of conflicting results, which trace 
labeled neural crest cells to the proximal conduction system (Gorza et al., 
1988;Nakamura et al., 2006;Poelmann and Gittenberger-de Groot, 1999), these 
observations make it unlikely that neural crest cells make an important contribution 
to the formation and development of the conduction system. Conditional knock-out 
of the transcription factor HF-1b in neural crest cells results in a reduction of neural 
crest derived cardiac neuron markers, suggesting neural crest cells may play a role 
in the parasympathetic innervation of the conduction system (St.Amand et al., 
2006).  

Recently, the discussion focused on the mechanism underlying the 
specification and differentiation of the cardiac conduction system (Christoffels et 
al., 2004a;Moorman and Christoffels, 2003). One hypothesis is based on the 
assumption that these cells are recruited from myocardial precursors and 
subsequently obtain a specialized conduction phenotype and slow proliferation 
rate. Although this recruitment mechanism has been proposed to pertain to both 
the nodal and the fast conducting components of the conduction system, this 
concept is mainly based on the formation of the His-purkinje system (Gourdie et al., 
2003;Pennisi et al., 2002). Cheng and co-workers showed with their lineage 
experiments that clones of myocardial cells virally tagged in the embryonic heart 
tube give rise to both conduction and working myocardial cells (Cheng et al., 1999). 
Several studies showed that formation of the fast conducting components of the 
conduction system can be induced from working myocardial cells by paracrine  

 
(Fig. 4 previous page) 
system of adult mouse hart. Cx40 is expressed in the fast conducting His-purkinje system. Cx45 is 
expressed in all the conduction system components and Cx30.2 is expressed in the nodal components 
plus the His-bundle. (C) Typical action potential of working myocardial cell and a pacemaker cell with 
the major contributing ion currents.  (D) Table showing the major currents responsible for the 
pacemaker phenotype, the corresponding proteins/genes, their role in action potential and the 
phenotype of channel-deficiency in zebrafish (Z), mouse (M) and/or human (H). AP, action potential; 
AV-block, atrioventricular block; in, inward current; out, outward current; SAN, sinoatrial node. 
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signals from the endocardium, thus confirming the “recruitment” theory for these 
cells. In chicken, expression of the secreted factor endothelin 1 induces expression 
of several genes which mark the ventricular conduction system including the 
chicken ortholog of Cx40, Cx42 (Gourdie et al., 1998). Another paracrine factor 
secreted by endocardium, neuregulin-1, induces formation of conduction system 
cells. A transgenic mouse line, dubbed cardiac conduction system (CCS)-lacZ, with 
the lacZ gene integrated in an as yet undefined locus, displays pronounced 
expression of the transgene in all the developing and mature components of the 
conduction system. Expression of the lacZ reporter gene is induced by neuregulin 
in cultured hearts of CCS-lacZ embryos (Rentschler et al., 2002). Induction of the 
nodal pacemaker phenotype by endothelin has also been suggested (Gassanov et 
al., 2004). In addition, recent molecular and physiological observations of the 
developing zebrafish heart suggested that the slow conducting myocardium of the 
atrioventricular region develops by induction of paracrine factors such as 
neuregulin and notch derived from the endocardium (Milan et al., 2006). However, 
there is no direct proof that these paracrine signals contribute to the formation of 
the nodes in higher vertebrates, since conduction system defects in endothelin-
deficient mice have not been reported. Neuregulin-deficient mice die too early to 
allow analysis of the effect of neuregulin-deficiency on conduction system 
development (Kurihara et al., 1995;Meyer and Birchmeier, 1995). 
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Figure 5 Scheme for chamber development and formation of the cardiac conduction system. A 
transcriptional program, including T-box factor Tbx5 and Nkx2-5 (green box) induces the formation of 
the chambers at the outer curvature of the heart tube in mouse. Repression of this chamber-program by 
T-box factors Tbx2 and Tbx3 and Nkx2-5 retains in part the primary phenotype of the heart tube at 
regions that become the nodal components of the conduction system. avc, atrioventricular canal; avn, 
atrioventricular node; dist. bb, distal bundle branches; His-b, His-bundle; ift, inflow tract; ivr, inter 
ventricular ring; prox. bb, proximal bundle branches; san, sinoatrial node; wm, working myocardium. 
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 In higher vertebrates it is thought that the nodes develop specifically from 
the slow proliferating primary myocardium of the heart tube and retain their 
primitive phenotype (Christoffels et al., 2004a;Moorman and Christoffels, 2003) 
(Fig. 5). This notion correlates with the ballooning model of chamber-formation 
mentioned above and is based on morphological, physiological and molecular 
observations. Several morphological studies on the ultrastructure of adult and 
developing nodal conduction cells refer to these cells as being less differentiated 
than the neighboring working myocardium of the chambers, with a low abundance 
of gap junctions, myofibrils and mitochondria and a low proliferation rate (Bleeker 
et al., 1980;Erokhina and Rumyantsev, 1986;Masson-Pevet et al., 1979;Virágh and 
Challice, 1977;Virágh and Challice, 1980)(Table 1). In accordance with these 
observations, molecular data shows that the nodes express Tbx3, which analogous 
to Tbx2, may suppress the working myocardial phenotype (Hoogaars et al., 2004). 
This “nodal” phenotype is highly reminiscent of that of the primary myocardium of 
the heart tube, which is retained by the outflow tract, atrioventricular canal and the 
inflow tract. In the primary heart tube, the highest pacemaker activity is located at 
the venous pole.  
 The mechanism that ensures the high pacemaker rate at the venous pole 
is not yet known, but will undoubtly involve transcription factors that regulate 
activity of important pacemaker genes like Hcn4. Observations of the electrical 
activity of chicken embryos revealed that subsequent to the initiation of chamber 
development, corresponding with embryonic day 9.5 in mouse, an adult-like 
electrocardiogram can already be observed (Fig.6A) (Moorman et al., 2005;Paff et 
al., 1968). This suggests that the atrioventricular canal and inflow tract have the 
same function as the nodes in the adult heart. Thus, chamber development and the 
retention of primary myocardium results in an adult-like electrical configuration of 
the developing heart. (Fig.6A). This electrical configuration coincides with the 
initiation of Cx40 and Cx43 expression. Furthermore, a dramatic reduction of If with 
corresponding down-regulation of HCN transcripts is seen in mouse ventricular 
cells between E9.5 and E18.5, thus showing a shift from spontaneous to non-
spontaneous myocardial phenotype in working myocardium during development 
(Yasui et al, 2001). 
 Data obtained from several transgenic models suggest that the nodes are 
derived from the primary myocardium of the atrioventricular canal and venous pole. 
CCS-lacZ mice and other transgenic models expressing lacZ in the developing 
conduction system, the Gata-6 enhancer-lacZ and minK-lacZ, show expression of 
the transgene in the primary myocardium of the atrioventricular canal and/or the 
venous pole prior to the formation of the nodes (Davis et al., 2001;Kupershmidt et 
al., 1999;Rentschler et al., 2001). However, the disadvantage of these transgenic 
models is that they are either restricted to certain parts of the conduction system or 



Chapter 1 

 36 

show expression in myocardium that does not contribute to the conduction system. 
Recent data from our lab show that atrial working myocardium flanking the 
sinoatrial node does not contribute to the formation of this structure, suggesting 
that sinoatrial node myocardium escapes chamber formation and differentiates 
from primary myocardium. 
 

5.5. Factors involved in the formation of the conduction system  

Although we gained some insight into the origin of the of the cardiac conduction 
system, the transcriptional program responsible for the development of the nodes 
or the fast conducting components and the molecular pathways involved remain 
clouded. A number of transcription factors have been identified to participate in the 
development and maturation of the conduction system. The above mentioned zinc 
finger protein HF-1b has been implied in the development of the atrioventricular 
and ventricular conduction system, based on data obtained from HF-1b knockout 
mice. These mice display conduction defects such as atrioventricular block and 
ventricular arrhythmias and show deregulation of Cx40, Cx43 and minK expression 
in the ventricular conduction system (Nguyen-Tran et al., 2000). The transcription 
factor Nkx2-5 plays an important role in the development of the atrioventricular 
conduction system and ventricular conduction system. This is visible in patients 
haplo-insufficient for Nkx2-5, who have cardiac defects including atrioventricular 
block and bundle branch block (Benson et al., 1999;Schott et al., 1998). Analysis of 
heterozygous Nkx2-5 mutant mice revealed hypoplastic atrioventricular node and 
His-bundle and hypocellularity of the ventricular conduction system, suggesting this 
transcription factor is essential in the development and differentiation of these 
components of the conduction system (Jay et al., 2004). Interestingly, no records 
exist of sinoatrial node dysfunction in Nkx2-5-haploinsufficient humans or mice. In 
addition, recent experiments in our laboratory show that Nkx2-5 is not expressed in 
the sinoatrial node primordium during early heart development. Thus, Nkx2-5 does 
not seem to play a significant role in the development of this nodal structure as 
opposed to the atrioventricular node. Expression of the transcriptional co-factor 
Hop is dependent on Nkx2-5 in the heart and is enriched in the conduction system 
of the adult heart (Chen et al., 2002;Shin et al., 2002). Adult Hop-knockout mice 
show conduction defects in the fast conducting components of the cardiac 
conduction system without any structural changes. Furthermore, a decrease of 
Cx40 expression was observed in these mice, suggesting an important function for 
Hop in the conduction system is to regulate Cx40 (Ismat et al., 2005). Transcription 
factor Tbx5 has also been implicated in conduction system development. Tbx5 is 
expressed in the sinoatrial node and atrioventricular node throughout development 
(Fig. 6C). Heterozygous mutations in TBX5 in humans cause conduction system 
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defects including bradycardia, atrioventricular block, atrial fibrillation and sinoatrial 
node dysfunction. Furthermore, analysis of mice displaying haploinsufficiency of 
Tbx5 shows that this factor is important for maturation and development of the 
atrioventricular node and bundle branches (Moskowitz et al., 2004). Tbx3 is an 
interesting candidate for the regulation of the “nodal” phenotype since this T-box 
factor is expressed in the primary myocardium of the atrioventricular canal and 
inflow tract, which at later stages develop into the central conduction system 
components (Fig 6B and 6C) (Hoogaars et al., 2004). As mentioned, Tbx3 acts as 
repressor of chamber specific genes and genes important for the function of the 
fast conducting components of the conduction system like Cx40. Heart defects, 
such as septum defects, have been reported in patients with ulnar-mammary 
syndrome, who exhibit haplo-insufficiency of TBX3 (Meninghi et al, 2006). 
However, in these patients no reports of conduction system defects exist, which 
suggest that low amounts of Tbx3 are enough to exert its potential function in the 
conduction system.  
 Future experiments are aimed at finding the molecular pathways in which 
these transcription factors are involved, which will enhance our understanding of 
the development of the cardiac conduction system. 
 

6. Conclusions and future directions 
The development of the fully functional four-chambered heart depends upon a 
complex network of proteins which genetically and physically interact to regulate 
different gene-programs. Genes responsible for important cardiomyocyte functions, 
such as electrical coupling, contraction and pacemaker activity, and the molecular 
pathways that regulate these genes, are emerging. Conserved transcription factors 
such as T-box factors and Nkx2-5 function as important factors, which decide the 
fate of myocardial cell populations in the developing heart. Two distinct populations 
of myocardial cells can be observed in early cardiogenesis, primary myocardium 
and working myocardium, which are segregated by the expression or repression of 
certain genes that generate the cellular phenotype needed for their specific tasks in 
the adult heart. When the linear heart tube loops and chambers are shaped, the 
primary myocardium located at the inflow tract, atrioventricular canal, inner 
curvatures and outflow tract does not participate in the differentiation into the 
working myocardial phenotype, but instead conserves the primary “nodal” 
phenotype. It is important to realize that the primary myocardium is important for 
the formation of two important components in the developing heart, the cushion 
mesenchyme of the atrioventricular canal and outflow tract, which contributes to 
valve formation and septation, and the nodal components of the conduction  
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Figure 6 Development of the cardiac conduction system. (A) An adult-like electrocardiogram can 
already be recorded from an embryonic chicken heart at looping stage (HH18) when chamber formation 
is initiated. (B) Expression of Tbx3 at embryonic day (E) 17.5 is localized in all the central conduction 
system components. (C) Sections showing co-expression of Tbx3 and Tbx5 in the sinoatrial node and 
the atrioventricular node at embryonic day 17.5 in mouse. Note that Tbx5 is also expressed in working 
myocardium of the atrium. Tbx3 expression is complementary to expression of fast conducting gap-
junction protein Cx40 

 
system. Other transcriptional regulators, such as Tbx5 and Nkx2-5, control the 
local formation of the working myocardium at the outer curvatures of the heart tube, 
resulting in the development of the atria and the ventricles. Althought some insight 
has been gained by the identification of important cardiac transcriptional regulators, 
the precise molecular mechanism and the pathways involved in chamber formation 
and other morphogenetic processes during heart development remains enigmatic. 
Future experiments will be aimed at the identification of all molecular determinants, 
such as ion channels, gap junction proteins and cell cycle regulators, which 
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regulate the specific functions and phenotypes found in the different cardiac 
lineages. Large scale screens, such as micro-arrays and chromatin-immuno 
precipitation, for potential downstream target genes of important cardiac 
transcription factors, will allow further insight into the molecular pathways involved 
in heart development. 
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Abstract 

The heart of higher vertebrates is a structurally complicated multi-chambered pump 
that contracts synchronously. For its proper function a number of distinct integrated 
components have to be generated, including force generating compartments, 
unidirectional valves, septa and a system in charge of the initiation and coordinated 
propagation of the depolarizing impulse over the heart. Not surprisingly, a large 
number of regulating factors is involved in these processes that act in complex and 
intertwined pathways to regulate the activity of target genes responsible for 
morphogenesis and function. The finding that mutations in T-box transcription 
factor encoding genes in humans lead to congenital heart defects, has focused 
attention on the importance of this family of regulators in heart development. 
Functional and genetic analyses in a variety of divergent species has demonstrated 
the critical roles of multiple T-box factor gene family members, including Tbx1, -2, -
3, -5, -18 and -20, in the patterning, recruitment, specification, differentiation and 
growth processes underlying formation and integration of the heart components. 
Insight into the roles of T-box factors in these processes will enhance our 
understanding of heart formation and the underlying molecular regulatory 
pathways. 
 
Key words. T-box transcription factor, Tbx, Heart, patterning, heart fields, 
progenitor populations, chamber, conduction system 
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Introduction 

The heart of vertebrates is a unidirectional muscular pump that propels blood by 
means of synchronized contractions of two (fish) or four (mammals, birds) 
chambers, while the one-way valves prevent return-flow [1]. In contrast to most 
other organs, the heart of higher vertebrates must function to supply the embryo 
and the extra embryonic membranes with blood from the moment it forms, pumping 
first in a peristaltic wave along the length of the primitive heart tube, before 
ballooning, looping and transforming into the complex four chambered heart with its 
regular paced beat contraction. To accomplish this, the morphogenetic and 
functional requirements of the heart have been integrated into a perfectly 
coordinated genetic program underlying heart formation. Several key-transcription 
factors involved in this genetic program have been identified, including Nkx2-5 and 
members of the Mef, Gata, Hand, Iroquois, Forkhead and T-box families of factors 
[2, 3]. Although functional requirement of these factors has been demonstrated, 
their precise functions and interactions during cardiac morphogenesis have yet to 
be defined satisfactorily.  
 Although a few early studies made mention of T-box factor genes 
expressed in the heart [4, 5], it was the discovery that mutations in T-box factor 
TBX5 lead to Holt-Oram syndrome, a disease associated with congenital heart 
defects of differing severities, that initiated a series of studies to unravel the 
function of this family of transcription factors in heart development [6, 7]. The T-box 
family presently counts 17 members in mouse and human [8]. Members of the 
Tbx1 subfamily, Tbx1, Tbx18, Tbx20, and of the Tbx2 subfamily, Tbx2, Tbx3 and 
Tbx5, have all been found to play specific roles in heart development [8-10].  
 The embryonic heart is a relatively simple tube emerging from two sheets 
of cardioblasts derived from visceral mesoderm that fuse at the midline. Despite 
decades of experimental evidence that the myocardial cells of the initial heart tube 
represent only the precursors of a small part of the mature heart, a tubular heart 
containing antero-posteriorly aligned segments of precursor cells of all mature 
structures has been the paradigm for developmental patterning until recently. Two 
new insights have invoked a shift in conception. First, direct lineage evidence has 
been provided that non-cardiac progenitor cells peripheral to the initial heart tube 
make extensive contributions to the heart [11] (Fig. 1). Second, chambers 
differentiate and expand locally at positions along the heart-tube in a non-
segmental fashion, a process requiring antero-posterior as well as ventro-dorsal 
patterning [12] (Fig. 2). T-box factors play very prominent roles in both these 
processes. In this review, we will provide an update on T-box factor function in 
heart development, and discuss these functions in the context of novel insights that 
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have significantly increased our appreciation and understanding of heart 
development.  
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Figure 1 Schematic overview of the different cardiac progenitor populations. Precursors of the 
embryonic ventricle (ev), the future left ventricle (lv), are mainly derived from the first heart field (light 
gray), whereas precursors of the outflow tract (oft), right ventricle (rv) and atria (left atrium, la; right 
atrium, ra) are derived from the second heart field (dark gray). The Tbx18+ caudal heart field (gray) 
forms the sinus horns (sh). A, anterior; L, left; P, posterior; R, right. 

Cardiac T-box proteins and their partners 

T-box factors take on a major role in guiding transcription events during cardiac 
development, and their combinatorial T-box protein interaction events must be 
seen as key to determining the individual fate each cell ultimately derives. For 
example, the combinatorial activities and interactions of Tbx5, Tbx20, Nkx2-5 and 
Gata4 lead to cardiac chamber differentiation of which a molecular signature is the 
up-regulation and expression of Nppa (Natriuretic Precursor Peptide type A, also 
known as ANF). Inclusion of Tbx2 and Tbx3 in this network leads to Nppa 
suppression, notably in the atrioventricular canal, signifying an apparent 
suppression of differentiation [8, 12]. Attempts then to examine the function of T-
box factors at the molecular level often turn to techniques that seek to identify 
interacting protein partners. Perhaps one of the better known examples was the 
use of the yeast 2-hybrid system by Hiroi and co-workers [13] in conjunction with 
the homeodomain containing transcription factor Nkx2-5. Using Nkx2-5 as bait in a 
human complementary DNA (cDNA) library screen Tbx5 was identified as 
interacting partner, the synergistic interaction of which was shown to be a key 
event in the differentiation of working myocardium [13, 14]. Mutations which 
interfere with either the capacity of Tbx5 to bind DNA or its ability to interact with 
Nkx2-5 can cause human Holt-Oram syndrome [15-17]. Similarly, a synergistic 
interaction between Tbx1 and Nkx2-5 has recently been postulated to play a role in 
another human congenital disease displaying varying heart malformations, 
DiGeorge syndrome [18]. Although on its own, in vitro, Nkx2-5 appears to function 
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as a moderate transcriptional activator, its ultimate activity as an activator or 
repressor depends on interaction with the T-box factors present in the same cell 
[12]. One may then hypothesize that Nkx2-5 acts as a T-box guidance factor 
instead of a direct transcriptional activator or repressor. 
 Studying congenital defects can itself represent a 'natural' experimental 
setting to discover and elucidate novel protein interactions. One such study 
involving isolated septal defects leads to the inclusion of GATA4 as a new 
synergistic interacting partner of Tbx5, an interaction shown to play a role in the 
expression of Nppa [19]. In our lab we have also demonstrated an in vitro 
interaction between GATA4 and Tbx2/3 (unpublished observations), which taken 
together with the described interaction of Tbx20 with GATA4 [20, 21] suggests that 
in the case of overlapping expression of T-box proteins, the stoichiometry of T-box 
proteins and the restricted presence of other positive or negative regulatory factors 
will ultimately decide timing and direction of cellular fate. 
 In line with this, several other protein interacting partners have been 
assigned to the Tbx5 list [22-24]. The cardiac-enriched MYST family histone 
acetyltransferase TIP60 and Tbx5 were observed to be mutual interactive cofactors 
through the TIP60 zinc finger. In transfection assays, TIP60, Tbx5 and Tbx2 
activate an enhancer in the SRF gene required for expression in the developing 
heart. The zinc-finger containing protein Sall4, as well as being regulated by Tbx5, 
takes on a dual role, functioning co-operatively with Tbx5 and Nkx2-5 to upregulate 
Cx40 (Gja5) and Fgf10 and antagonistically to downregulate certain genes such as 
Nppa. Notably, the presence of Tbx2/3 can completely block the co-operative 
activity of Sall4 on Tbx5, though the dependence for this activity on DNA binding or 
protein-protein interaction was not explored. Further, as is observed for the 
interaction of Gata4 and Nkx2-5 [13, 19], Sall4 is also unable to associate with the 
Tbx5 mutants Gly80Arg and Arg237Trp. This may be indicative of a similar mode 
of interaction, though one must be careful of over-interpreting the effect of point 
mutations on interactions since even small perturbations in molecular structure can 
have significant effects on the overall fold of a protein.  
 TAZ, a WW domain protein also represents a recently discovered protein 
interacting partner of Tbx5 [24]. Postulated to function as a co-activator of Tbx5, 
TAZ and a related protein, YAP, are hypothesized to play a role in cardiac 
development and hypertrophy. Although expression patterns of TAZ in the heart 
are not available, an interesting feature of TAZ is its ability to associate with the 
histone acetyltransferase proteins p300 and PCAF. Co-transfections of Tbx5, TAZ 
and p300 or PCAF were shown to upregulate the Nppa promoter in vitro. However, 
the true in vivo significance of this interaction still needs to be tested. This role of 
epigenetics in cardiac development can be postulated from the discovery that T-
box factors can associate with chromatin-modifying proteins. Chromatin structure 
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and function has been known to have a key role in cell lineage patterning for many 
years, acetylation or deacetylation, for instance, increasing or decreasing the 
accessibility of transcription factor binding sites, respectively. In line with this, Tbx5 
activity is influenced by the presence of the chromatin remodeling protein BAF60c, 
shown to potentiate an interaction between Tbx5 and the Baf complex ATPase 
Brg1 [25] thereby assisting in upregulation of cardiac differentiation. Likewise, 
though functioning in a negative fashion, Tbx2 has been shown to recruit and 
associate with the histone deacetylase HDAC1 [26]. 
 Recently, the PDZ-LIM domain protein LMP4 was found to interact with 
Tbx5 and to repress its transcriptional activity [27, 28]. LMP4 is localized in the 
cytoplasm, associated with the actin cytoskeleton. Interaction between Tbx5 and 
LMP4, which is dynamic and depends on undefined signals, leads to the 
localization of Tbx5 to actin filaments. LMP4 mediated regulation of Tbx5 nuclear 
localization is thought to be involved in the transcriptional regulatory activity of 
Tbx5.  
 In a review concerning aspects of T-box proteins in respect to cell fate 
decision, it is interesting to mention the protein-protein interaction of Tbx20 with a 
marker of the second heart field, Isl1. This Lim/homeodomain protein has so far 
only been demonstrated to interact directly with Tbx20 [20]. This interaction, 
together with a synergistic interaction between Gata4 and Tbx20, plays a role in 
regulating the expression of Nkx2-5 and Mef2c in the precursors of the outflow tract 
and right ventricle.  
 Finally, T-box family members Tbx2 and Tbx5, and Tbx5 and Tbx20, 
respectively, have also been demonstrated to directly interact with each other [22, 
29] and demonstrate a synergistic role during heart development. Although T-box 
dimerization has often been postulated, chiefly on the basis of the Xenopus T 
protein (Xbra) homodimer crystal structure and DNA binding characteristics of 
TBX1 [30, 31], these examples represent the first T-box proteins demonstrated to 
heterodimerize, forming a synergistically functional complex. 

 
The function of T-box-factors in the progenitor populations 
of the heart 
 
During its development, the embryonic heart tube increases in length severalfold. 
Paradoxically, the tube itself shows limited proliferation, indicating that the increase 
must be attributable to recruitment of precursors to the myocardial phenotype [32]. 
Current estimates in mouse suggest that only the precursors of the future left 
ventricle, and perhaps part of the future atrioventricular canal and atria, are derived 
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Figure 2 Schematic overview of heart development in higher vertebrates. Chamber myocardium (red, 
ventricular; blue, atrial) expands from the outer curvatures of the primary heart tube, whereas non-
chamber myocardium (gray) of the inflow tract (ift), sinus horns (sh), atrioventricular canal (avc), outflow 
tract (oft), and inner curvatures does not expand. Sinus horn myocardium gives rise to the sinoatrial 
node (san), atrioventricular canal myocardium to the atrioventricular node (avn) and atrioventricular 
junction. The first three panels show the left-lateral view. A, anterior; D, dorsal; P, posterior; V, ventral; 
a, atrium; avb, atrioventricular bundle; avc, atrioventricular canal; ev, embryonic ventricle; la, left atria; 
lv, left ventricle; ra, right atrium; rv, right ventricle. 

 
from the first lineage of myocardial cells that comprise the embryonic heart tube 
(Fig. 1). The remainder of the compartments, the outflow tract, right ventricle and 
atria, are derived from the undifferentiated precursor cells present outside the heart 
tube. This population has been referred to as 'the second lineage' or 'second heart 
field' and contains sub-populations referred to as 'secondary heart field' and 
'anterior heart field' [3, 11]. At 7.5 days of mouse development, this second field is 



Chapter 2 

 58 

present medially to the cardiac crescent that forms the heart tube (Fig. 1). During 
and after folding of the embryo, the second field becomes positioned in the 
pharyngeal mesoderm, the pericardial mesothelium and mesoderm cranially, 
dorsal and caudal to the tubular heart. This precursor field progressively provides 
contributions to both poles and to the dorsal wall of the heart tube via the dorsal 
mesocardium until this structure is disrupted later during development. 
 It is currently unclear whether the fields are discrete entities, or just 
subpopulations of one large heart precursor field. However, several transcriptional 
regulators, including Tbx1, have been identified that are selectively expressed in, 
or are selectively required for a cellular subset of the second heart field. Recent 
evidence from our laboratory indicates the presence of yet another precursor 
population with a molecular signature distinct from that of the first and second heart 
fields (see below). Therefore, a picture emerges of one large precursor pool for the 
heart comprising subpopulations, such as the first and second heart fields, each 
with distinctive gene programs, and providing spatially and temporally segregated 
contributions to the heart tube.  
 

Tbx1 and the second heart field 
DiGeorge syndrome, also known as del22q11 syndrome based on a 1.5-3 MB 
genomic deletion at 22q11.2 region seen in many patients [33, 34], is a common 
congenital disorder characterized by a variety of abnormalities, including absence 
or hypoplasia of the thymus, cleft palate, facial dysmorphism and cardiovascular 
anomalies such as aortic arch malformation (specifically hypoplasia of 4th 
pharyngeal arch artery), outflow tract defects and ventricular septal defects. Tbx1-
deficient mice phenocopy important aspects of DiGeorge Syndrome, including 
outflow tract abnormalities [35-37]. Therefore, Tbx1 has a specific function in 
outflow tract morphogenesis in the developing heart.  
 Expression of Tbx1 can be detected in pharyngeal endoderm, the 
mesodermal core of the pharyngeal arches, and the second heart field [38-42]. 
Genetic lineage studies have demonstrated that Tbx1-positive cells in the second 
heart field provide extensive contributions between E8.5 and E9.5 to the outflow 
tract myocardium, endocardium and mesenchymal cushions [42-44]. A limited 
contribution can also be seen in the atria [44], suggesting that Tbx1 is also 
expressed in the larger second heart field. Tracing of the Tbx1-positive lineage 
revealed diminished contribution of these cells to the outflow tract in a Tbx1-
deficient background. Furthermore, conditional deletion of Tbx1 within the second 
heart field results in reduced cell proliferation, which may underlie the reduced 
contributions of the second heart field to the outflow tract in Tbx1-deficient mice 
[42]. Elegant time-course deletion experiments have further demonstrated that 
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Tbx1 is required for outflow tract development between E8.5/9 and E9.5, coinciding 
with the secondary heart field progenitors contributing to the outflow tract [42]. 
 Cardiac defects seen in Tbx1-deficient mice are similar to those observed 
in Fgf8 hypomorphs [45, 46], suggesting that both may act along a common 
pathway. Fgf8, Fgf10 and Tbx1 are all co-expressed in the second heart field [40-
42]. Tbx1 null mice show reduced Fgf8 expression in the outflow tract and reduced 
expression of both Fgf8 and Fgf10 in the pharyngeal mesoderm [40-42]. 
Conversely, over-expression of Tbx1 in the myocardium appears to induce Fgf8 
and Fgf10 expression, and increase outflow tract myocardium [40]. Furthermore, 
Tbx1 was found to regulate transcriptional activity of Fgf8 and Fgf10 through 
association with conserved T-box binding sites in their promoter sequences [40, 
42]. Consistent with these findings, conditional deletion of Fgf8 in the Tbx1-positive 
region resulted in outflow tract defects, suggesting a genetic interaction [43]. 
Although Fgf8 signaling is indeed crucial for normal development of second heart 
field progenitors and outflow tract septation, as two recent studies demonstrated 
[47, 48], another recent study showed that forced expression of Fgf8 in Tbx1 null 
mice or conditional deletion of Fgf8 in Tbx1-expressing region did not rescue or 
change the Tbx1 outflow tract phenotype. This indicates that Tbx1 and Fgf8 act 
independently in outflow tract development [49]. 
 Pitx2c-deficient mice have outflow tract defects and, recently Pitx2c was 
identified as a putative target of Tbx1 in a subpopulation of the second heart field 
[18]. In Tbx1 null mice the expression of Pitx2 is down-regulated in this 
subpopulation, along with the outflow tract and splanchnic mesoderm. The 
phenotype of Tbx1+/- Pitx2+/- heterozygous mice appeared more severe when 
compared to single heterozygous mutant mice of either gene, suggesting a genetic 
interaction. Moreover, Tbx1 binds to a critical Pitx2 enhancer and synergistically 
induces transcriptional activity of this enhancer together with Nkx2-5, further 
indicating that Tbx1 and Nkx2-5 act in the same pathway for outflow tract 
morphogenesis [18]. 
Regulation of Tbx1 in the second heart field subpopulation has been shown to 
depend upon the presence of two enhancers that contain conserved binding sites 
for forkhead transcription factors [40, 44, 50]. The forkhead transcription factors 
Foxa2, Foxc1 and Foxc2 are able to bind to these sites and to induce 
transcriptional activity of these Tbx1 enhancers. Furthermore, Foxa2 and Tbx1 co-
localize in the second heart field, and Foxa2 has been demonstrated to be a target 
of Tbx1 [40, 44]. Taken together, these data suggest that Foxa2 and Tbx1 act in a 
common pathway in the second heart field critical for normal outflow tract 
development.  
 
 



Chapter 2 

 60 

Table 1. Cardiac expression patterns of T-box factors during recruitment and chamber formation (E9.5) 
and during septation (E12.5). 
 

E9.5 Tbx1 Tbx2 Tbx3 Tbx5 Tbx18 Tbx20 Cx40 Nppa 
2nd HF, posterior - + + + - + - - 
Caudal progenitors - - - - ++ - - - 
Inflow tract - +/- + ++ - + - - 
Atria - - - + - + + + 
AVC myocard. - + + + - + - - 
AVC mesench. - + + +/- +/- + - - 
Left ventricle - - - + - + + + 
Right ventricle - - - +/- - + +/- +/- 
OFT myocard. - + - - - + - - 
OFT mesench. - + +/- - + + - - 
2nd HF, anterior + + + - - + - - 
Pro epicardium - - - + ++ +/- - - 
E12.5         
Sinus horns - - - + ++ + - - 
Atria - - - + - + + + 
Mediastinal myocard. - - - + - + + - 
Pulm. vein myocard. - - - + - + + + 
Pulm. vein mesench. - - - + - + - - 
Sinoatrial node - - + + + +/- - - 
Venous valves - - +/- 1 + - - + + 
Primary atrial septum - - - + - + + -  
AV canal myocard. - + + + - + - - 
AVC mesench. - + 2  + 2  + 2  +/- 3 ++ 2  - - 
Left ventricle - - - + 4 + 5 + 6 + 4 + 4 
Interventr. septum - - - +/- 7 +   + +/- + 
AV bundle - - + + - +/- - - 
Right ventricle - - - + 8 - + 6 + 8 + 4  
OFT myocard. - + - - - + - - 
OFT mesench. - +/- +/- - +  ++ - - 
Intraper. art. trunk + - - - - + - - 
Epicardium - - 9 - 9 - 9 ++ + 10  - - 

 
These data have been extracted from [20, 21, 38, 39, 41, 51, 61-63, 65, 74, 107] and our own 
observations. AV, atrioventricular; Intraper.art.trunk, intrapericardial arterial trunk (non-myocardial); 
OFT, outflow tract; Pulm., pulmonary. 1, only in small dorsal part; 2, lumen to myocardium gradient; 3, 
endocardium; 4, higher trabecular myocardium; 5, restricted to compact myocardium; 6, higher in 
compact myocardium; 7, left ventricular componen is positivet; 8, restricted to trabecular myocardium; 9, 
very weak expression; 10, high in epicardium of AV groove. 

 
Roles for T-box factors in recruitment and elongation of the 
heart tube 
 
Tbx20, of which several splice-variants exist, is expressed in the first heart field, in 
a subset of second heart field progenitors, and in the endocardium and derived 
mesenchyme of the atrioventricular and outflow tract cushions [20, 21, 51] (Table 
1). After looping, the expression of Tbx20 decreases in chamber myocardium 
compared with atrioventricular and cardiac outflow regions [20, 21]. A recent series 
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of papers showed that mice deficient for Tbx20 die early during development, 
displaying severely underdeveloped, short heart tubes [20, 52-54]. Failure in the 
deployment or recruitment of the second heart field is likely to be a contributing 
factor to this phenomenon, as elongation of the heart tube is primarily achieved by 
recruitment of the extra-cardiac second heart field progenitors rather than by 
proliferation. Defects in either a cell-autonomous or a non-cell-autonomous process 
may underlie this problem, though the expression pattern of Tbx20 is compatible 
with both. 
 In Tbx20 null and RNA interference (RNAi) knock-down embryos the 
expression of Nkx2-5 and Mef2c, both required for anterior heart field formation, 
was found to be moderately to severely down-regulated in two studies [20, 54]. 
RNAi knock-down of Tbx20 in mice results in hypoplasia of the outflow tract and 
right ventricle [20], derivatives of the anterior heart field. Furthermore, Tbx20 was 
found to synergize with Islet1 and Gata4 to activate a Mef2c anterior heart field 
enhancer and a Nkx2-5 cardiac enhancer. Together, these data indicate that 
Tbx20 is directly involved in controlling the anterior heart field. Although down-
regulation of Nkx2-5 and Mef2c expression in Tbx20 mutants was not always found 
[53], ectopic up-regulation of Tbx2 was consistently observed [52-54]. Our lab 
previously showed that β-myosin heavy chain promoter-driven expression of Tbx2 
in the heart tube prior to chamber formation caused a complete block of chamber 
differentiation (see below) and failure to elongate the heart tube. The cardiac 
phenotype of these embryos is very similar to that of Tbx20 mutant mice, strongly 
suggesting that de-repression of Tbx2 can largely account for the phenotype in 
Tbx20 mutants. If we assume that defective recruitment of second heart field 
progenitors underlies the phenotypes of Tbx2 overexpression and Tbx20 null mice, 
the question is how excess Tbx2 in myocardium can interfere with recruitment 
from, or deployment of the extra-cardiac progenitors? The answer to this remains 
elusive, but leads one to speculate that the myocardium itself controls progenitor 
recruitment. Soluble factors, such as members of the bone morphogenetic (BMP) 
or fibroblast growth factor (FGF) families, are involved in differentiation of 
myocardium and in regulation of the anterior heart field [55]. Several studies have 
shown that BMP and FGF factors are regulated by T-box factors in several tissues 
[41, 56-58]. Changes in T-box gene expression in the heart tube may affect the 
production of these soluble factors, leading to defective intercellular signaling 
underlying progenitor proliferation or recruitment and differentiation. 
 Tbx5 mutant heart tubes are similarly short and hypoplastic. They also 
display a caudal to cranial gradient in the severity of the defect and a failure of 
looping [59]. Once again a defect in the process of elongation by recruitment of 
progenitors that reside in the dorso-caudal region of the second heart field to the 
caudal end of the heart tube cannot be excluded as an underlying cause of the 



Chapter 2 

 62 

mutant phenotype. Tbx5 is also expressed in the dorso-caudal domain of the 
second heart field (Table 1, Fig. 3). Therefore, one cannot discriminate between 
direct and indirect (non-cell autonomous) functions of Tbx5 in recruitment of 
progenitors to the heart tube. The same holds for mice deficient in Tbx2 or Tbx3. 
Both display outflow tract defects [60] (Robert Kelly, V. Papaioannou, personal 
communication), and both are expressed in a subpopulation of the second heart 
field [60-62] (Table 1, Fig. 3).  
 

Tbx18 and the caudal heart field 
During folding of the embryo, Tbx18 is expressed in a small sub-population of cells 
ventral to the developing heart tube (Fig. 1, Table 1). This region is spatially 
associated with the precursors of the forming septum transversum, and gives rise 
to the pro-epicardium and the mesenchyme that borders the myocardial inflow tract 
of the heart [63]. Tbx18 is required for maintaining antero-posterior polarity in 
somites [64]. Tbx18-deficient mice die shortly after birth as a result of severe 
skeletal malformations. The absence of any noticeable defects in the highly Tbx18-
positive (pro) epicardial cells and their derivatives, including coronary arteries is 
unexpected. Nevertheless, Tbx18-deficient mice do develop heart defects.  
 The sinus horns are the myocardial parts of the common cardinal veins 
upstream of the venous valves. Recent mouse lineage and expression analysis 
experiments from our lab have demonstrated that sinus horn myocardium forms 
after E9.5 by recruitment of Nkx2-5-negative, but Tbx18-positive, mesenchymal 
precursors located in the periphery of the inflow tract [65]. This reciprocal pattern 
was found to be conserved in the chick. Normally, the common cardinal veins are 
released from the mesenchymal pericardial wall into the pericardium, and the wall 
of the released vein subsequently differentiates into myocardium. Both processes 
fail in mice that lack Tbx18. As a consequence, the right and left superior caval 
veins run through the pleuro-pericardial membrane, where they eventually become 
myocardialized. Intriguingly, the expression pattern of Tbx18 in the sinus horns of 
mouse and chicken is conserved in zebra fish [66], supporting the view that the 
sinus venosus of fish is the evolutionary equivalent of the sinus horns.  
 Isl1 expression was found to be largely excluded from the Tbx18-positive 
precursor population. The fact that the first and second heart fields express Isl1 
and Nkx2-5, but not Tbx18, defines the sinus horn precursor population as a 
genetically distinct field in its own right. Furthermore, the second heart field is 
positioned medially to the cardiac crescent before folding of the embryo (Fig. 1). In 
contrast, the septum transversum progenitors, with which the Tbx18-expressing 
precursors are associated, are localized laterally and cranially to the cardiac 
crescent (Fig. 1). The sinus horn precursors are thus spatially separated from the 
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second heart field progenitors. Of interest, the two fields meet at the inflow tract 
(Fig. 1), suggesting that sinus horn myocardium recruited first directly adjacent to 
the atria, such as the sinoatrial node, may receive contributions from both 
populations.  
 

Roles for T-box factors in chamber development and 
conduction system formation 
 
Some time around E10, shortly after looping, the cardiac blueprint has been set 
and development is well underway. While the embryonic heart tube enlarges by 
recruiting precursor cells at the poles and via the dorsal mesocardium, a secondary 
process of chamber differentiation is being initiated. At E8-8.5, the expression of 
marker genes for ventricular and atrial chamber myocardium, including Nppa, 
Chisel (Smpx) and Cx40, can already be observed at the ventral side of the heart 
tube [12] (Fig. 2). This region will expand ('balloon') to form the embryonic left 
ventricle at the outer curvature [67]. Somewhat later, right-ventricular and atrial 
expression of the chamber markers is observed at discrete sites of the outer 
curvature, these being the regions which will expand to form the respective 
chamber compartments. Importantly, the sinus venosus, atrioventricular canal, 
inner curvature and the outflow tract will not initiate the expression of chamber 
markers and will not expand. These structures initially retain the original embryonic 
phenotype. The sinus venosus and atrioventricular canal presumably will give rise 
to the nodal components of the conduction system [1](Fig. 2). The compartments 
do not arise from specific heart fields, but rather to a varying degree obtain 
contributions from the first and second heart fields, although the initially formed left-
ventricular compartment receives most contribution from the first heart field [55, 68] 
(Fig. 1). Therefore, local cues rather than distinct lineages probably regulate the 
sites of chamber differentiation. Taking into account the positioning of the 
differentiating chambers, it is likely that antero-posterior and dorso-ventral 
patterning underlies chamber formation or the repression thereof (Fig. 2, 4).  
 The non-chamber myocardium of the atrioventricular canal, inner 
curvatures and outflow tract provide signals to the underlying endocardium to form 
cushions [69], from which subsequently the valves and major parts of the septa will 
be formed. Furthermore, the atrioventricular canal retains its slow conducting 
properties, and will serve to delay the propagation of the impulse from atria to 
ventricles. The accordingly acquired configuration of slow conducting and 
contracting primary myocardium and fast conducting and contracting atrial and 
ventricular chambers, with dominant pacemaker activity always found at the caudal 
venous end, is sufficient to obtain a synchronously contracting heart with a 
functional conduction system [1]. Obviously, many more morphogenetic steps will 
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still have to be taken to generate septa, valves, and a mature nodal and ventricular 
conduction system before the heart truly reaches its mature form (Fig. 2).  
 

Tbx5 and establishing the anterior-posterior pattern 
T-box factors play critical roles in the establishment of the cardiac blueprint. The 
presence of antero-posterior, or cranio-caudal, patterning in the heart tube is a 
well-established phenomena, believed to guide the formation of distinct 
components along the antero-posterior axis. Retinoic acid plays a determining role 
in antero-posterior patterning, as it provides caudal cardiac progenitors with 
positional information, thus invoking the sinuatrial identity and further development 
of these precursors [70, 71]. Tbx5 is expressed in a caudal-high antero-posterior 
gradient in the heart tube, a gradient regulated by retinoic acid [71, 72]. Tbx5-
deficiency results in cardiac developmental arrest, the formed but unlooped heart 
tube being characterized by a hypoplastic caudal end, indicating that Tbx5 plays a 
pivotal role in development (recruitment or expansion) of the sinuatrial precursor 
population. Forced expression of Tbx5 in the entire heart causes an arrest in heart 
development and loss of Mlc2v expression, an anterior marker gene not normally 
expressed in the sinuatrial region [72]. Furthermore, expression of myosin heavy 
chain 6, a gene important for development of the sinoatrial region, has been shown 
to be regulated by Tbx5 in vitro [73]. Thus, Tbx5 may represent a patterning factor 
linking positional information provided by retinoic acid and development of the 
sinuatrial region of the heart.  
 Formation of the interventricular septum is initiated as early as E9.5-10, 
concomitant with differentiation and expansion of the left and right ventricles. Since 
the left and right ventricles are specified along the antero-posterior axis, the 
interventricular septum can be regarded as an antero-posterior boundary structure 
between these two ventricles. Normally, the left ventricle expresses more Tbx5 
than the right ventricle [74]. Ectopic expression of Tbx5 in the developing ventricles 
results in an interventricular septal defect and a single ventricle with left-ventricular 
identity [75]. More localized ectopic expression results in a rightward (= anterior) 
shift of the interventricular septum, and up-regulation of several transcripts 
normally enriched in the left ventricle [75]. These studies suggest Tbx5 is 
necessary for left ventricular identity, thus defining the boundary between the left 
and right ventricle and providing cues for the localization of interventricular septum 
formation. In mouse, Sall4 may be an effector gene of Tbx5 in this process. 
Ventricular Nppa expression is higher in the left ventricle and excluded from the 
developing interventricular septum. In both Sall4 and Tbx5 haploinsufficient 
embryos, Nppa expression is increased in right ventricle and the expression 
boundary is lost [23]. While Tbx5 is required for both Sall4 and Nppa expression, 
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Sall4 represses transcriptional activity of Nppa in the interventricular septum. Thus, 
Tbx5 activates a repressor of its own target genes at the interventricular boundary 
of its expression domain [23].  
 

T-box factors control chamber position and node retention 
Tbx5 and Nkx2-5 mutant embryos fail to develop chambers [59, 76, 77]. Both 
factors control growth and are critical to the activation of chamber-specific genes, 
including Cx40 and Nppa [13, 59, 78, 79]. These findings have been fundamental 
to our insights into the molecular programs that drive chamber differentiation. 
However, the highly localized differentiation of the chambers cannot be explained 
by the broad expression patterns of these factors in chamber and primary 
myocardium. Moreover, both Tbx5 and Nkx2-5 are involved in the formation of, 
again very localized, atrioventricular derived components of the conduction system 
[80-82].  
 In search of a possible mechanism for chamber-specific expression of 
Nppa, we demonstrated that both a single TBE (T-box binding site) and adjacent 
NKE (Nkx2-5 binding site) present in the Nppa promoter are required for repression 
of Nppa in the atrioventricular canal [83] and outflow tract [84]. Tbx2 and Tbx3 
were found to interact with the TBE, to repress Nppa through this site, and to 
effectively compete with Tbx5 in the trans-activation of the Nppa and Cx40 
promoter [61, 62, 83]. Expression of Tbx2 and Tbx3 is confined to primary (non-
chamber) myocardium, remarkably mutually exclusive of Nppa, Cx40, Cx43, Chisel 
and other chamber-specific genes [60-62, 83]. These findings seem to dictate a 
model in which chamber formation (atria, left and right ventricle) and differentiation 
is driven by broadly expressed factors. An additional layer of spatially restricted 
repressors inhibits this process in regions where chambers do not develop, i.e. the 
inflow tract, atrioventricular canal, inner curvatures and outflow tract [12](Fig. 4). 
Tbx2 gain and loss of function experiments have demonstrated that Tbx2 is indeed 
able and required to inhibit chamber formation and expression of chamber marker 
genes [60, 61]. Tbx3 is expressed in a subdomain of the Tbx2 domain, and 
whereas it is able to block chamber formation when expressed ectopically, its 
deficiency does not lead to obvious defects in atrioventricular canal patterning, 
indicating functional redundancy with Tbx2 (our unpublished observations).  
 How do Tbx2 and Tbx3 exert their functions? Both factors act as 
repressors of transcription and share DNA binding properties and target genes [31, 
85-88]. They effectively compete with Tbx5, a transcriptional activator, for TBE-
binding and for Nkx2-5, a cardiac accessory factor, thus repressing chamber-
specific genes and chamber differentiation [61, 62, 83]. The finding that Tbx3 
inhibits myogenic differentiation [89] is compatible with their assumed roles in 
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inhibiting differentiation of chamber muscle. A conspicuous property of primary 
myocardium is that it retains its low proliferation rate while the chambers are rapidly 
proliferating and expanding. Both Tbx2 and Tbx3 appear able to by-pass 
senescence, and are reported to be amplified and over-expressed in various 
cancers [28, 89-93]. They directly suppress the tumor suppressor/cell-cycle 
inhibitors p19ARF (Arf) and p21Cip1 (Cdkn1a) [26, 89-91, 94], the latter by recruiting 
HDAC1 to the initiator of the p21 promoter [26]. Moreover, Tbx2 is tightly regulated 
during the cell-cycle, with highest expression levels during late S-phase and G2 
[95]. These properties would seem to support a role for Tbx2 and Tbx3 in 
regulating proliferation in the primary myocardium, but fall short of explaining why 
their functions seem opposing in myocardium as compared to other systems. 
Moreover, p21, p19ARF/p16INK4a and p15INK4b are not elevated in Tbx2-deficient 
embryos, and mutation of p53, upregulated by p19 suppression, did not rescue the 
Tbx2 mutant phenotype [60]. However, the lack of response may be due to 
compensating factors participating in this pathway, such as Tbx3 that is co-
expressed in the heart [60].  
 Nmyc1 (N-myc) is required for early myocardial proliferation [96, 97]. Its 
transcripts are enriched in the compact, fast-proliferating layer of the chambers, in 
a pattern complementary to that of Tbx2 [52, 96]. Evans and co-workers [52] found 
that Tbx2 directly represses Nmyc1 and cyclin A2 (Ccna2), a feature implicated in 
myocyte proliferation, thus linking localized Tbx2 expression to localized 
differences in proliferation through Nmyc1. However, recent experiments do not 
support this role of Tbx2. When ectopically expressed in the pre-chamber heart, 
Tbx2 (Laurent Dupays and Timothy Mohun, personal communication) or Tbx3 (our 
unpublished observations) blocks chamber formation and chamber-specific gene 
expression, but Nmyc1 expression is not affected. Therefore, it seems fair to 
conclude that the mechanism of the localized regulation of proliferation still remains 
to be defined.  
 Although lineage data is lacking, careful morphological analysis and gene 
expression studies indicate that the sinoatrial node develops from primary 
myocardium at the junction between the right sinus horn and the right atrium, 
whereas the atrioventricular node develops from the atrioventricular canal. The 
node precursors consequently express Tbx2 and Tbx3. During development, Tbx2 
becomes down-regulated, whereas Tbx3 expression is maintained specifically in 
the nodes, and is the only known transcription factor to be so expressed [61, 62]. 
As mature nodes display many features that resemble primary myocardium in the 
embryo, it is attractive to hypothesize that their formation is derived by Tbx2 and 
Tbx3 maintaining the primary phenotype. Current efforts to address this issue are 
ongoing, and hint at an even more active role of Tbx3 in node formation (our 
unpublished results). As discussed above, both Tbx5 and Nkx2-5 are required for 
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atrioventricular conduction system development [80, 81], while their expression is 
not specific to these areas. By integration of Tbx2/3 into the Tbx5-Nkx2-5 pathway 
in the atrioventricular conduction system, we may begin to explain some of the 
highly localized defects in mice haploinsufficient for Tbx5 or Nkx2-5.  
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Figure 3 Transverse serial sections of an E9.5 mouse embryo showing the expression of T-box genes 
in the heart. (A) T-box expression patterns in the inflow tract / dorsal mesocardium region compared to 
second heart field marker Isl1 and myocardial marker Mlc2a. The black arrows depict the dorsal 
posterior region of the Isl1+ second heart field, which expresses Tbx5 and Tbx20. The red arrows depict 
the caudal heart field, which only expresses Tbx18. (B) T-box expression patterns in the outflow tract / 
pharyngeal region. The black arrows and red arrows depict the pericardial mesothelium and 
mesenchyme, respectively, of the anterior region of the second heart field, which expresses Tbx20, 
Tbx2 and Tbx3. Note the expression of Tbx5 and Tbx18 in the proepicardium (pe). The asterisk marks 
the atrioventricular cushion mesenchyme expressing Tbx20, Tbx2 and Tbx3. avc, atrioventricular canal; 
ep, epicardium; la, left atrium; lccv, left common cardinal vein; pe, proepicardium; pa, pharyngeal 
arches; ra, right atrium; rv, right ventricle; st, septum transversum. 

 
T-box factors and transcriptional networks for septation and 
conduction system function 
 
A strict dosage level of Tbx5 is required for septum formation and conduction 
system maturation [81]. A large fraction of individuals with Holt-Oram syndrome 
have heart defects, including atrial and/or (muscular) ventricular septal defects, and 
they are at risk for progressive atrioventricular block and atrial fibrillation [15, 98]. 
The dose-dependent regulation of target genes [99] and the requirement of Tbx5 
for cell-cycle progression [78] probably represent the underlying cause of these 
defects. Not surprisingly perhaps, proteins working together to coordinate a 
process often derive a similar spectrum of phenotypes when mutated. Mutations in 
the Tbx5 interacting partners Nkx2-5, Gata4 and Sall4 like Tbx5 itself are known to 
cause septum defects and, in the case of Nkx2-5, atrioventricular conduction 
defects [19, 23, 100]. Tbx20 can interact with all of these factors, and is required 
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for septation [20, 21, 54]. Careful analysis of Tbx20 heterozygous mutant mice 
revealed atrial septal defects that were more frequent and severe than in Nkx2-5+/- 
Tbx20+/- double mutant mice [54]. Tbx3 is also part of this network. Mutations in 
TBX3 cause ulnar-mammary syndrome characterized by defects in breast 
development, apocrine gland, limb and genital formation [101], and, indeed, low 
penetrance ventricular septal defects and pulmonary stenosis [102]. These genetic 
and functional data indicate that septation of the atria and ventricles is governed by 
a tightly regulated and often spatially constrained network of interacting 
transcription factors [103]. The sensitivity of this network and the many 
manifestations of septum defects seen in mutants possibly reflects the complexity 
of the formation of these structures, that involves complex signaling and 
coordinated directional growth and apoptosis of the cushion mesenchyme and 
myocardial muscle. The challenge will be to elucidate the requirements, functions 
and interaction of the transcription factors in the distinct tissues during septation.  
 

A regulatory T-box factor network 
Recent studies of the regulation of T-box genes and the identification of some of 
their target genes have provided a picture, albeit far from complete, of the 
regulatory network that controls the temporally and spatially resolved formation of 
the heart components (Fig. 4). Whereas Tbx2 and Tbx3 suppress chamber specific 
genes, their own regulation is controlled by Bmp-Smad signaling. Bmp2 is 
expressed in the atrioventricular canal from its earliest stages of formation onward, 
and is required for Tbx2 expression [69, 104]. Furthermore, Bmp2 soaked beads 
induce Tbx2 and Tbx3 expression [104]. Conditional inactivation of the Type I Bmp 
receptor (Bmpr1a / Alk3) in the heart leads to reduced Tbx2 and Tbx3 levels [105]. 
Evidence has been put forward which suggests that the Tbx3 promoter is directly 
regulated by Bmp Smads that interact with a consensus Smad binding element 1.3 
kbp upstream of the transcription start site [105]. Since our results seem to 
demonstrate that a 6 kbp upstream promoter fragment of Tbx3 is not sufficient to 
drive cardiac expression in transgenic mice (our unpublished observations), the 
contribution of this pathway to Tbx3 regulation in vivo remains to be verified. 
Whereas Bmp2 induces Tbx2 and Tbx3 in the atrioventricular canal, the expression 
profile of Bmp4 indicates that this ligand may do the same in the primary 
myocardial sinus venosus and outflow tract.  
 Expression of Tbx2 is derepressed in hearts of Tbx20-deficient embryos, 
implicating Tbx20 in the repression of Tbx2 throughout the heart tube [52, 53]. 
Chromatin immuno-precipitation analysis and transfection assays indicated that 
Tbx20 may directly interact with the Tbx2 promoter to suppress its activity [52]. 
Because Tbx20 and Tbx2 expression overlap in the atrioventricular canal and 
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outflow tract, the presence of a counter-acting activating pathway relieving Tbx20-
mediated repression has to be conceived. The most obvious candidate would be a 
Bmp2/4-Smad pathway. However, whereas Tbx2 was consistently found to be up-
regulated in Tbx20 mutants in all studies, Bmp2 was found to be either down [52, 
54] or ectopically upregulated [53]. Intriguingly, Tbx20 may itself also be positively 
regulated by BMPs. BMP2 induces Tbx20 expression in the undifferentiated pre-
cardiac mesoderm in chick [106] and inactivation of Type I Bmp receptor in cardiac 
progenitor cells results in a modest down-regulation of Tbx20. However, again 
inconsistently, inactivation of Bmp2 in the heart progenitors does not lead to 
reduced Tbx20 expression [69]. Tbx3 is not de-repressed in Tbx20 mutants, 
demonstrating that despite their similarity in structure and function, Tbx2 and Tbx3 
are regulated by distinct inputs. Similarly, applied BMP2 induces Tbx2, Tbx3 and 
Tbx20 but not Tbx5 [104, 106]. Furthermore, a recent genome-wide analysis of 
Tbx5 target genes revealed that Tbx3, but not Tbx2, is positively regulated by Tbx5 
[99].  
Together, these findings provide a first glimpse into the complicated and multi-
layered T-box factor network that controls critical steps in the localized formation of 
the components of the heart. 
 

Concluding remarks 
T-box transcription factors have multiple and diverse roles in gene regulation and 
heart development. They are critical to patterning, localized proliferation, 
differentiation, chamber formation, development of conduction system components, 
septation and valvulogenesis. Studying their functions has been rewarding, 
bringing our understanding of heart development to a higher level. The challenge 
will be to understand precisely how T-box factors regulate the different aspects of 
heart morphogenesis. Current evidence shows that T-box factors act in genetic 
cross-regulatory networks, that they act together with a variety of other proteins, 
that they have overlapping as well as unique functions, and that their functions 
depend on tissue-specific context and stage of development. To study these 
functions, new animal models that allow cell-type and stage specific activation or 
inactivation of multiple T-box factor genes are being constructed and analyzed, and 
large-scale screens for T-box factor target genes and interaction partners in 
different animal models and tissues, are being performed. These studies will reveal 
novel and important details of known molecular pathways controlling specific 
aspects of heart morphogenesis, which will bring us closer to understanding 
congenital heart defects.  
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Figure 4 Role of T-box factors in early heart development. (A) Schematic representation of an E9.5-
10.5 heart showing T-box patterning in the different emerging structures. Tbx2 and Tbx3 exert their 
function in the non-chamber myocardium, Tbx1 in the outflow tract, and Tbx18 in the sinus horns. 
Yellow bars indicate expression patterns of Tbx5, Tbx20 and Nkx2-5. Tbx5 is required for antero-
posterior patterning and, along with Tbx20 and Nkx2-5, for chamber differentiation. Note absence of 
Nkx2-5 expression from sinus horns. (B) Working model of a T-box factor regulatory network for 
chamber formation. Tbx2 and Tbx3 act as repressor of chamber differentiation in primary myocardium 
where they compete with Tbx5, while BMP signaling stimulates Tbx2/3 (and Tbx20) expression in the 
primary myocardium. Tbx20 represses Tbx2 expression in chamber myocardium and regulates 
proliferation. Tbx5 acts as a positive regulator of chamber genes and proliferation, thus stimulating 
chamber differentiation.  
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Abstract 

Specific regions of the embryonic heart tube differentiate into atrial and ventricular 
chamber myocardium, whereas the inflow tract, atrioventricular canal, inner 
curvatures and outflow tract do not. These regions express Tbx2, a transcriptional 
repressor. Here we tested its role in chamber formation. The temporal and spatial 
pattern of Tbx2 mRNA and protein expression in mouse hearts was found to be 
complementary to that of chamber myocardium-specific genes Nppa, Cx40, Cx43 
and Chisel, and was conserved in human. In vitro, Tbx2 repressed the activity of 
regulatory fragments of Cx40, Cx43 and Nppa. Hearts of transgenic embryos that 
expressed Tbx2 in the prechamber myocardium completely failed to form 
chambers and to express the chamber myocardium-specific genes Nppa, Cx40 
and Chisel, whereas other cardiac genes were normally expressed. These findings 
provide the first evidence that Tbx2 is a determinant in the local repression of 
chamber-specific gene expression and chamber differentiation.  
 
 
 
 
Key words: heart development, chamber formation, chamber differentiation, Tbx2, 
transcription factor 
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Introduction 

During development, specific regions of the primary heart tube initiate a chamber 
myocardium-specific program of gene expression, which includes the expression of 
Natriuretic precursor peptide type A (Nppa), Connexin (Cx) 40, Cx43 and Chisel 
(van Kempen et al. 1996; Delorme et al. 1997; Christoffels et al. 2000; Palmer et al. 
2001). This myocardium expands and forms the ventricular and atrial chambers 
during and after looping. The remainder of the heart tube, the inflow tract, 
atrioventricular canal (AVC) and the outflow tract (OFT), connected at the inner 
curvatures, does not initiate the expression of the chamber-specific genes and 
does not expand. Instead, it largely retains the primary heart tube phenotype and 
remains lined by endocardial cushions involved in septation of the heart (Moorman 
and Christoffels, 2003). Congenital cardiac defects occur in more than 0.5% of live 
births, and often result from abnormal development of these regions (Samanek, 
2000), but little is known about the mechanisms underlying their formation.  

Previous analyses showed that Nppa regulatory DNA sequences mediate 
the repression of gene activity in the AVC and OFT, requiring a DNA binding site 
for T-box factors (Habets et al. 2002; Habets et al. 2003). T-box transcription 
factors form a large family of structurally related factors that play a crucial role in 
several developmental processes (Papaioannou and Silver, 1998; Tada and Smith, 
2001). Tbx2 functions as a repressor of transcription (Jacobs et al. 2000; Carreira 
et al. 1998; He et al. 1999) and is able to repress Nppa promoter activity in vitro 
(Habets et al. 2002). In chicken and mouse embryonic hearts, Tbx2 is expressed 
specifically in the AVC and OFT (Gibson-Brown et al. 1998; Yamada et al. 2000; 
Habets et al. 2002). Therefore, Tbx2 is a candidate for repressing chamber-specific 
genes in the AVC and OFT in vivo.  

To investigate the function of Tbx2 in the heart, the temporal and spatial 
patterns of Tbx2 mRNA and protein expression in mouse and human hearts were 
assessed, and transgenic mouse embryos were generated that express Tbx2 in 
the myocardium fated to become chamber myocardium. The findings provide 
evidence that Tbx2 is a determinant in the local repression of chamber 
differentiation and chamber formation.  
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Results and discussion 
 
Spatial and temporal expression of Tbx2 and chamber markers in the 
developing mouse heart 
 

Tbx2 expression was not detected in the myocardium until E8.75, when a linear 
heart tube has formed (Fig. 1A-C). Tbx2 expression was first detected shortly after 
the onset of Nppa expression in the embryonic ventricles. The myocardial 
expression domain of Tbx2 was broad and included the inflow tract (IFT), AVC and 
OFT, but excluded the ventricular myocardium that expressed Nppa. Tbx2 
expression in the heart region was restricted to Mlc2a-expressing myocardium, 
including the dorsal pericardium. This region is part of the anterior heart field that 
will contribute to the OFT at embryonic day (E)10 (Kelly et al. 2001) and is 
continuous with the posterior pole of the heart. Expression continued into the pre-
myocardial cells lining the inside of the pericardial cavity.  

At E9.5 the IFT, AVC and OFT, continuous in the atrial and ventricular 
inner curvatures, expressed Tbx2 (Fig. 1E and not shown). Furthermore, the AV 
cushions and OFT cushions expressed Tbx2 in a gradient from lumen to 
myocardium (Fig. 1E, N, and not shown). The ventricular chamber myocardium 
and forming atrial chamber myocardium at the outer curvatures did not express 
Tbx2. At all stages (E9.5 - E14.5) expression patterns of Tbx2 and chamber-
specific genes Nppa, Cx40, Cx43 and Chisel were mutually exclusive in the 
myocardium (Fig. 1D-M). In E9.5 hearts expression of Chisel and Cx43 was only 
weak in the atrial chamber myocardium, but from E10.5 onwards expression of 
these genes here increased (Fig. 1K, M). The expression of Chisel and Cx43 is 
retained in both ventricles, in contrast to expression of Nppa, Cx40 and Tbx5, 
which in mouse gradually disappear from most of the right ventricle and compact 
myocardium of the left ventricle (Bruneau et al. 1999; Christoffels et al. 2000). This 
finding suggests that, whereas expression of Nppa and Cx40 strictly depends on 
Tbx5 (Bruneau et al. 2001), expression of Chisel and Cx43 does not. Myocardial 
Tbx2 expression decreased with further development, and was barely detectable at 
E15-16 (not shown). Taken together, our results show the expression of Tbx2 and 
of chamber-specific genes is mutually exclusive throughout stages of cardiac 
chamber formation and suggest that Tbx2 may suppress activation of these genes 
in the areas of its expression. The cause for the late activation of the chamber-
specific genes in the myocardium, 1-3 days after its differentiation from pre-cardiac 
mesoderm, is not clear. The strict localization of Tbx2 expression itself may, in part, 
be regulated by BMP2 and BMP4 (Yamada et al. 2000), which in the mouse heart 
together overlap the Tbx2 expression domain (Fig. 1N-P).  
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Expression of TBX2 mRNA and protein in the human heart 

We analyzed the expression of TBX2 and NPPA in hearts of human embryos of 6 
and of 12 weeks of development. Fig. 2B shows that at 6 weeks (approx. mouse 
E12) TBX2 mRNA was detected in the myocardium of the AV junction, including 
the AV node. Additionally, TBX2 expression was detected in the epicardial 
mesenchyme of the AV sulcus. At 12 weeks, expression was mainly detected in 
the mesenchyme of the AV sulcus and the smooth muscle layer of coronary 
arteries (Fig. 2D), similar to the pattern in fetal mouse hearts (not shown). NPPA 
expression was restricted to the atrial chamber myocardium and the ventricular 
trabeculae, in a pattern similar to that in mouse (Fig. 2C). As reported (Hatcher et 
al. 2000), TBX5 was found to be expressed in the atria, including the AV node, and 
weaker in the ventricles (Fig. 2A). The AV myocardial areas expressing both TBX5 
and TBX2 did not express NPPA (Fig. 2A-C). Taken together, we conclude that the 
expression patterns of TBX2 and NPPA are conserved between mouse and 
human, suggesting a similar role of TBX2 in heart development in both species.          

We next assessed the pattern of protein expression in E12.5 mouse 
embryos and in human embryos of 9 and 10 weeks of development. A polyclonal 
antibody raised against human TBX2 was used (Jacobs et al. 2000). In mouse this 
antibody also specifically detects Tbx2, albeit with a low sensitivity. In mouse, 
mRNA and protein expression largely overlapped (Fig. 2E, F). However, some 
tissues, such as the mesenchyme of the ventral body wall expressed mRNA 
whereas protein was undetectable. Larger magnification shows that Tbx2 protein 
was present in the nuclei, in agreement with its function as a transcription factor 
(Fig. 2G, H). In the heart the expression was detected in the AVC myocardium and 
in the cushion mesenchyme of the AVC and OFT. In the human heart expression 
of TBX2 was detected in the nuclei of the myocardium of the right AV ring bundle, 
in the AV sulcus mesenchyme and in the smooth muscle layer of the coronary 
arteries (Fig. 2I-K). Taken together, the expression of Tbx2 mRNA and protein in 
the mouse and human heart display a comparable pattern.  
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Figure 1 Developmental expression pattern of expression of Tbx2 and of chamber-specific marker 
genes. (A-C) Serial sections of an embryonic day (E)8.75 mouse heart. Indicated by arrows are the 
dorsal pericardium (green) and cells lining the pericardial cavity at the inflow tract (black). Red arrows 
indicate borders of expression in the embryonic ventricle. (D-I) Serial sections of an E9.5 mouse heart. 
Red arrows indicate the expression borders between atrioventricular canal and left ventricle and 
between the atrioventricular canal and left atrium. Green arrow indicates inner curvature of the atrial 
region and the outflow tract. Cx40 and Cx43 are expressed in the endocardium of the outflow tract 
(black arrows). (J, K) Serial sections of an E14.5 heart. Red arrows show borders of expression in the 
atrioventricular canal and in the transition of the right ventricle and outflow tract. (L, M) Whole mount in 
situ hybridization of E10.5 mouse hearts showing complementary expression of Tbx2 and Chisel. (N-P) 
Serial sections of an E10.5 mouse heart showing the correlation between the localized expression of 
Tbx2 and of genes for upstream regulating factors BMP2 and BMP4. Arrows indicate borders of 
expression in inflow tract/ atrioventricular canal (red) and outflow tract (green). avc, atrioventricular 
canal; ev, embryonic ventricle; ift, inflow tract; la, left atrium; lv, left ventricle; oft, outflow tract; ra, right 
atrium; rv, right ventricle; sh, sinushorn.  
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Figure 2 Expression patterns of Nppa, Tbx2 and Tbx5 are conserved in human. (A-C) Serial sections of 
a human heart of approximately 6 weeks of development hybridized with indicated probes. The red 
arrows indicate the right atrioventricular ring bundle and atrioventricular nodal region; the green arrows 
indicate the mesenchymal atrioventricular sulcus. (D) A coronary artery (red arrow) and vein (green 
arrow) in the atrioventricular sulcus of a human embryo of 12 weeks. (E, F) Tbx2 mRNA (E) and protein 
(F) expression in comparably staged E12.5 mouse hearts. Green arrows indicate the left atrioventricular 
junction and the outflow tract cushion. Red arrows indicate the ventral body wall. (G, H) Enlargements 
of the left atrioventricular junction and outflow tract cushion of panel F (boxes). Note nuclear staining in 
the atrioventricular junction myocardium and forming valve and cushion mesenchyme. (I, J) Serial 
section of a human heart 10 weeks of development, incubated with antibodies as indicated. Note the 
perinuclear staining of SERCA2 versus the nuclear staining of TBX2. (K) Arrows indicate the endothelial 
lining (green) and nuclear TBX2 expressing muscle layer (red) of the coronary artery. ravrb, right 
atrioventricular ring bundle; vs, ventricular septum. as, atrial septum; lb, lung bud; rp, rib primordium; tr, 
trachea. Other Abbreviations as in Fig. 1. 

 
Tbx2 represses Cx40 and Cx43 promoter activity 

The putative regulatory sequences of mouse Cx40 (Seul et al. 1997) and rat Cx43 
(Chen et al. 1995) were coupled to the luciferase reporter gene and transfected to 
Cos-7 or HEK cells. In both cell lines Cx40 promoter activity and to a lesser extent 
Cx43 promoter activity were repressed by Tbx2 (Fig. 3), but not by a mutated 
isoform unable to bind to DNA (Habets et al. 2002). Tbx2 from which the putative 
repressor domain was deleted was unable to repress promoter activity, whereas 
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Tbx2 fused to the VP16 activation domain activated both Cx40 and Cx43 promoter 
fragments (Fig. 3B). These data, together with our previous result that Tbx2 can 
repress Nppa promoter activity (Habets et al. 2002), provide in vitro evidence for a 
role of Tbx2 in repressing chamber-specific genes. 
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Figure 3 Tbx2 represses the activity of the promoters of the Cx40 and Cx43 genes. (A) Dose-
dependent (10-400 ng) repression of the Cx40 promoter (4 µg), but not of the CMV promoter (4 µg). 
Tbx2 mutants that have a mutation in the T-box and cannot bind to the DNA (TBX2-DB) or lack the 
repression domain (TBX2-RD) do not repress Cx40 expression. Wild type and mutant TBX2 are equally 
well expressed (Habets et al.  2002). (B) Promoters of Cx40 and Cx43 are repressed by TBX2 and 
stimulated by VP16-TBX2 fusion protein. DNA binding mutants of both TBX2 and VP16-TBX2 do not 
affect promoter activity. Results are from a representative experiment out of three done in duplicate. 
Bars show the difference between duplicates.  
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Inhibition of chamber formation by Tbx2 

The β-Mhc promoter, which is specifically active throughout the embryonic heart 
tube from E8 onwards (Colbert et al. 1997), was used to drive Tbx2 expression in 
cardiac cells that are fated to become chamber myocardium. After pronuclear 
microinjection, 11 E9.5 transgenic embryos were identified by polymerase chain 
reaction (PCR). Of these, 5 embryos were indistinguishable from non-transgenic 
littermates and normally expressed Nppa, whereas they did not express transgenic 
Tbx2 (n=4). The other 6 embryos were smaller, their hearts were unlooped and 
had the appearance of large linear heart tubes of E8.5 embryos, with a putative 
common atrium caudal to a single putative ventricle (Fig 4A, D). The cardiac cavity 
was enlarged, indicative for hemodynamic failure. The hearts were much more 
affected than other structures such as the neural tube and fore limb (Fig. 4A). Even 
though the heart tubes were small, the anterior ventricular portion of the heart tube 
was much thicker than the future ventricular portion of an E8.5 heart, indicating that 
proliferation of the myocytes of the ventricular wall had occurred. Freshly isolated 
fetal cardiomyocytes expressing Tbx2 from a transfected CMV promoter driven 
expression vector divided and incorporated bromodeoxyuridine, but did not go into 
apoptosis (not shown), indicating that high levels of Tbx2 allow proliferation but do 
not induce apoptosis in cardiac myocytes.  

Expression analysis on serial sections showed that the affected embryos 
expressed Tbx2 in the heart tube (Fig. 4; n=5). Mlc2a was expressed in the entire 
tubular heart (n=3) (Fig. 4B), whereas α-Mhc, β-Mhc and Mlc2v were expressed in 
an antero-posterior pattern (n=3) that is normally found in E9.5 embryos (Fig. 4G-I; 
Lyons et al. 1990; O'Brien et al. 1993; Christoffels et al. 2000). These data suggest 
that cardiomyocyte differentiation was relatively normal and antero-posterior 
patterning had occurred. In contrast Nppa gene expression was not detected in the 
hearts (Fig. 4K-N; n=4), except in one embryo in a few myocytes in a patch where 
no transgenic Tbx2 was observed (Fig. 4E, F). Also expression of Cx40 and Chisel 
were undetectable in the hearts (Fig. 4C and not shown; n=3). Cx40 expression 
was observed in the endocardium of the OFT, and the endothelium of the 
pharyngeal arch arteries and the dorsal aorta (Fig. 4C), indicating that repression 
of the Cx40 gene was myocardium specific. Because myocardial Cx43 expression 
is not detectable before E9.5 in normal embryos (van Kempen et al. 1996; Delorme 
et al. 1997; not shown), its expression was expected to be absent in the cardiac 
developmentally retarded transgenic embryos (confirmed in one embryo), and was 
not further analyzed. We conclude that Tbx2 specifically represses chamber-
myocardial genes and, possibly as a consequence, inhibits chamber differentiation 
and formation and looping in the IFT, AVC, inner curvatures and OFT in vivo, 
allowing these region to retain their primary phenotype longer and to contribute to 
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chamber-alignment, valve-formation, septation, and to form conduction system 
components (Davis et al. 2001; Rentschler et al. 2001; Moorman and Christoffels, 
2003). The repression of chamber differentiation may well be temporal. The 
primary myocardium by definition is the precursor for all types of myocardium found 
in the mature heart, and may differentiate further at any given time. The observed 
decrease of myocardial Tbx2 expression during the fetal period coincides with the 
'chamberization' of the embryonic OFT (which is largely incorporated into the RV) 
and with the initiation of some chamber genes such as Cx40 expression in the 
bundle branches and AV bundle late in development. Regions that retain aspects 
of the primary myocardial phenotype, including the sinoatrial- and atrioventricular 
node and atrioventricular junction, express Tbx3 throughout development and in 
the adult (our unpublished observations), which is the structural and functional 
homologue of Tbx2 (Agulnik et al., 1996; He et al., 1999; Lingbeek et al., 2002; 
Coll et al., 2002). Future investigations will be focused on the role of Tbx2 and 
Tbx3 in the repression of chamber differentiation and conduction system formation, 
and on the identification of Tbx2 target genes in the developing heart that are 
candidates for regulation of chamber differentiation, growth and looping.  

Experimental procedures 

Generation of transgenic mouse embryos  
The mouse Tbx2 coding sequence, kindly provided by Dr. Jung-Ren Chen (Chen 
et al. 2001) and the human TBX2 coding sequence (Jacobs et al. 2000) were 
cloned in the Hpa I site between a 5 kbp regulatory fragment of the β-Mhc gene 
and human growth hormone polyadenylation sequences (kindly provided by Dr. J. 
Robbins; Rindt et al. 1993; Colbert et al. 1997), and vector sequences were 
removed for microinjection into paternal nuclei of FVB zygotes. Embryos were 
isolated at stage E9.5, fixed in 4% paraformaldehyde in PBS, examined 
morphologically, and processed further for in situ hybridization. 

 
Tissue processing for in situ hybridization and immunohistochemistry 
Staged mouse embryos obtained from timed mated FVB mice. Human embryos 
were obtained after termination of pregnancy at the Academic Medical Center of 
Amsterdam, at the 'MR70 / Rutgersstichting', Amsterdam, and at the Postgraduate 
Medical School in Budapest. The respective local medical-ethical committees 
approved the studies. Embryos were fixed overnight in 4% paraformaldehyde in 
PBS and processed for nonradioactive section in situ hybridization or in a cold 
mixture of methanol, acetone, and water (40:40:20) for immunohistochemistry.  
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Figure 4 Expression of Tbx2 in the embryonic heart tube inhibits chamber formation and chamber-
specific gene expression. (A) Wild-type (WT) and transgenic (TG) embryonic day 9.5 littermates. (B) 
Mlc2a is expressed in cardiac myocytes. (C) Expression of Cx40 is detected in endothelium of the large 
arteries (arrows). (D) Enlargement of TG heart from A showing small and unlooped heart and large 
pericardial cavity (arrow heads). Lines indicate sections in panels E-J. (E-J) Sections were hybridized 
with probes indicated in the panels. A patch of Nppa expression is observed in the putative ventricular 
region (arrow head, E) that does not express transgenic Tbx2 (arrow head, F). Green arrows in D, G 
and H indicate the putative common atrium. (K-N) Saggital serial sections of a WT embryo (K, L) and a 
TG littermate (M, N) analyzed in the same in situ hybridization experiment. Note the absence of Nppa 
expression in the entire linear heart tube of the TG. ca, common atrium; a, atrium; fg, foregut; fl, 
forelimb; pc, pericardial cavity; nt, neural tube. Other abbriviations as in Figure 1. Scale bar = 100µm in 
K (applies to K-N). 
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In situ hybridization and immunohistochemistry 
Non-radioactive section in situ hybridization was performed on 14 µm serial 
sections as described in (Moorman et al. 2001). In vitro transcribed RNA probes 
complementary to Nppa, Cx40, Cx43, Chisel, Mlc2a, Tbx2, NPPA, TBX2, TBX5 are 
described (Christoffels et al. 2000; Habets et al. 2002; Chapman et al. 1996; 
Basson et al. 1999). For immunolocalization of Tbx2, 7 µm sections were 
incubated with rabbit anti-TBX2 IgG (Jacobs et al. 2000) or rabbit anti-SERCA2 
(Eggermont et al. 1990). Bound antibody was detected with alkaline phosphatase 
coupled secondary antibody and NBT/BCIP (Roche).  
 

DNA constructs, cell culture and transfections  
A 1.2 kbp mouse Cx40 upstream regulatory region, from -1196 to +62 relative to 
the transcription start site (Seul et al. 1997), was obtained from FVB mouse 
genomic DNA by PCR. A 1.6 kbp rat Cx43 promoter fragment (pos. -1338 to +281) 
was kindly provided by Drs B. Teunissen and M. Bierhuizen. Both fragments were 
cloned into pGL3-Basic (Promega). pcDNA3.1 (Invitrogen)-based expression 
vectors for Tbx2, VP16-Tbx2, Tbx2-DB and VP16-Tbx2-DB were described 
previously (Habets et al. 2002). Cos-7 cells were cultured in standard conditions in 
DMEM/F12 (Gibco) supplemented with 10% fetal calf serum and were plated at 
0.15 X 106 cells/well in six-well plates. Cells were transfected with 4 �g of Cx40 or 
Cx43 promoter reporter construct, 400 ng of Tbx2-DB, Tbx2-RD or VP16-Tbx2 
expression constructs or 10-400 ng of Tbx2 expression construct, using the 
calcium phosphate method. Furthermore, 200 ng CMV-lacZ was transfected as an 
internal control. Cells were harvested 48 hrs after transfection, and luciferase and 
β-galactosidase assays were carried out using a Turner TD-20/20 luminometer 
(Promega). 
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Abstract 

Objective: The molecular mechanisms that regulate the formation of the 
conduction system are poorly understood. We studied the developmental 
expression pattern and functional aspects of the T-box transcription factor Tbx3, a 
novel marker for the murine central conduction system (CCS). Methods: The 
patterns of expression of Tbx3, and of Cx40, Cx43 and Nppa, which are markers 
for atrial and ventricular chamber-type myocardium in the developing heart, were 
analyzed in mouse by in situ hybridization and by three-dimensional reconstruction 
analysis. The function of Tbx3 in regulating Nppa and Cx40 promoter activity was 
studied in vitro. Results: In the formed heart Tbx3 is expressed in the sinoatrial 
node (SAN), the atrioventricular node (AVN), bundle and proximal bundle branches 
(BBs) as well as the internodal regions and the atrioventricular region. Throughout 
cardiac development, Tbx3 is expressed in an uninterrupted myocardial domain 
that extends from the sinoatrial node to the atrioventricular region. This expression 
domain is present in the looping heart tube from E8.5 onwards. Expression of the 
chamber-type myocardial markers is specifically absent from the Tbx3 expression 
domain. Tbx3 is able to repress Nppa and Cx40 promoter activity and abolish the 
synergistic activation of the Nppa promoter by Tbx5 and Nkx2-5. Conclusion: We 
identified the T-box transcription factor Tbx3 as a novel and accurate marker for 
the central conduction system. Our analysis implicates a role for Tbx3 in repressing 
a chamber-specific program of gene expression in regions from which the 
components of the central conduction system are subsequently formed.  
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1. Introduction 

The cardiac conduction system is responsible for setting up and maintaining the 
coordinated rhythmic excitation of the mature heart. In the embryonic and fetal 
heart, the conduction system can be divided into two component parts: (1) The 
central conduction system (CCS), comprising the sinoatrial node (SAN), 
atrioventricular junction including the atrioventricular node (AVN), and the 
interventricular (IV) ring including its derivatives, the retroaortic root branch, right 
atrioventricular ring bundle, the atrioventricular bundle (AVB), and the proximal part 
of the bundle branches (BBs); and (2) the peripheral conduction system 
encompassing the distal part of the BBs plus the peripheral ventricular conduction 
network (PVCN) [1,2]. From early stages of development onwards, the PVCN, like 
the atrial and ventricular chambers, is characterized by fast conduction [3] and 
expression of chamber-specific genes such as natriuretic precursor peptide A 
(Nppa) and gap-junction genes Connexin 40 (Cx40) and Connexin 43 (Cx43) [4-6]. 
In contrast, the CCS components are characterized by slow conduction and lack of 
expression of these chamber-specific genes [4-6]. At late fetal stages, the proximal 
BB and AVB develop high conduction velocities and initiate the expression of Cx40 
[4,7]. Our current understanding of the mechanisms underlying the formation of the 
CCS is poor, in part because of the very limited availability of good markers [1-
3,6,8,9].  
 We recently found that the CCS components develop within the expression 
domain of T-box transcription factor Tbx2. Tbx2 represses chamber-specific genes 
Nppa and Cx40 and blocks chamber formation [10,11]. Therefore, the CCS 
components develop within a region in which chamber formation is suppressed. 
From early fetal stages, cardiac expression of Tbx2 decreases. However, the 
cardiac expression of Tbx3 increases. Tbx3 and Tbx2 share structure, repressor 
function, and DNA recognition elements [12-14]. In this study, we show by 
quantitative three-dimensional reconstruction that throughout development, Tbx3 is 
selectively expressed in the entire CCS. Furthermore, Tbx3 was found to repress 
the promoter activity of Nppa and Cx40. Our results indicate that Tbx3 is involved 
in the continuous repression of chamber phenotype development in the myocardial 
regions from which the CCS components form.  
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2. Methods 
 
2.1. Cell culture and transient transfections  

A 1.2 kbp mouse Cx40 upstream regulatory region, from –1196 to +62 relative to 
the transcription start site was obtained by polymerase chain reaction (PCR) using 
FVB mouse genomic DNA and was inserted in pGL3-basic (Promega) for transient 
transfections. The Nppa-700-luc construct was kindly provided by M. Nemer 
(Montreal, Canada). Cos-7 cells were cultured and transfected as described [10]. 
Furthermore, 200 ng CMV-lacZ was transfected as an internal control. Cells were 
harvested 48 hrs after transfection, and luciferase and β-galactosidase activities 
were assessed. Results shown are from one representative experiment out of at 
least three done in duplicate. The error bars indicate the difference between the 
duplicates.  
 

2.2. Electromobility shift assays and Western blotting analysis 

Nuclear extracts were prepared from HEK cells cultured in 10 cm dishes (1 X 106 
cells/dish) transfected with 40 �g of expression constructs. EMSA was performed 
as described previously [10]. Oligonucleotides used were; TN (corresponding to the 
TBE-NKE site at position –250 in the Nppa promoter), 5’-
TCTGCTCTTCTCACACCTTTGAAGTGGGGGCCTCTTG and TmutN, 5’-
TCTGCTCTTCTCTTTGCTTTGAAGTGGGGGCCTCTTG (mutated T-box site 
underlined). Western blot analysis of nuclear extracts was performed according to 
standard procedures. Primary antibodies used were anti-HA mAb-HRP (1:1000; 
Roche) or anti-FLAG rabbit IgG (1:700; ABR) with donkey anti-rabbit IgG-HRP 
(1:5000; Amersham). The complexes were visualized using the ECL detection kit 
(Amersham). 
 

2.3. In situ hybridization and three-dimensional reconstruction 

Staged mouse embryos obtained from timed mated FVB mice, were fixed overnight 
in 4% paraformaldehyde in phosphate buffered saline (PBS) and processed for 
non-radioactive section in situ hybridization, performed as described [15]. The 
investigation conforms to the Guide for the Care and Use of Laboratory Animals 
published by the US National Institutes of Health (NIH Publication No. 85-23, 
revised 1996). RNA probes complementary to the mRNAs for Nppa, chicken Nppa, 
Cx40, Cx43, myosin heavy chain (MHC)-ATP binding site, which recognizes all 
MHCs [16], mouse Tbx5 [17], mouse and chicken Tbx3 [17,18] and human TBX3 
[14], were labeled with digoxigenin-UTP and hybridized to 10- to 14-µm-thick 
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sections. Three-dimensional visualization and geometry reconstruction of patterns 
of gene expression have been performed as described [15].  

3. Results 

3.1. Onset and conservation of Tbx3 expression 

Myocardial Tbx3 expression could first be observed in the IFT and future AVC 
region of the tubular heart at E8.5 and became stronger at around E9 (Fig. 1A-C). 
Expression was also observed in the pharyncheal ectoderm, mesoderm, including 
the dorsal pericardial mesoderm, and in the epithelium of the foregut. At E9.5 
expression was clearly confined to the AVC and dorsal side of the embryonic 
atrium close to the IFT or sinus horns (Fig. 1D-G). In addition, a ring of Tbx3 
positive cells was visible around the interventricular (IV) foramen (Fig. 1E-G), which 
includes the top of the IV septum where the AVB develops, thus identifying the 'IV 
ring' [19,20]. The ring is contiguous with the expression domain in the AVC (Fig. 
1G). From E12.5 onwards, staining protruded slightly into the flanks of the IV 
septum in the direction of the future bundle branches. The AVC and OFT cushion 
mesenchyme also expressed Tbx3, the highest expression levels being at the side 
of the lumen (Fig. 1H). In older embryos, expression was additionally observed in 
the forming AV and OFT valves (Fig. 2K, N). The patterns of Tbx3 expression in a 
prototypical fetal human heart and chicken heart, in which both the chambers and 
the CCS components are present, were essentially the same when compared to 
the pattern of Tbx3 in the fetal mouse heart (Fig. 1H, J, K), and included the region 
where the SAN, entire AVC, and AVB develop. These conserved patterns suggest 
conservation of Tbx3 function. 
 
3.2. Complementary expression of Tbx3 and chamber specific genes 
within the cardiac Tbx5 expression domain  
 
We next analyzed the pattern of Tbx3 in relation to a set of chamber-specific 
genes, the major cardiac gap junction genes Cx40 and Cx43, and Nppa, in serial 
sections of subsequent stages of mouse development (Fig. 1, 2). Analysis of the 
pattern of Tbx5 was included because this factor is required for expression of Cx40 
and Nppa [21]. Furthermore, Tbx5 and Tbx3 recognize the same DNA binding site 
and therefore probably compete in the regulation of gene expression.  
 At all stages examined (E8.75-E17.5), Tbx5 expression was observed in a 
broad pattern in the heart as previously reported [22]. The pattern includes all the 
components of the CCS, thereby fully overlapping the myocardial Tbx3 expression  
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Figure 1 Spatial and developmental pattern of Tbx3 in mouse, and conservation of expression in 
human and chicken. All sections are hybridized with probes as indicated. (A-C) Serial sagittal sections 
of an E8.75 mouse heart. Arrows indicate expression of Tbx3 in the atrioventricular canal (AVC), 
pericardial mesoderm and pharyncheal arch ectoderm, mesoderm and endoderm. (D) Section of an 
E9.5 embryonic heart. (E-G) Whole mount hybridized hearts of an E9.5 embryo. Black arrows depict the 
IV ring, white arrows depict the continuity with the AVC expression domain. Panel G shows a right-side 
view after removal of the right ventricle (plane of dissection indicated in F). (H-I) Serial sections of an 
E12.5 heart. Red arrows indicate complementary expression of Tbx3 and Cx43; green arrows indicate a 
region expressing neither gene. Here we found expression of Tbx2. Tbx3 expression is also detected in 
the cardiac cushions (*). (J). Section of a 6 weeks human embryonic heart. (K and L) Serial sections of 
an HH stage 30 chicken heart. Red arrows indicate complementary expression of cTbx3 and cNppa. 
AA, atrial appendages; AS, atrial septum; AVN, atrioventricular node; AVB, atrioventricular bundle; 
SAN, sinoatrial node; FG, foregut; LBB, left bundle branch; RAVR, right atrioventricular ring bundle; 
L/RA, left/right atrium; L/RV, left/right ventricle; OFT, outflow tract; L/RSCV, left/right superior caval vein; 
VS, ventricular septum; RVV, right venous valve. 
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domain (Fig. 2 and not shown). The expression domains of Cx40 and Nppa were 
restricted to that of Tbx5, underlining the finding that Cx40 and Nppa depend on 
Tbx5 for their expression. The pattern of Cx43 was much broader in the ventricles 
than the Tbx5 expression domain, which is confined to the LV trabecules and a 
small portion of the RV (Fig. 1I, 2L, O and not shown). Therefore, in contrast to 
Cx40 and Nppa, expression of Cx43, at least in the ventricles, may not be 
dependent on Tbx5. 
 The patterns of Tbx3 and the four chamber genes were found to be 
mutually exclusive throughout all stages of development (E9-E17.5). Thus, 
expression of Cx40, Cx43 or Nppa (Fig. 1I, 2, and not shown) was not found in the 
Tbx3-expressing parts of the IFT and venous valves, in the AVC and the IV ring. 
Also in human and chicken expression of the Nppa gene was absent from Tbx3- 
expressing myocardial areas (Fig. 1L and not shown). We noted one exception in 
the mutual exclusive expression patterns. At E15.5 weak Tbx3 expression 
protruded further into the proximal BB (see below) which by then also express 
Cx40 (data not shown) [4,7]. At E17.5, when the heart has reached its mature form, 
we observed low levels of Cx40 expression in the AVB (data not shown) [7], co-
expressed with Tbx3. 

 
3.3. Tbx3 binds to the Nppa T-box binding site and represses Nppa 
and Cx40 promoter activity  
 
In transgenic mice, the 0.7 kbp rat Nppa promoter drives expression of a reporter 
gene in the chambers but not in the CCS or its precursors such as the AVC ([10] 
and unpublished observations). We next investigated the ability of Tbx3 to 
suppress this Nppa promoter fragment in the presence of Tbx5 and Nkx2-5, which, 
like Tbx3, are also expressed in the CCS. As expected, Tbx5 and Nkx2-5 
synergistically activated the Nppa promoter (Fig. 3A). When Tbx3 was added, the 
activation was readily suppressed, indicating that Tbx3 is able to counteract the 
positive regulation of Tbx5 and Nkx2-5. Tbx3 isoforms with mutations in the T-box 
that have been found in ulnary-mammary syndrome patients [23], Tbx3L143P and 
Tbx3Y149S, were unable to interfere with the Tbx5-Nkx2-5-stimulated Nppa 
promoter activity. The Nppa promoter was repressed only two-fold by Tbx3 alone, 
whereas the Cx40 promoter was repressed four-fold (Fig. 3B). 
 We next assessed the ability of Tbx3 to bind to the regulatory module of 
Nppa that contains a T-box binding site and Nkx factor binding site crucial for 
repression in the AVC and OFT in vivo [10]. As reported previously [21,24], Tbx5 
and Nkx2-5 form a ternary complex (Fig. 3C). Tbx3 is also able to bind to the 
module with an apparent comparable strength compared to Tbx5 and forms a 
ternary complex with Nkx2-5. Because of the large and complicated band shift  



Chapter 4 

 102 

SAN

RSCV

RA
OFT

A B C

FED

G H I

pAVBRA

AS

LV

RA LA
AS

OFT

Tbx3

Tbx3

Cx43Cx43

Cx43MHC

MHC

Tbx3

Cx40Tbx5

Tbx5

Tbx3

Cx40

Tbx3Tbx5 Cx40
LKJ

ONM

RVV

AVC

AVN

AVC

VSp

RA

RA

LV

LV

RV

RV

SAN

SLV

br

br

RARB

RSCV

LSCVAO

SAN

RSCV

RA
OFT

A B C

FED

G H I

pAVBRA

AS

LV

RA LA
AS

OFT

Tbx3

Tbx3

Cx43Cx43

Cx43MHC

MHC

Tbx3

Cx40Tbx5

Tbx5

Tbx3

Cx40

Tbx3Tbx5 Cx40
LKJ

ONM

RVV

AVC

AVN

AVC

VSp

RA

RA

LV

LV

RV

RV

SAN

SLV

br

br

RARB

RSCV

LSCVAO

 
 
Figure 2 Expression profile of Tbx3 in the central conduction system precursors in relation to 
expression patterns of Tbx5, Cx40 and Cx43. All sections are hybridized with probes as indicated. Red 
arrows indicate regions of reciprocal Tbx3 and Cx40/Cx43 expression. (A-C) Serial sections of an E11.5 
mouse heart. (D-H) Serial sections of an E17.5 mouse heart. Black arrow in F indicates the Cx40- 
expressing endothelium of the intranodal blood vessel. Dashed line in panel I demarcates the proximal 
atrioventricular bundle (pAVB) close to the node. (J-O) Serial sections of an E14.5 mouse heart. Note 
expression of Tbx3 in the vestibular spine (VSp), the forming tricuspid valve (green arrow in K) and 
semilunar valve (SLV) of the aorta (AO) (green arrow in N) and retroaortic root branch (RARB). br, 
bronchus. See legends to Fig. 1 for abbreviations. 
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Figure 3 Tbx3 represses the activity of the promoters of Nppa and Cx40. (A) Tbx3 dose-dependently 
(50-400 ng) represses the Nppa promoter (4 µg) synergistically activated by Nkx2-5 and Tbx5. 
Tbx3L143P is unable to repress the activated Nppa promoter. (B) Tbx3 dose-dependently (10-400 ng) 
represses the Cx40 promoter (4 µg). Tbx3L143P or Y148S do not repress the Cx40 promoter. Fold 
induction of the activity of the Nppa promoter is given. (C) Electromobility shift assays with nuclear 
extracts of HEK cells transfected with indicated expression vectors, using the Nppa TBE-NKE module 
(TN) as a probe. Probe TmN has an inactivating mutation in the T-box binding site. ns indicates non-
specific bands. Arrows indicate the Tbx3 and Tbx5 specific bands. Ternary complexes are indicated (*). 
(D) Western blot analysis of nuclear extracts of transfected HEK cells showing HA-tagged wild type and 
mutant Tbx3, which are equally well expressed, and FLAG-tagged Nkx2-5 and Tbx5. 
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pattern of full-length Tbx3, its carboxy terminal portion (aa 563-723) was deleted to 
obtain a smaller protein (Tbx3del), which retains its binding capacity but forms a 
better visible complex with Nkx2-5 on the DNA. Tbx3L143P and Tbx3Y149S were 
unable to bind the module (Fig. 3C, D) and to form a complex with Nkx2-5 (not 
shown), indicating that DNA binding of Tbx3 is essential for complex formation.  

 
Figure 4 Method of three-dimensional reconstruction of the Tbx3 expression pattern in the heart. (A) 3D 
reconstruction of serial sections of an E12.5 mouse heart, the plane of an imaginary section is shown. 
(B) Imaginary section showing myocardial (red) and cushion/valve (pink) Tbx3 expression in 
atrioventricular canal region. (C) Each component has been defined and colored separately and can be 
visualized or removed. Arrows depict Tbx3 expressing parts are also visible in the section of an E12.5 
heart in panel D, which has not been used for the reconstruction. LV, left ventricle; RV, right ventricle; 
AO, aorta. 
 
3.4. Three-dimensional reconstructions of the Tbx3 expression 
patterns in the developing heart 
 
To define the precise spatial and temporal pattern of expression of Tbx3, we 
completely reconstructed its patterns from serial sections. The reconstructions 
allow the generation of imaginary sections in every plane (Fig. 4A, B). Because the 
myocardium, lumen components, cushions and the Tbx3-expressing myocardial 
and cushion components were separately defined, they can be visualized 
individually or in every possible combination, and analyzed morphometrically (Fig. 
4C, D). Reconstructions were made of chamber-forming hearts (E9.5 and E10.5), 



Tbx3 delineates the developing central conduction system of the heart 

 105 

septating hearts (E12.5 and E14.5), and the fully septated heart (E17.5). Fig. 5A-E 
shows proportionally scaled lumen casts and myocardial expression domains of 
Tbx3. It became apparent that the Tbx3 expression domain is a continuous 
structure of evolving complexity during development. The volume of the 
myocardium and the Tbx3-expressing component of the myocardium were 
measured (Fig. 5F). The volume of the myocardium increased approximately 75-
fold between E9.5 and E17.5. The volume of the Tbx3 expressing domain at E9.5 
was 10% of the total myocardial volume, and increased 15-fold between E9.5 and 
E17.5 to be 2% of the total myocardial volume at E17.5. 

 
Figure 5 Overview of reconstructions of mouse hearts. (A-E) show proportionally sized ventral views of 
reconstructions of an E9.5, E10.5, E12.5, E14.5 and E17.5 mouse heart. The myocardium has been 
removed revealing the lumen. The Tbx3-expressing myocardium is shown in red. Color usage is the 
same for all stages and all subsequent figures. Panel F shows quantification of the volume of the total 
myocardium and of the Tbx3-expressing domain in cubic mm. The ratio of the myocardial Tbx3 
expressing volume and the total myocardial volume is given as a percentage. The data are also shown 
in a logarithmic graph. Bar is 0.5 mm. CCV, common caval vein; RAVJ, right atrioventricular junction; 
PV, pulmonary vein. For other abbreviations see legends to Fig. 1. 
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We next analyzed the reconstructions in more detail. At E9.5 the myocardial Tbx3- 
expressing domain constitutes a continuous ring around the AVC (Fig. 6A). The 
weak Tbx3 expression at the IV ring (see Fig. 1E-G) could not be detected at this 
stage in section ISH. At E10.5 the domain of Tbx3 expression expands toward the 
dorsal and ventral sides of the interventricular septum and, at E12.5, the entire top 
of the septum expresses Tbx3 (Fig. 6B-F). The dorsal aspect of this region will give 
rise to the AVB. Between E14.5 and E17.5 the ventral connection between the 
AVC and AVB is broken (Fig. 6G-I). As a result, the only connection that remains is 
at the dorsal side between the AV-nodal region and the AVB. Also the left 
atrioventricular domain of Tbx3 expression disappears within these stages, 
whereas expression in the RAVRB is maintained (Fig. 6E, F). 
 

 
Figure 6 Progressive development of the Tbx3 expression domain in the atrioventricular canal, 
atrioventricular bundle and bundle branches. See reconstructions of Fig. 6 for color usage and 
orientations. (A, B) E9.5, (C) E10.5, (D, E) E12.5, (F): E17.5, (G) E12.5, (H) E14.5, (I-K) E17.5. Arrows 
in B-D and G-I indicate the ventral (white) and dorsal (black) extensions of Tbx3 expression in the 
interventricular septum. For abbreviations see legends to Fig. 1 and 5. 
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Starting at E12.5, the Tbx3 domain of expression extends from the top of the 
septum along the flanks towards the apex (Fig. 6G-I). This expansion correlates 
with the formation of the BB. At E17.5, the expression domain reaches to 
approximately halfway to the septum, indicating that only the proximal portion of 
the BB expresses Tbx3 at very low levels. The Tbx3 expression domain at the left 
side of the septum is much broader than at the right side of the septum (Fig. 6J, K). 
This correlates with anatomical data, the left BB forming a sheet, the right bundle 
forming a real branch [25]. 
 

 
Figure 7 Progressive development of the Tbx3 expression domain in the dorsal wall of the atrium, 
venous valves, septum and caval veins. Dorsal and right lateral views. (A, B) E9.5, (C, D) E10.5, (E, F) 
E12.5, (G, H) E17.5. White arrows indicate opening from caval vein to the right atrium. l/rvv, left/right 
venous valve. For other abbreviations see legends to Fig. 1 and 5. 
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 At the dorsal side of the atrium, the myocardial Tbx3 expression domain 
extends from the AVC towards the sinus venosus (Fig. 7). At E9.5 the extension 
reaches up to the left and right sinus horns (Fig. 7A, B). Because of the remodeling 
of the venous pole, the right sinus horn becomes the only connection to the right 
atrium, whereas the left sinus horn drains into the right sinus horn. This 
developmentally increasingly asymmetric configuration is reflected by an 
increasingly asymmetric extension of the Tbx3 expression domain towards the right 
side of the heart (compare E9.5 and E10.5, Fig. 7A, C). Venous valves flank the 
entrance of the right sinus horn to the right atrium. At E12.5 the dorsal portion of 
the valves expresses Tbx3 (Fig. 7E). The Tbx3-expressing domain reaches all the 
way up to the superior caval vein (Fig. 7E, F). This region includes the SAN that 
will become recognizable morphologically at later stages. The dorsal aspect of the 
left venous valve and the primary atrial septum also express Tbx3 at this stage. 
This situation does not significantly change up to E17.5 (Fig. 7G, H). At this stage 
the right common cardinal vein has become incorporated into the right atrium, 
forming the sinus venarum by which the superior and inferior caval veins drain 
separately to the right atrial chamber. Myocardial Tbx3 expression is contiguous 
from the sinus region via the terminal crest to the region of the AVC where the AVN 
will develop. Although at the left side of the sinoatrial connection (left venous valve 
and the basis of the atrial septum) some Tbx3 expression is observed, no 
contiguous tracts from the sinoatrial region to the atrioventricular region were 
observed at this side.  

 
4. Discussion 
The key new finding of this study is that Tbx3, encoding a transcriptional repressor, 
is a novel and unique marker for the entire CCS (SAN, AVN, AVB, proximal BB), 
and as such facilitates our understanding of the mechanisms underlying its 
development. Tbx3 is expressed in the area that does not form chamber 
myocardium, in a pattern mutually exclusive to that of chamber-specific genes. 
Furthermore, Tbx3 is able to repress chamber-specific promoters. Therefore, we 
propose that one function of Tbx3 is the continuous suppression of the chamber-
phenotype in specific myocardial areas, allowing these areas to form the CCS.  

 
4.1. The Tbx3 transcriptional domain: developmental implications  

From E8.5 onwards, mouse Tbx3 is expressed in the sinoatrial region, the AVC, 
and the interventricular ring. This early expression pattern provides molecular 
evidence that the CCS precursors exist before its components become 
histologically recognizable [26,27]. This is in agreement with electrophysiological 
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observations of pacemaker cells in the early sinus venosus [28] and the presence 
of atrioventricular delay before the development of a morphologically identifiable 
AVN [29,30]. 
 Whether the conduction network is established through outgrowth of a 
prespecified pool of primary cardiomyogenic progenitors [1,3,9] or through 
continuous recruitment from neighboring chamber myocardial cells until late in 
development [2] is subject of an ongoing debate. The results presented here are 
consistent with the first notion.  
 Our observations indicate that the precursor pool proliferates slowly 
because the volume of the Tbx3-expressing pool increases much less than that of 
the chambers (See Fig. 5). In agreement, the IFT and AVC precursor region and 
derived CCS components display low proliferative activity [2,31].  
 
4.2. Tbx2 and Tbx3 repress chamber differentiation  

The Tbx3-expressing domain does not express chamber-type myocardial genes, 
suggesting a role for Tbx3 in repressing the chamber-myocardial phenotype. Our 
data show that similar to Tbx2, Tbx3 represses chamber-specific promoters. Tbx3 
represses a Tbx5/Nkx2-5 activated promoter and forms a complex with Nkx2-5 on 
the Nppa promoter. Furthermore, Tbx3 was found to block myogenic differentiation 
of C2C12 myoblasts and, as a result, myosin gene expression [32]. This is 
consistent with the observation that compared to the working myocardium of the 
chambers, the Tbx3-expressing nodes, AVB and BBs express lower levels of 
myosin genes and have a less well developed contractile apparatus, reminiscent of 
the primary myocardium of the embryonic heart [6]. We propose that like Tbx2, 
Tbx3 represses chamber-specific gene expression and chamber-myocardial 
differentiation. At late fetal stages, Cx40 expression is initiated in the proximal BB, 
and in the AVB shortly before birth. Tbx3 is expressed at relatively low levels in 
these structures (not shown), and may not be able to compete effectively with 
Tbx5. However, further studies are required to explain the selective escape of 
Cx40 from repression in the AVB and proximal BB late in development.  
 Humans heterozygous for TBX3 mutations or in mice deficient for Tbx3 
have no reported cardiac phenotype [23,33]. The overlapping expression patterns 
and functional redundancy between Tbx2 and Tbx3 may be the basis for the lack 
of an overt cardiac phenotype in Tbx3 mutants.  
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4.3. The topography of the expression of Tbx3 delineates the central 
conduction system 
 
Reconstructions revealed that the Tbx3 gene is expressed in all components of the 
CCS. However, the expression pattern also includes the internodal regions and the 
left, ventral and right side of the AVC, which are usually not included in the CCS.  

 
4.3.1. Internodal tracts 

 In agreement with the description of the sinoatrial ring in developing human 
embryos by Wenink [34], the strongest expression of Tbx3 is observed at the right 
side of the sinus muscle. This region corresponds with the terminal crest, which 
forms the boundary between the right embryonic atrium (future atrial appendage) 
and the sinus venarum (= dorsal right atrial wall formed by incorporation of the 
sinus venosus) and extends from the Tbx3-positive SAN to the Tbx3-positive 
AVN/atrioventricular canal. The existence of internodal tracts has been subject of 
vigorous debate [35-37]. Tracts defined as insulated internodal pathways have 
never been described; also the electrophysiological significance has been much 
debated [35]. We now describe a prominent Tbx3-expressing region at the position 
of the terminal crest that interconnects the nodes, classifying this myocardium as 
'non-chamber'. We consider this region of slow conduction (low levels of connexin 
expression) as 'vestigial' without much function in the normal mature heart.  

 
4.3.2. Atrioventricular canal 

Tbx3 unambiguously identifies the atrioventricular region as a distinct component 
of the atrial chambers that is not composed of working myocardium as evident from 
the absence of expression of chamber-type myocardial markers. Moreover, the 
absence of expression of Cx40 and Cx43, encoding the main cardiac gap junctions 
required for intercellular conduction, is compatible with low conduction velocities in 
this area, typical for nodal-like tissue. In the formed heart, this region of smooth-
walled myocardium constitutes the lower rim of the atria. Although it is well 
accepted that in the embryonic heart the dorsal aspect of this region will give rise to 
the atrioventricular nodal tissues [9,27,37,38], the functional significance of the 
other parts of this region has remained indeterminate. However, McGuire et al. [39] 
have described this region as having 'nodal' characteristics. Ectopic nodes have 
been found in the entire lower rim of both the right and the left atria in congenitally 
malformed hearts [37]. In the normal mature heart, we consider this region to have 
no specific function because AV insulation has been achieved by the formation of 
fibrous tissue.  
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 Recent molecular studies have identified both the internodal region and the 
atrioventricular canal as being intimately associated with the CCS, supporting the 
morphological and physiological data and our expression data on Tbx3. Firstly, 
Rentschler et al. [3,40] have described a molecular marker, the reporter gene 
engrailed-LacZ in mouse, that appears to identify not only all components of the 
classical cardiac conduction system but also the internodal zone and the entire 
atrioventricular junctional area. This indicates that all these ‘conduction system’ 
components share a common transcriptional control mechanism. Characterization 
of the site of integration of this reporter gene will eventually provide insight into the 
molecular mechanism underlying the selective transgene transcription pattern. 
Secondly, expression of Cx45 can be recognized in all components of the 
conduction system including the terminal crest connecting the SAN and AVN, the 
atrioventricular region, and the OFT [41-43]. Therefore, similar to Tbx3, Cx45 
identifies the myocardium of the CCS and the associated areas discussed above.  
 
Acknowledgements 
We thank Drs V. Papaioannou, M. van Lohuizen, M. Nemer, B. Bruneau, R. 
Harvey, C. Basson and J. Izpisua Belmonte for probes and plasmids, Dr. J. Ruijter 
for help with the reconstructions, D. Clout and C. de Gier-de Vries and Mara 
Pietrobon for technical assistance and Dr. P. Barnett for critically reading the 
manuscript. This study was supported by the Netherlands Heart Foundation 
M96.002.  



Chapter 4 

 112 

References 
 
 [1]  Moorman AFM, de Jong F, Denyn MMFJ, Lamers WH. Development of the Cardiac 

Conduction System.  Circ Res 1998;82:629-644. 

 [2]  Cheng G, Litchenberg WH, Cole GJ, et al. Development of the cardiac conduction system 
involves recruitment within a multipotent cardiomyogenic lineage.  Development 
1999;126:5041-5049. 

 [3]  Rentschler S, Vaidya DM, Tamaddon H, et al. Visualization and functional characterization 
of the developing murine cardiac conduction system.  Development 2001;128:1785-1792. 

 [4]  van Kempen MJA, Vermeulen JLM, Moorman AFM, et al. Developmental changes of 
connexin40 and connexin43 mRNA-distribution patterns in the rat heart.  Cardiovasc Res 
1996;32:886-900. 

 [5]  Delorme B, Dahl E, Jarry-Guichard T, et al. Expression pattern of connexin gene products 
at the early developmental stages of the mouse cardiovascular system.  Circ Res 
1997;81:423-437. 

 [6]  Moorman AFM, Christoffels VM. Cardiac Chamber Formation: Development, Genes and 
Evolution.  Physiol Rev 2003;83:1223-1267. 

 [7]  Delorme B, Dahl E, Jarry-Guichard T, et al. Developmental regulation of connexin40 gene 
expression in mouse heart correlates with the differentiation of the conduction system.  Dev 
Dyn 1995;204:358-371. 

 [8]  Franco D, Icardo JM. Molecular characterization of the ventricular conduction system in the 
developing mouse heart: topographical correlation in normal and congenitally malformed 
hearts.  Cardiovasc Res 2001;49:417-429. 

 [9]  Davis DL, Edwards AV, Juraszek AL, et al. A GATA-6 gene heart-region-specific enhancer 
provides a novel means to mark and probe a discrete component of the mouse cardiac 
conduction system.  Mech of Dev 2001;108:105-119. 

 [10]  Habets PEMH, Moorman AFM, Clout DEW, et al. Cooperative action of Tbx2 and Nkx2.5 
inhibits ANF expression in the atrioventricular canal: implications for cardiac chamber 
formation.  Genes & Development 2002;16:1234-1246. 

 [11]  Christoffels VM, Hoogaars WMH, Tessari A, et al. The T-box transcription factor Tbx2 
represses differentiation and formation of the cardiac chambers.  Dev.Dyn. 2003;(in press). 

 [12]  Agulnik SI, Garvey N, Hancock S, et al. Evolution of mouse T-box genes by tandem 
duplication and cluster dispersion.  Genetics 1996;144:249-254. 

 [13]  He Ml, Wen L, Campbell CE, Wu JY, Rao Y. Transcription repression by Xenopus ET and 
its human ortholog TBX3, a gene involved in ulnar-mammary syndrome.  Proc Natl Acad 
Sci U S A 1999;96:10212-10217. 

 [14]  Lingbeek ME, Jacobs JJ, van Lohuizen M. The T-box repressors TBX2 and TBX3 
specifically regulate the tumor suppressor gene p14ARF via a variant T-site in the initiator.  
J Biol Chem 2002;277:26120-26127. 



Tbx3 delineates the developing central conduction system of the heart 

 113 

 [15]  Soufan AT, Ruijter JM, van den Hoff MJB, et al. 3D reconstruction of gene expression 
patterns during cardiac development.  Physiol Genomics 2003;13:187-195. 

 [16]  Franco D, Gallego A, Habets PEMH, Sans-Coma V, Moorman AFM. Species-specific 
differences of myosin content in the developing cardiac chambers of fish, birds and 
mammals.  Anat Rec 2002;268:27-37. 

 [17]  Chapman DL, Garvey N, Hancock S, et al. Expression of the T-box family genes, Tbx1-
Tbx5, during early mouse development.  Dev Dyn 1996;206:379-390. 

 [18]  Isaac A, Rodriguez-Esteban C, Ryan A, et al. Tbx genes and limb identity in chick embryo 
development.  Development 1998;125:1867-1875. 

 [19]  Wessels A, Vermeulen JLM, Verbeek FJ, et al. Spatial distribution of "tissue-specific" 
antigens in the developing human heart and skeletal muscle: III. An immunohistochemical 
analysis of the distribution of the neural tissue antigen G1N2 in the embryonic heart; 
implications for the development of the atrioventricular conduction system.  Anat Rec 
1992;232:97-111. 

 [20]  Chan-Thomas PS, Thompson RP, Robert B, Yacoub MH, Barton PJR. Expression of 
homeobox genes Msx-1 (Hox-7) and Msx-2 (Hox-8) during cardiac development in the 
chick.  Dev Dyn 1993;197:203-216. 

 [21]  Bruneau BG, Nemer G, Schmitt JP, et al. A murine model of Holt-Oram syndrome defines 
roles of the T-box transcription factor Tbx5 in cardiogenesis and disease.  Cell 
2001;106:709-721. 

 [22]  Bruneau BG, Logan M, Davis N, et al. Chamber-specific cardiac expression of Tbx5 and 
heart defects in Holt-Oram syndrome.  Dev Biol 1999;211:100-108. 

 [23]  Bamshad M, Le T, Watkins WS, et al. The spectrum of mutations in TBX3: 
Genotype/Phenotype relationship in ulnar-mammary syndrome.  Am J Hum Genet 
1999;64:1550-1562. 

 [24]  Hiroi Y, Kudoh S, Monzen K, et al. Tbx5 associates with Nkx2-5 and synergistically 
promotes cardiomyocyte differentiation.  Nat Genet 2001;28:276-280. 

 [25]  Davies MJ, Anderson RH, Becker AE. Embryology of the conduction tissues. In: Davies 
MJ, Anderson RH, Becker AE, editors, The conduction system of the heart. London: 
Butterworths, 1983, pp 81-94 

 [26]  Virágh Sz, Challice CE. The development of the conduction system in the mouse embryo 
heart. III. The development of sinus muscle and sinoatrial node.  Dev Biol 1980;80:28-45. 

 [27]  Virágh Sz, Challice CE. The development of the conduction system in the mouse embryo 
heart. II. Histogenesis of the atrioventricular node and bundle.  Dev Biol 1977;56:397-411. 

 [28]  Kamino K. Optical approaches to ontogeny of electrical activity and related functional 
organization during early heart development.  Physiol Rev 1991;71:53-91. 

 [29]  Arguëllo C, Alanis J, Pantoja O, Valenzuela B. Electrophysiological and ultrastructural 
study of the atrioventricular canal during the development of the chick embryo.  J Mol Cell 
Cardiol 1986;18:499-510. 



Chapter 4 

 114 

 [30]  de Jong F, Opthof T, Wilde AAM, et al. Persisting zones of slow impulse conduction in 
developing chicken hearts.  Circ Res 1992;71:240-250. 

 [31]  Thompson RP, Lindroth JR, Wong YMM. Regional differences in DNA-synthetic activity in 
the preseptation myocardium of the chick. In: Clark EB, Takao A, editors, Developmental 
cardiology: morphogenesis and function. Mount Kisco, NY: Futura Publishing Co., 1990, pp 
219-234 

 [32]  Carlson H, Ota S, Song Y, Chen Y, Hurlin PJ. Tbx3 impinges on the p53 pathway to 
suppress apoptosis, facilitate cell transformation and block myogenic differentiation.  
Oncogene 2002;21:3827-3835. 

 [33]  Davenport TG, Jerome-Majewska LA, Papaioannou VE. Mammary gland, limb and yolk 
sac defects in mice lacking Tbx3, the gene mutated in human ulnar mammary syndrome.  
Development 2003;130:2263-2273. 

 [34]  Wenink ACG. Development of the human cardiac conduction system.  J Anat 
1976;121:617-631. 

 [35]  Janse MJ, Anderson RH. Specialized internodal atrial pathways - fact or fiction?  Eur J 
Cardiol 1974;2:117-136. 

 [36]  Liebman J. Are there internodal tracts? Yes.  Int J Cardiol 1985;7:174-185. 

 [37]  Anderson RH, Ho SY, Becker AE: Recent advances in Cardiology, Churchill Livingstone, 
1984, pp 1-26 

 [38]  Virágh S, Porte A. The fine structure of the conducting system of the monkey heart 
(macaca mulatta). I. The sino-atrial node and internodal connections.  Zeitschr Zellforsch 
1973;145:191-211. 

 [39]  McGuire MA, De Bakker JMT, Vermeulen JT, et al. Atrioventricular junctional tissue. 
Discrepancy between histological and electrophysiological characteristics.  Circ 
1996;94:571-577. 

 [40]  Rentschler S, Zander J, Meyers K, et al. Neuregulin-1 promotes formation of the murine 
cardiac conduction system.  Proc Natl Acad Sci U S A 2002;99:10464-10469. 

 [41]  Coppen SR, Kodama I, Boyett MR, et al. Connexin45, a major connexin of the rabbit 
sinoatrial node, is co-expressed with connexin43 in a restricted zone at the nodal-crista 
terminalis border.  J Histochem Cytochem 1999;47:907-918. 

 [42]  Coppen SR, Severs NJ, Gourdie RG. Connexin45 (alpha 6) expression delineates an 
extended conduction system in the embryonic and mature rodent heart.  Dev Genet 
1999;24:82-90. 

 [43]  Alcolea S, Theveniau-Ruissy M, Jarry-Guichard T, et al. Downregulation of connexin45 
gene products during mouse heart development.  Circ Res 1999;84:1365-1379.



Chapter 5 

Tbx3 controls the sinoatrial node gene 
program and imposes pacemaker function 

upon the atria 
 
Willem M.H. Hoogaars, Angela Engel, Janynke F. Brons, Arie O. 
Verkerk, Frederik J. de Lange, L. Y. Elaine Wong, Martijn L. Bakker, 
Danielle E. Clout, Vincent Wakker, Phil Barnett, Jan Hindrik 
Ravesloot, Antoon F.M. Moorman, E. Etienne Verheijck, and Vincent 
M. Christoffels 
 
 
 

 

 
 
 

Genes Dev. 2007 May 1;21(9):1098-112. 



Chapter 5 

 116 

Summary 
The sinoatrial node initiates the heartbeat and controls the rate and rhythm of 
contraction, thus serving as the pacemaker of the heart. Despite the crucial role of 
the sinoatrial node in heart function, the mechanisms that underlie its specification 
and formation are not known. Tbx3, a transcriptional repressor required for 
development of vertebrates, is expressed in the developing conduction system. 
Here we show that Tbx3 expression delineates the sinoatrial node region, which 
runs a gene expression program that is distinct from that of the bordering atrial 
cells. We found lineage segregation of Tbx3-negative atrial and Tbx3-positive 
sinoatrial node precursor cells as soon as cardiac cells turn on the atrial gene 
expression program. Tbx3-deficiency resulted in expansion of expression of the 
atrial gene program into the sinoatrial node domain, and partial loss of sinoatrial 
node-specific gene expression. Ectopic expression of Tbx3 in mice revealed that 
Tbx3 represses the atrial phenotype and imposes the pacemaker phenotype upon 
the atria. The mice displayed arrhythmias and developed functional ectopic 
pacemakers. These data identify a Tbx3-dependent pathway for the specification 
and formation of the sinoatrial node, and show that Tbx3 regulates the pacemaker 
gene expression program and phenotype. 
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Introduction 
The heart rhythm of higher vertebrates is driven by pacemaker cells. In mammals, 
these specialized heart muscle cells reside within the sinoatrial node (SAN), a 
structure located in the right atrium at the junction with the superior caval vein. The 
SAN has a distinct phenotype compared with atria, and runs a unique ion channel 
and gap-junction gene expression program essential for normal pacemaker 
function (Schram et al. 2002; Boyett et al. 2000; Marionneau et al. 2005; Liu et al. 
2006). Hcn4 encodes an isoform of the hyperpolarization-activated channels that is 
highly expressed in the SAN and is required for normal cardiac pacemaker activity 
(Baruscotti et al. 2005). Mutations in Hcn4 result in SAN dysfunction and 
bradycardia in humans and mice (Schulze-Bahr et al. 2003; Stieber et al. 2003; 
Milanesi et al. 2006). Genes expressed in the atrial working myocardium but 
normally inactive in the SAN include Nppa (ANF) and Smpx (Chisel), and gap 
junction genes Cx40 (Gja5) and Cx43 (Gja1), which are essential for fast 
propagation of the electrical impulse in the working myocardium (Moorman & 
Christoffels. 2003; Gros et al. 2004; Bagwe et al. 2005). Pacemaker activity is 
essential for heart function and viability throughout the life-span of an individual. 
Acquired heart disease, corrected congenital heart defects, pharmacological 
agents, or gene defects may cause sinus node dysfunction (sick sinus syndrome), 
a common disorder necessitating electronic pacemaker implantation. 
 A century after the discovery of the SAN structure in mammals by Keith 
and Flack (Keith and Flack. 1907), its origin and genetic control are largely 
unknown. Although all cardiomyocytes of the early embryonic heart display 
pacemaker activity, this property is lost, or suppressed, when these cells mature to 
working myocardial cells. However, the mature SAN still has pacemaker activity 
and the slow intercellular conduction also found in the embryonic cardiomyocytes, 
suggesting that prevention of differentiation of working myocardium may be an 
essential element of SAN formation. Recently, we found that cardiac homeobox 
factor Nkx2-5, which is critical for cardiogenesis and working myocardium 
differentiation, is absent from the sinus venosus and SAN, providing a possible 
mechanism for the early confinement of the pacemaker phenotype to this region 
(Mommersteeg et al. 2007). However, the mechanism underlying the patterning 
and formation of the SAN domain and the regulation of its gene program have 
remained unclear. Tbx3 is a T-box transcription factor uniquely expressed in the 
developing conduction system (Hoogaars et al. 2004). Tbx3 is a transcriptional 
repressor involved in developmental patterning and the regulation of proliferation, 
senescence bypass and apoptosis in a variety of tissues (He et al. 1999; Carlson et 
al. 2002; Brummelkamp et al. 2002; Davenport et al. 2003; Naiche et al. 2005). 
Mutations in TBX3 cause human ulnar-mammary syndrome, a disorder 
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characterized by abnormal development of forelimbs, apocrine glands, teeth, and, 
occasionally, the heart (Bamshad et al. 1997; Meneghini et al. 2006). Because of 
its unique nodal expression pattern in the heart and functional equivalence to Tbx2, 
a potent repressor of markers for working myocardial differentiation including Nppa, 
Smpx and Cx40 in the developing heart (Habets et al. 2002; Christoffels et al. 
2004b; Harrelson et al. 2004), Tbx3 is an attractive candidate regulator for the SAN 
gene program. Here we investigated the role of Tbx3 in the regulation of SAN 
formation, gene expression, and function. We found lineage segregation of 
differentiating atrial and Tbx3-positive SAN cells, indicating that the SAN is formed 
by proliferation of Tbx3-positive precursor cells, and not by recruiting adjacent 
myocytes that have initiated the atrial gene program. Analysis of Tbx3-deficient 
embryos revealed that Tbx3 is required to induce and maintain the SAN gene 
program, while preventing the expansion of atrial gene expression into the SAN 
domain. Ectopic Tbx3 expression mouse models revealed that Tbx3 is sufficient to 
reprogram atrial cells into functional pacemaker cells that run a SAN gene 
program. 
 
Results 

Tbx3 defines the SAN domain 

The SANs of late fetal and adult mice coexpress Tbx3 and Hcn4, a key SAN 
marker gene (Stieber et al. 2004; Baruscotti et al. 2005), whereas Cx40, Cx43, 
Smpx and Nppa are selectively expressed in the atrial myocardium in a pattern 
strictly complementary to that of Tbx3 and Hcn4 (Supplementary Fig. 1; Hoogaars 
et al. 2004; Mommersteeg et al. 2007). Lbh, encoding a putative repressor of Nppa 
(Briegel et al. 2005), was found to be expressed in the SAN and not in the atria 
(Supplementary Fig. 1A). Furthermore, Hop, encoding a transcriptional co-factor 
required for Cx40 expression and function of the ventricular conduction system 
(Ismat et al. 2005), appeared to be expressed at relative low levels in the SAN 
(Supplementary Fig. 1A). Thus, the SAN expresses Tbx3 and runs a gene program 
distinct from the atrial working myocardial cells that directly border the SAN.  
 To assess the role of Tbx3 in the specification of SAN cells and in the 
regulation of gene expression, Tbx3-deficient mice were generated by replacing 
the first three codons in the first exon of Tbx3 with a Cre-pA cassette 
(Supplementary Fig. 2). Consistent with published results (Davenport et al. 2003), 
homozygous mutants (Tbx3Cre/Cre) died between embryonic day (E)11.5 and E14.5, 
displaying multiple malformations. These include limb malformations and failure to 
induce mammary glands, indicating that the Cre-pA insertion resulted in a 
functional null allele. Expression of Cre in Tbx3Cre/Cre embryos and endogenous 
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Tbx3 in controls was highly similar, indicating that the Cre expression pattern 
mimics Tbx3 gene activity in mutants (Fig. 1A,D; Fig. 2D-F; Supplementary Fig. 2). 
To identify the primordial SAN region of interest, sections were probed for the 
expression of Tbx3 in wild-type and for expression of Cre in mutants. 
Morphologically, a primordial SAN was formed in Tbx3 mutants, which expressed 
Hcn4 (Fig. 1A). Quantification of the volume of the SAN in wild-type and mutant 
littermates revealed that it was variable in size, but on average significantly smaller 
in mutants (Fig. 1C). Histological analysis of E12.5 and E14.5 SANs and three-
dimensional (3D) reconstruction of an E14.5 SAN revealed that the wild-type and 
mutant SAN had comparable length along the right sinus horn, but differed in 
thickness (Fig. 2A,B,D,F). We next assessed the expression of Cx43, Cx40, Nppa, 
and Smpx, which in the embryonic heart mark differentiating atrial and ventricular 
working myocardium (Christoffels et al. 2004a). Throughout development, 
expression of these markers was excluded from Tbx3-positive myocardium of wild-
type embryos. At E12.5, the expression domains of Cx43 and Smpx protruded into 
the Cre-positive primordial SAN of mutants (Fig. 1A,B,D). Cx40 and Nppa were not 
ectopically expressed in the SAN at this stage, probably because Nkx2-5, a crucial 
activator of these genes, is not yet expressed in the sinus venosus and SAN 
(Mommersteeg et al. 2007). However, from E13.5 onward, also Cx40 and Nppa 
were ectopically expressed in the SAN domain (Fig. 2B-E). 3D reconstruction and 
quantification of Tbx3/Cre and Cx40 expression domains revealed that at E14.5 
almost half of the mutant SAN co-expressed Cre and Cx40, whereas Cx40 was 
excluded from the SAN domain of wild-type littermates. In the region of Cre-Cx40 
co-expression, Cx40 expression spanned the entire SAN domain from atrium to the 
endothelial lining of the sinus horn (Fig. 2D). The cardiac sodium channel Nav1.5 
(Scn5a) which in adults is expressed in working myocardium but at much lower 
levels in the SAN, is essential for impulse propagation (Lei et al. 2004; Papadatos 
et al. 2002). We observed that also at embryonic stages Nav1.5 was almost 
undetectable in the developing SAN. However, a striking induction of expression 
was observed in the SAN domain of Tbx3 mutants (Fig. 1E). In Tbx3 mutants, Lbh 
expression was down-regulated in the SAN (Fig. 2F), indicating that Tbx3 not only 
suppresses atrial genes, but in some cases is also required for gene activity in the 
SAN. 
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Figure 1 Tbx3 is required to suppress atrial genes in the SAN domain. (A) Ectopic expression of Cx43 
in the Cre-positive SAN of Tbx3-deficient (Tbx3Cre/Cre) embryo of E11.5 (black arrowheads). No 
difference in Hcn4 expression was observed between Tbx3+/+ and Tbx3Cre/Cre embryos. (B) 
Immunofluorescent double labeling of Cx43 (red) and Hcn4 (blue) and sytox green nuclear staining 
(green). In Tbx3Cre/Cre embryos, Cx43 showed overlap of expression (purple) with Hcn4 in the SAN 
region (white arrowheads). (C) Quantification of the volume of the SAN region (Tbx3 or Cre SAN 
expression domain) of individual E12.5 Tbx3+/+ and Tbx3Cre/Cre embryos (gray dots). The average SAN 
volume was significantly smaller in mutants (*) P<0.05. (D) Expression of Smpx in an E11.5 Tbx3+/+ 
embryo and Tbx3Cre/Cre littermate, showing ectopic expression in the developing SAN of Tbx3Cre/Cre 

embryos (black arrowheads). (E) Immunofluorescent labeling of Nav1.5 (red, top panel) and Hcn4 (blue, 
bottom panel) reveals ectopic expression of Nav1.5 in the Hcn4 positive SAN region of Tbx3Cre/Cre 

embryos (white arrowheads). 
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Figure 2 Three dimensional reconstruction and expression analysis of the SAN region of Tbx3+/+ 
embryos and Tbx3Cre/Cre embryos. (A) Dorsal view of a 3D reconstructed E14.5 heart. The myocardium 
has been removed, exposing the blood-filled lumen (red). The Tbx3-expressing myocardial is shown in 
gray. The SAN region is embedded between the right atrium (ra) and right superior caval vein (rscv). (B) 
3D reconstruction of serial sections of the SAN region in Tbx3+/+ embryos and Tbx3Cre/Cre embryos 
showing the Tbx3/Cre-positive SAN region (gray) and the lumen of the rscv (red). The atrium has been 
removed. Cx40 expression in the SAN domain (Cre+) is shown in green. The dashed line depicts cross 
sections through the reconstructions shown in panel D. (C) Average of the volume of the SAN regions 
(gray) and Cx40-positive SAN regions (green) of E14.5 Tbx3+/+ embryos (n=4) and Tbx3Cre/Cre embryos 
(n=3). Error bars show the SD. Only in Tbx3Cre/Cre embryos Cx40 was expressed in the SAN region, (*) 
P<0.05. (D) Left panels show cross-sections of 3D reconstructions shown in  B (dashed lines). The right 
panels show the sections at that level. Dashed lines depict border between SAN (Tbx3+/Cre+) and the 
atrium. Note that Cx40 is expressed throughout the SAN region in the Tbx3Cre/Cre embryo (black arrow). 
(E) Ectopic expression of Nppa in the SAN of an E14.5 Tbx3Cre/Cre embryos. Black arrow depicts Nppa 
expression in the Cre-positive SAN region. (F) Absence of Lbh expression in the Cre-positive SAN of an 
E13.5 Tbx3Cre/Cre embryo. 
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We did not observe abnormalities in gene expression in heterozygous Tbx3+/Cre 
embryos and adults. These observations demonstrate that a low dose of Tbx3 is 
required and sufficient to suppress atrial genes in the SAN domain and to activate 
Lbh.  
 

Differentiating atrial cells do not contribute to the Tbx3-positive SAN 
domain  
 

Central conduction system components have been proposed to grow by 
continuous recruitment of cardiomyocytes into an initial framework of specified 
conduction system cells (Cheng et al. 1999; Pennisi et al. 2002). This implies that 
the Tbx3-positive SAN precursor pool is continuously supplemented with adjacent 
myocardial cells that adopt the SAN gene program. Alternatively, the SAN may 
form by proliferation of conduction system precursor cells specified early in 
development (Fig. 3A,B). From approximately E9.5 onward, the expression of Tbx3 
allows the identification of the putative specified SAN precursors, whereas Nppa 
and Cx40 identify the bordering atrial cells differentiating from E9.5 onwards 
(Christoffels et al. 2000; Hoogaars et al. 2004). To assess whether these atrial cells 
are being recruited into the Tbx3-positive SAN precursor pool after their 
differentiation, we deployed mice carrying an allele that expresses Cre under 
control of Nppa regulatory sequences (Cre3) (de Lange et al. 2003) selectively in 
the emerging atrial cells and not in the Tbx3-positive SAN domain (Fig. 3D). Cre3 
mice were crossed with either R26R or Z/EG reporter mice to permanently label 
Cre-expressing cells and their daughters in double transgenic offspring (Fig. 3C). 
From their differentiation onwards, atrial cells expressed Cre, resulting in β-
galactosidase activity from the recombined lacZ gene from E10.5 onward (Fig. 3E). 
The expression domains of Cx40 and of Cre3-activated β-galactosidase activity co-
localized, whereas β-galactosidase activity was not observed in the Tbx3-positive 
domain (Fig. 3F). We then investigated the expression borders in adults. Enhanced 
green fluorescent protein (EGFP) expression activated by Cre3 exactly matched 
Nppa expression, and Hcn4 expression was strictly complementary (Fig. 3G). We 
conclude that from approximately E10 on, the cells that differentiate to atrial 
myocardium (i.e. Cx40/Nppa-positive) and their daughters do not contribute to the 
SAN (i.e. Hcn4/Tbx3-positive), which therefore must increase in size by 
proliferation. Consistently, PCNA and phospho-histone H3 detection indicated that 
proliferation occurs at least until shortly before birth (Fig. 3H). 
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Figure 3 Early specification of SAN precursor pool: growth of the SAN does not occur by recruitment of 
atrial cells. (A, B) Schemes showing two mechanisms of SAN specification: (A) Growth of a pool of 
specified SAN precursors or (B) recruitment of myocardial cells into the SAN lineage. (C) Transgenes 
used to trace the fate of myocytes after they initiated the atrial gene expression program. A cross of 
Cre3 mice with R26R or Z/EG reporter mice results in activation of the lacZ or EGFP gene, respectively, 
in atrial myocardium. (D) Restricted expression of Cre in atrial working myocardium but not in Tbx3-
positive SAN myocardium. (E) Cre is expressed in atrial myocardium from E10.5, as shown in whole 
mount in situ hybridization and X-gal staining of Cre-R26R embryos. At E12.5 robust Cre mediated 
recombination is observed in atrial myocardium. (F) Serial sections showing Cre mediated lacZ 
activation in Cx40-positive atrial myocardium but not in the Tbx3-positive SAN region of E12.5 hearts. 
(G) Cross of Nppa-Cre mice with a Z/EG reporter mouse line resulting in expression of EGFP in atrial 
myocardium. Analysis of serial sections of adult Cre3-Z/EG mice revealed that EGFP expression is 
restricted to Nppa-positive atrial myocardium. The Hcn4-positive SAN region remained free of cells 
derived from EGFP-positive cells. (H) Presence of proliferating cells in the SAN of E16.5 and E17.5 
hearts as demonstrated by the presence of PCNA and phosphorylated histone H3 (pHH3) in the Hcn4-
positive SAN region. Black arrows show pHH3-posive cells in the SAN. ina, internodal artery. 
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Atria of Cre-CT mice switch to the SAN gene program 

Because Tbx3 is partially redundant and mutants are embryonic lethal, Tbx3-
deficient embryos do not allow detailed assessment of the function of Tbx3 in the 
regulation of the SAN phenotype. Therefore, to further explore the role of Tbx3 in 
regulating the SAN gene program and phenotype, we used a gain-of-function 
approach. Mice were generated that allow conditional activation of the human 
TBX3 cDNA by Cre recombinase (CT mice). In these mice, Cre-mediated excision 
of the CAT reporter gene activates TBX3 (Fig. 4A,D). CT mice were crossed with 
Cre3 mice in order to effectively expand the SAN Tbx3 expression domain into the 
atria. In double transgenic fetuses, TBX3 was induced in the atria, whereas Nppa 
promoter-driven Cre expression had disappeared (Fig. 4B-D; Supplementary Fig. 
3A), showing that Tbx3 in vivo suppresses the Nppa promoter fragment that drives 
Cre expression. Furthermore, Cx40 and Nppa expression was down-regulated, 
whereas Hcn4 expression was strikingly induced in these atria (Fig. 4C and data 
not shown). These results indicate that Tbx3 is able to repress atrial genes and to 
induce a SAN gene in differentiated (Nppa-positive) atrial cardiomyocytes. Taken 
together, our data indicate that Tbx3 defines a domain where atrial working 
myocardial genes are repressed and expression of SAN-specific genes is 
permitted or induced, thereby establishing a phenotypic boundary between the 
SAN domain and the atrial working myocardium. 
 We next crossed CT mice to Nppa-Cre4 (Cre4) mice, because Cre3, while 
efficiently recombining R26R or Z/EG alleles, appeared to recombine and activate 
the CT allele less efficiently and in a mosaic pattern (Fig. 4D; Supplementary Fig. 
3). Hence, while on sections effective down-regulation of target genes could be 
assessed in a fraction of the atrial cells, this was not possible by quantitative RT-
PCR analysis due to the large fraction of cells in which TBX3 was not activated 
(Fig. 4D; Supplementary Fig. 3A,B). In contrast, the efficient activation of TBX3 by 
Cre4 allowed the assessment of gene repression by quantitative RT-PCR (Fig. 
4D). Three sets of genes were selected for expression analysis in left atria of adult 
Cre4-CT mice. Set 1 genes represent cardiac transcription factors and structural 
and functional genes not enriched in either SAN or atria (Schram et al. 2002; 
Marionneau et al. 2005). Set 2 genes are expressed at higher levels in the working 
myocardium of the atria, compared with the SAN, and are important for working 
myocardial function (Supplementary Fig. 1; Schram et al. 2002; Marionneau et al. 
2005). This set includes Kir2.1 and Kir2.2, which encode inward rectifier potassium 
currents involved in the fast terminal repolarization and maintenance of resting 
membrane potential of working cardiomyocytes (Miake et al. 2002). Set 3 genes 
are expressed at higher levels in the SAN compared with the atria, and are  
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Figure 4 Ectopic expression of TBX3 in atrial cardiomyocytes results in repression of Cx40 and in 
ectopic activation of pacemaker channel Hcn4. (A) Scheme showing the CT and Cre3/Cre4 alleles. (B) 
QRT-PCR and in situ hybridization analysis of Cre3 mice and Cre3-CT double transgenic mice. Cre 
expression under control of Nppa regulatory sequences is repressed in Cre3-CT mice, demonstrating 
that TBX3 is capable of suppressing Nppa promoter activity in vivo. (C) In situ hybridization on serial 
sections of prenatal (E17.5) Cre3 and Cre3-CT hearts showing TBX3 expression, down-regulation of 
Cx40, and ectopic induction of Hcn4 in the right atrium (ra) of Cre3-CT mice. Asterisks (*) depict 
comparable regions in the right atrium adjacent to the SAN. (D) QRT-PCR analysis of atria of Cre3-CT 
and Cre4-CT double transgenic mice compared with control mice. Expression of Cx43 is significantly 
down-regulated in Cre4-CT mice. Due to the partial, mosaic activation of TBX3 by Cre3, many atrial 
cells are not affected, and the repression of Cx43 is not observed in homogenates of Cre3-CT mice. 
Expression of Hcn4 is significantly up-regulated in both Cre3-CT and Cre4-CT mice. Product obtained 
with primer set R1/R2 reveals the activated TBX3-encoding transcripts. 
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important for SAN function (Supplementary Fig. 1; Schram et al. 2002; Marionneau 
et al. 2005; Liu et al. 2006). This set includes the Hcn-family of hyperpolarization-
activated channels, which provide pacemaker activity (diastolic depolarization) to 
the myocardium (Baruscotti et al. 2005). Although Hcn4 is the dominant isoform in 
the SAN, also Hcn1 and Hcn2 are expressed in the SAN, at higher levels than in 
the atria (Marionneau et al. 2005). Cav3.1 encodes a T-type calcium channel that 
contributes to SAN pacemaker activity (Mangoni et al. 2006). Cx30.2 encodes a 
gap junction protein selectively expressed in the SAN and atrioventricular node of 
the conduction system that slows conduction velocity within the node (Kreuzberg et 
al. 2006). In situ hybridization of late fetal hearts, immunofluorescent labeling of 
adult hearts and QRT-PCR analysis of adult atria showed that the genes required 
for regulation and function of cardiomyocytes in general, the set 1 genes, were not 
affected by TBX3 expression in the atria of Cre4-CT mice (Fig. 5B, Fig. 6A). In 
contrast, all atrial tissue-enriched genes were significantly down-regulated, 
indicating that atrial myocytes adopt low levels of expression of these genes similar 
to the SAN (Fig. 5A,B; Fig. 6A). The SAN-enriched genes were up-regulated in left 
atria of Cre4-CT mice (Fig. 5A,B; Fig. 6B), especially Hcn4 and Cx30.2. These data 
further indicate that Tbx3 converts the atrial gene program to the SAN gene 
program by coordinately activating and repressing key components of each 
program (Fig. 6C). 
 To assess changes in target gene expression in response to a short period 
of Tbx3 exposure, αMhc-Cre mice were crossed to CT mice in order to activate 
TBX3 in the heart of embryos prior to and during chamber differentiation (Fig. 7A). 
Differentiation and expansion of the chamber myocardium were mildly to severely 
impaired (data not shown). Cx40 and other genes specific for the atrial and 
ventricular chambers were efficiently down-regulated in both mildly and severely 
affected hearts, indicative for a relative fast response to Tbx3 exposure (1-2 days) 
(Fig. 7A,B). In contrast, Hcn4, Cx30.2 and Lbh were not induced, which indicates 
that up-regulation of these genes, as observed in Cre3/4-CT mice, is indirect, 
requiring prolonged presence of Tbx3 (Fig. 7B). 
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Figure 5 TBX3 represses atrial working myocardial genes and induces SAN-specific genes. (A) In situ 
hybridization of serial sections of E17.5 hearts, showing down regulation of Cx40 and Cx43 in the right 
atrium (ra) of Cre4-CT mice. Expression of Hcn4 and Lbh is up-regulated in atrial myocardium of Cre4-
CT mice. (B) Immunofluorescent labeling of postnatal mouse heart sections showing that atrial 
myocytes of adult Cre4-CT mice ectopically expressed Hcn4, whereas Cx43 and Nav1.5 expression 
was reduced compared to control mice. (C) Immunofluorescent double staining of Cx43 (red) and Hcn4 
(blue) in right atrial sections of Cre4 and Cre4-CT mice, respectively. In Cre4-CT mice, Cx43 is down 
regulated and the residual Cx43 expression is complementary to ectopic Hcn4 expression. Scale bar, 
100 µm. 
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Figure 6 TBX3 induces switch to the SAN gene expression program in the atria. (A, left panel) QRT-
PCR analysis showed no difference in expression of set 1 (myocardial) genes in left atria (LA) of Cre4-
CT mice (black bars) as compared with control mice (white bars). (Right panel) Expression levels of set 
2 (atrium-enriched) genes showed a significant down-regulation (right panel). (B) Expression levels of 
set 3 (SAN-enriched) genes were induced in left atria of Cre4-CT mice. (C) Scheme indicating a central 
role for Tbx3 in the regulation of the SAN gene program and phenotype. Because Tbx3 is a repressor, it 
may activate genes indirectly (i.e., by repressing repressor R). Error bars in A and B represent SD (n=4 
per group). (*) P<0.05.  

 
 Both promoters of Nppa and Cx43 contain a T-box binding element (TBE) 
required for their suppression in the atrioventricular canal and limb in vivo, 
respectively (Habets et al. 2002; Chen et al. 2004), indicating that Tbx3 directly 
represses these genes. To assess whether Tbx3 interacts with the Cx43 gene in 
vivo, chromatin was isolated from H10 rat cardiomyocyte cells (Jahn et al. 1996) 
stably expressing FLAG-tagged Tbx3. Fig. 7C shows the immunoprecipitation of 
chromatin using anti-FLAG sepharose with subsequent PCR amplification for the 
Cx43 promoter (TBE) (Chen et al. 2004). Only in the presence of Tbx3 can the 
TBE be amplified. These results indicate that Cx43 is directly repressed by Tbx3. 
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Figure 7 Activation of TBX3 in embryonic hearts leads to decreased expression of atrial genes but not 
up-regulation of SAN genes. (A) Whole mount in situ hybridization of E10.5 αMhc-Cre-CT double 
transgenic embryos, showing ectopic expression of TBX3 in the whole heart (black arrow). Expression 
of Cx40 is decreased specifically in the hearts of αMhc-Cre-CT embryos (black arrowheads). Yellow 
arrow depicts staining in endothelial cells of the dorsal aorta, which is comparable in αMhc-Cre-CT and 
αMhc-Cre control embryos. (B) QRT-PCR analysis showed a significant down-regulation of atrium 
enriched genes Nppa, Smpx and Cx40, but not of SAN-enriched genes Hcn4, Lbh and Cx30.2. (C) 
Chromatin was isolated from H10 rat cardiomyocyte cells stably expressing FLAG tagged Tbx3. PCR 
analysis of input DNA using primers surround the Cx43 TBEs at position -450 pb is shown in lane 1. 
Lane 2 and 3 show TBE target amplification using FLAG immunoprecipitated chromatin from cells 
expressing FLAG-Tbx3 or a control not expressing FLAG-Tbx3, respectively. Amplification of a region 
approximately 0.6 kbp upstream of the TBE can only be achieved using the input DNA (lane 4), 
whereas amplification using FLAG-Tbx3 derived chromatin fails to give an amplification product (lane 5). 

 
 
Tbx3 induces the formation of ectopic pacemaker sites in the atria 

Next, we investigated whether the switch to the SAN gene program in atria of 
double transgenic mice was sufficient to generate functional pacemaker activity. 
Cre4-CT mice developed dilatation and fibrosis of the atria several weeks after 
birth, possibly resulting from electrical and structural remodeling (Supplementary 
Fig. 4A,B). Therefore, we used Cre3 mice that provide an incomplete, mosaic 
TBX3 activation pattern of the CT allele in the atria (Fig. 4; Supplementary Fig. 3). 
As expected, the response of Tbx3 target genes in the atria of Cre3-CT was 
comparable to that in atria of Cre4-CT mice, but less pronounced (Supplementary 
Fig. 4C,D). Whole mount and histological examination of adult atria of Cre3-CT 
mice and controls revealed no abnormalities in size or tissue structure 
(Supplementary Fig. 4A,B). Electrocardiography revealed normal RR, PQ, QRS, 
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and QT intervals and individual waveforms in the double transgenic mice (Fig. 
8A,B). However, close examination of the RR intervals of double transgenic mice 
showed periods of normal activity ranging from seconds to minutes followed by 
short periods of one to three irregular, premature beats (Fig. 8A,C). 
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Figure 8 Ectopic pacemaker activity in Cre3-CT mice. (A) Three-minute segment of RR intervals, 
displaying heart rate instability. Inspection of an ECG segment in an expanded time scale revealed a 
pre-mature beat in the Cre3-CT group. (B, C) ECG analysis uncovered an increase in premature beats 
in the Cre3-CT mice group compared with the three control groups, without changes in ECG 
parameters. (D) Only Cre3-CT mice showed spontaneous electrical activity in both isolated right and left 
atria. (E) Activation map of isolated right atria of Cre3-CT mice, showing the presence of stable ectopic 
nodal impulse formation originating from the site marked by an asterisk. The numbers on isochrones 
indicate activation time in ms. (F) Typical example of pacemaker formation (left) and hyperpolarization-
activated current (right) in a single right atrial Cre4-CT cardiomyocyte. (*) P<0.05. 

 
The arrhythmia in Cre3-CT mice could result from dysfunction of the SAN, due to 
an increase in atrial premature complexes, or ectopic pacemaker activity. To 
discriminate between these possibilities, intact left and right atria of Cre3-CT mice 
were isolated free from SAN and internodal tract myocytes (Fig. 8D; Yamamoto et 
al. 2006). Ninety percent of right and 40% of left atria, respectively, showed ectopic 
spontaneous electrical activity while this was absent in control mice (Fig. 8D). 
Mapping of the activation pattern of isolated atria in double transgenic mice 
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revealed at least one stable ectopic pacemaker. Nodal-like action potentials could 
be recorded at the site of the earliest activation in the ectopic pacemaker region 
(Fig. 8E). To exclude cell-to-cell coupling induced modifications, pacemaker activity 
was studied in isolated right atrial myocytes. Pacemaker formation was observed in 
seven out of 15 single myocytes (47%) of Cre4-CT mice, while it was absent from 
single myocytes (n=11) of control mice (P=0.01; Fig. 8F). The spontaneously active 
Cre4-CT myocytes had nodal-like action potentials with typical low action potential 
upstrokes, maximal diastolic depolarization potential around –60 mV, and diastolic 
depolarization resulting in pacemaker activity with an intrinsic cycle length of 
243±61 ms. The myocytes of Cre4-CT mice exhibiting pacemaker activity had a 
clear hyperpolarization activated current (-8.4±1.9 pA/pF (n=7) at –110 mV), while 
such current was virtually absent in the quiescent  myocytes of Cre4-CT and 
control mice. Our experimental evidence thus showed that the ectopic expression 
of TBX3 in the atria induces the formation of pacemaker activity resulting in 
functional ectopic nodes in the atria in vivo. 

 
Discussion 
The present study deploys loss- and gain-of-function strategies and genetic lineage 
analysis to define the potential role of Tbx3 in the regulation of SAN formation, and 
identifies Tbx3 as a central regulatory factor that controls the SAN gene program 
and phenotype in the heart. Tbx3 appears to be sufficient to reprogram atrial cells 
into functional pacemaker cells. During embryonic development, Tbx3 defines the 
SAN region by shielding the cells within its own expression domain from atrial gene 
expression and differentiation, while at the same time inducing SAN gene 
expression. The precursor cells within this domain then expand to form the SAN, 
without receiving contributions from the bordering atrial myocytes, which were 
found to segregate soon after their differentiation. As such, these results identify a 
new paradigm for the specification and formation of the SAN, and provide an 
important aspect of the underlying molecular mechanism. Tbx3 expression in the 
developing nodal components of the conduction system is conserved among 
higher vertebrates (Hoogaars et al. 2004), indicating that Tbx3 is an evolutionary 
conserved control of SAN formation and phenotype.  
 
Tbx3 and the formation of the SAN  

Compared to the working myocardium, the cells of the SAN are small and pale and 
have poorly developed sarcomeres and sarcoplasmic reticulum. These nodal cells 
are automatic, express few gap junctions, and their intercellular coupling is poor 
(Canale et al. 1986; Bleeker et al. 1980). Interestingly, these properties and gene 
expression patterns of the SAN resemble those of the early embryonic myocytes 
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(for review, see Moorman and Christoffels, 2003). This suggests that while 
embryonic cardiac muscle cells differentiate and mature into working myocytes, the 
SAN retains properties of embryonic myocardium. We now show that Tbx3 is 
expressed in the developing and mature SAN and is required to suppress the 
expression of atrial differentiation marker genes. These findings indicate that Tbx3 
specifies the SAN domain by suppressing differentiation to working myocardium, 
thereby allowing the cells within its expression domain to retain the properties 
required for their pacemaker function in the mature heart. However, during 
development the phenotype of the SAN is not fixed, but also matures. The finding 
that Tbx3 not only suppresses working myocardial genes, but also is required for 
the activity of SAN genes such as Lbh, and is able to induce important SAN genes 
including Hcn-family members and Cx30.2, indicates that Tbx3 plays an active role 
in the establishment of the mature SAN phenotype. 
 Analysis of E12.5 Tbx3Cre/Cre embryos revealed that a primordial SAN was 
formed which was variable in size. This indicates that Tbx3 may be involved in, but 
is not strictly required for the induction of the primordial SAN. Furthermore, the 
primordial SAN expressed Cre, indicating that Tbx3 is not required for its own 
expression. At E12.5 we found ectopic expression of Cx43 and Smpx in the Cre 
expression domain of the primordial SAN. However, only at E13.5-14.5 Cx40 and 
Nppa were ectopically induced in the primordial SAN of Tbx3Cre/Cre embryos, 
suggesting redundancy of repressive Tbx3 function, or the absence of an activating 
factor of these genes at earlier stages. The cardiac homeobox transcription factor 
Nkx2-5, an essential activator of Cx40 and Nppa (Harvey 2002; Dupays et al. 
2005), is not expressed in the SAN region until approximately E13-14 
(Mommersteeg et al. 2007), explaining why the requirement of Tbx3 to suppress 
Cx40 and Nppa in Tbx3-deficient embryos only becomes apparent at this stage. 
Therefore, the expression of Nkx2-5-regulated genes may initially not be altered in 
the primordial SAN of Tbx3-deficient embryos.  
 Tbx3 is a potent transcriptional repressor (He et al. 1999). Nppa was 
shown to contain a TBE critical for the suppression of Nppa promoter activity in the 
Tbx3-positive atrioventricular canal in vivo, to which Tbx3 binds in vitro (Habets et 
al. 2002; Hoogaars et al. 2004). Also promoter fragments of Cx40 and Cx43 
contain TBEs that are involved in T-box factor mediated gene regulation in cell 
culture, and in limb in vivo (Bruneau et al. 2001; Chen et al. 2004). It is therefore 
likely that Tbx3 directly suppresses the activity of atrial genes in vivo. Indeed, 
chromatin immunoprecipitation analysis revealed that Tbx3 specifically interacts 
with the TBE-containing DNA region of the Cx43 gene in HL-10 cells in vivo, 
providing strong indication that Tbx3 directly suppresses Cx43. In addition, Tbx3 
was found to efficiently activate Lbh, previously shown to suppress the Nppa 
promoter (Briegel et al. 2005), and to suppress Hop, required for Cx40 expression 
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(Ismat et al. 2005). Therefore, we speculate that Tbx3 may suppress atrial genes 
both directly and indirectly through modulating the expression of suppressors and 
activators of atrial genes.  
 The repressor function of Tbx3 implies that the induction of SAN genes in 
the atria is indirect. Consistently, when Tbx3 was ectopically expressed in the 
entire heart of embryos before or during chamber differentiation using the αMhc-
Cre mouse line, SAN genes were not significantly induced (Fig. 7A,B), indicating 
that a much longer period of time is required to activate these genes, as was 
observed in Cre3/4-CT mice. Furthermore, although Lbh expression was lost from 
the SAN in Tbx3-deficient embryos, we did not observe loss of Hcn4 expression, 
and the induction of SAN-specific genes in the atria of Cre4-CT mice was mosaic, 
again with the exception of Lbh, which was homogeneously induced in these atria. 
These observations indicate that Tbx3 does not directly induce Hcn4 and other 
SAN genes, but imposes a phenotype on cells that allow those genes to be 
activated. To identify the underlying activation mechanism, future work will focus on 
the analysis of Hcn4 and Lbh regulation in vivo.  
 Heterozygous mutations in TBX3 causes ulnar-mammary syndrome in 
human, but mice appear to be less sensitive to a lower Tbx3 dose (Naiche et al. 
2005). Consistently, we did not observe alterations in gene expression in the SAN 
of heterozygous Tbx3+/- embryos and adults. Affected conduction system 
morphology or function has not been reported in ulnar-mammary syndrome 
patients, suggesting that the reduced TBX3 dose is sufficient for SAN regulation in 
humans. However, a subset of ulnar-mammary syndrome patients has structural 
congenital heart defects, indicating that reduction of Tbx3 dose in the context of 
certain genetic backgrounds or additional mutations becomes important for heart 
development. It is therefore possible that a closer examination of a large number of 
ulnar-mammary syndrome patients may reveal conduction system anomalies.  
 
Formation of the SAN: recruitment versus proliferation of specified 
precursors 
 
The central conduction system components have been proposed to form by 
continuous recruitment throughout development of myocytes into an initial 
framework of specified conduction system cells. This proposal was based on 
elegant retrospective clonal analyses in which rare single-cell derived clones found 
in the central conduction system always extended into the adjacent working 
myocardium (Cheng et al. 1999; Pennisi et al. 2002). The phenotype of the 
infected founder cell could not be assessed. However, during development the 
cells of the central conduction system, including those of the SAN (Erokhina and 
Rumyantsev, 1986), proliferate much less compared to the adjacent myocytes 
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forming the working myocardium, which indicated that the latter enter the 
conduction system lineage, rather than the other way around (Cheng et al. 1999). 
The spatio-temporal expression patterns we observed indicate specification of the 
sinoatrial junction in Tbx3/Hcn4-positive nodal precursors and adjacent 
Cx40/Nppa-positive atrial precursors as early as E10. Therefore, SAN specification 
and growth can be envisioned to follow either of two modes as presented in Fig. 3A 
and B. Using the Cre-loxP system, the emerging atrial lineage bordering the Tbx3-
positive domain was irreversibly labeled, allowing assessment of recruitment of the 
atrial cells into the SAN lineage. We found that the pattern of β-galactosidase or 
EGFP, irreversibly activated by the Nppa-Cre allele from E10 on, exactly matched 
the patterns of Cx40 and Nppa expression and was strictly complementary to those 
of Tbx3 and Hcn4 expression. These data indicate that from their differentiation 
onwards, atrial myocytes are not recruited into the SAN lineage. Our assay did not 
rule out the possibility that initially Tbx3-positive cells differentiate to atrial working 
myocardium later in development. Tbx3 expression was observed to be associated 
with the SAN during development. In addition, Tbx3 was found to be able to 
suppress the atrial genes, including the Nppa-Cre cassette used to label atrial 
myocytes, and appeared to be required to suppress atrial genes in the primordial 
SAN. From the combined data we conclude that the mature SAN is formed from 
the Tbx3-positive embryonic precursor population.  
 
Tbx3 imposes pacemaker activity on atrial myocytes 

Many time-dependent currents contribute to SAN function. These currents are 
encoded by several gene families, each comprising several family members 
(Schram et al. 2002; Boyett et al. 2000; Marionneau et al. 2005). Other important 
properties include intercellular coupling, which is largely defined by the number and 
type of gap-junctions present in and around the SAN. The difference in function 
between atrial working myocytes and SAN cells is at least in part defined by genes 
differentially expressed between the SAN and atria. To date, only a limited number 
of differentially expressed genes have been identified, but their contribution to 
either SAN-specific or atrial working myocardial-specific function is substantial. 
Some of these genes were found to be essential for pacemaker function or for 
impulse propagation, whereas others are sufficient to generate ectopic pacemaker 
activity (Schram et al. 2002; Stieber et al. 2004; Papadatos et al. 2002; Miake et al. 
2002; Rosen et al. 2004; Bucchi et al. 2006; Tse et al. 2006). In the present study, 
we found the remarkable ability of Tbx3 to selectively regulate the expression of 
this differentially expressed and functionally important set of genes, indicating that 
it acts upstream in a pathway that controls pacemaker phenotype. Not only does it 
repress genes required for working myocardial function, it also stimulates genes 
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required for pacemaker function, including pacemaker channels (Hcn), calcium 
channel (Cav3.1), and slow gap junction Cx30.2, thereby efficiently reprogramming 
atrial myocytes into functional pacemaker cells. In contrast, genes not implicated in 
the functional or structural distinction between atria and SAN were not affected by 
Tbx3. These results indicate that Tbx3 is an efficient tool to identify genes that 
define the distinction between working myocardium and pacemaker cells, and to 
gain further insight into the molecular genetic underpinnings of pacemaker 
formation and function.  
 Currently, attempts to generate bio-artificial pacemakers with normal 
entopic electrophysiological characteristics using virally delivered channel genes 
are ongoing (Miake et al. 2002; Rosen et al. 2004; Bucchi et al. 2006; Tse et al. 
2006). These pacemakers provide a novel inroad into treatment of common 
arrhythmias. It will be of great clinical interest to examine whether Tbx3 could be 
applied in the generation of bio-artificial pacemakers. Although Tbx3 maintains 
proliferation and stimulates senescence bypass in specific cell types 
(Brummelkamp et al. 2002; Naiche et al. 2005), it is unlikely to have this role in 
developing or mature cardiac myocytes, possibly rendering it a useful tool to 
reprogram working myocytes ex vivo into pacemaker cells displaying normal 
electrophysiological characteristics. 
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Materials and methods 
 

Mice and gene targeting  

Z/EG (Novak et al. 2000) and R26R (Soriano, 1999) reporter mice have been 
described previously. The CAG-CAT-TBX3 (CT) transgene construct harbors a 
human TBX3 cDNA encoding a full-length human TBX3 protein (Brummelkamp et 
al. 2002) with an in-frame fusion to a hemagglutinin (HA)-tag in a modified 
backbone from pCAG-CAT-Z (Araki et al. 1995). CT transgenic mice were bred 
with Nppa-Cre3, Nppa-Cre4 (de Lange et al. 2003), or αMhc-Cre mice (Agah et al. 
1997) to generate double-transgenic mice conditionally expressing TBX3 in the 
atria or the whole heart, respectively. The transgenic mice were identified by PCR 
analysis using primers specific for CAT and Cre genes.  
 A cosmid with Tbx3, isolated from the 129/Ola cosmid genomic library 
obtained from the Resourcenzentrum (RZPD) in Berlin, was kindly provided by Dr. 
Andreas Kispert. Homologous DNA sequences (6.1 kb of upstream and 1.9 kb of 
downstream sequences) were ligated to a Cre-polyA-Frt-flanked PGK-neo cassette 
derived from pKOII (Bardeesy et al., 2002) to generate a Tbx3-targeting construct 
(Supplementary Fig. 2) in which the first three codons of Tbx3 coding region were 
replaced by the Cre-pA cassette. The linearized targeting construct was 
electroporated into E141B10 ES cells to generate targeted cell lines. A diphteria 
toxin A cassette was used to positively select for homologous recombinants. 
Chimeras were generated by injection of targeted ES cells into C57Bl6 host 
blastocysts. Germ-line transmission of the targeted allele was obtained by mating 
with FVB females. Subsequently, Tbx3CreNEO mice were crossed with FlpE mice 
(Rodriguez et al. 2000) to remove the PGK-neo cassette. Progeny was screened 
by PCR for the presence of the Tbx3Cre allele using the following primers: fw1 
(AGC GGA GCC AAG CCA GCA), rv1 (CCT TGG CCT CCA GGT GCA C) and rv2 
(GCT AGA GCC TGT TTT GCA CGT TCA). The Tbx3Cre allele has been 
maintained on a FVB background. Animal care was in accordance with national 
and institutional guidelines. 
 

Chromatin immunoprecipitation 

Chromatin was isolated from the rat neonatal cardiomyocyte cell line, H10 (Jahn et 
al. 1996), stably expressing FLAG-tagged Tbx3. A kit (Active Motif) and FLAG M2 
sepharose (Sigma) was used to capture the FLAG-tagged protein according to 
manufacturer's instructions. DNA fragments were analyzed by PCR with primers 
specific for the rat Cx43 TBEs around 450 bp upstream of the transcription start 
site (5’-CCG TGT TTA AGA GGA GGA GAA TTA GG-3’ and 5’-GGG ACA AGG 
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TCA ACT CGT GCA GAC-3’) or for control region approximately 1 kbp upstream 
(5’-AGG AGC TGC CCA CCC TTA GGA ATG-3’ and 5’-GAG TTT CCA GAT ACA 
TTA TGT TAG C-3’). 
 

In situ hybridization, immunohistochemistry and histology  

Nonradioactive in situ hybridization, three-dimensional reconstruction and 
quantification of expression domains were performed as described previously 
(Hoogaars et al. 2004; Moorman et al. 2001). Probes used have been described 
previously (Hoogaars et al. 2004). The probes for Hcn4 (Santoro et al., 2002; 
Garcia-Frigola et al. 2003) and Hop (Chen et al. 2002) were generously provided 
by B. Santoro, and J. Epstein, respectively. For immunohistochemistry, adult hearts 
were isolated in PBS, rapidly frozen in liquid nitrogen and cut into 10 µm sections. 
The primary antibodies used were: HCN4 rabbit polyclonal (1:250, Chemicon), 
Cx40 rabbit polyclonal (1:250, Chemicon), Cx43 mouse monoclonal (1:250, BD 
Transduction Lab), cTnI rabbit polyclonal (1:1000, HitestLtd), Nav1.5 rabbit 
polyclonal (1:100, Alomone Labs). Secondary antibodies used were: Alexa 647 
anti-rabbit, Alexa 568 anti-rabbit and Alexa 568 anti-mouse antibodies (1:100, 
Molecular Probes). Nuclei were stained using Sytox Green nucleic acid stain 
(1:30000, Molecular Probes). Fibrosis was determined by Pico Sirius red staining. 
 

Quantitative expression analysis 

Total RNA was isolated from atrial appendices of adult mice (2-4 months) using the 
RNeasy Mini Kit according to the manufacturer’s protocol (Qiagen). cDNA was 
reverse transcribed from 300 ng total RNA using the Superscript II system 
(Invitrogen). Expression of different genes was assayed with quantitative real time-
PCR using the MyiQ Single-Color RT-PCR Detection System (Biorad). Relative 
start concentration (N(0)) was calculated using the following equation: 
N(0)=10(log(threshold)-Ct (mean Eff)). Values were normalized to Gapdh expression levels. 
 

ECGs 

Lead I ECG configuration recordings were obtained in anesthetized (isofluraan 
1.5%) mice. Plots of successive RR intervals during 15 minutes epochs were 
inspected for periods of irregularity in heart rate. Premature beats were defined as 
a rhythm during which P waves occurred prior to the expected P wave. 
 

Electrophysiology 

Electrophysiological mapping of the atrial region was accomplished at 37.0±0.3°C 
as recently described (Verheijck et al. 2001). Transmembrane potentials were 
recorded at 5-kHz by conventional glass microelectrodes filled with 2.7 M KCl and 
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2 mM K-citrate (resistance 15-30 M�). For the construction of activation maps, 
impalements were made 0.1 mm apart and in the ectopic pacemaker area down to 
0.05 mm apart. Ectopic pacemakers showed diastolic depolarization and low 
maximal upstroke velocity <10V/s. A bipolar silver wire electrode was placed on the 
edge of the preparation. This electrode provided a surface electrogram of which the 
first deflection served as a time reference for the determination of the ectopic 
conduction time and construction of the activation map. Single right atrial 
cardiomyocytes were isolated by enzymatic dissociation. Action potentials and 
hyperpolarizing-activated currents were recorded using the perforated patch-clamp 
technique (Axopatch 200B Clamp amplifier, Axon Instruments Inc.). Signals were 
low-pass filtered (cut-off frequency: 5-kHz) and digitized at 5-kHz. Series 
resistance was compensated �80% and potentials were corrected for liquid-
junction potential. For voltage control, data acquisition and analysis, custom-made 
software was used. Superfusion solution (37ºC) contained (mM): 140 NaCl, 5.4 
KCl, 1.8 CaCl2, 1 MgCl2, 5.5 glucose, 5 HEPES; pH 7.4 (NaOH); pipette solution 
contained (mM): 125 K-gluc, 20 KCl, 5 NaCl, 2.2 amphotericin-B, 10 HEPES; pH 
7.2 (KOH). Hyperpolarizing-activated current was measured by 500-ms 
hyperpolarizing steps from –40 mV. 
 

Statistics 

Results are expressed as mean±SEM. Data are considered different if P<0.05. The 
Mann-Whitney U test, unpaired t-test, or Fisher’s exact test was used if 
appropriate. 
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Summary 
Differential gene expression underlies the distinct properties of the cardiac 
pacemaker cells of the nodes and the working myocardial cells of the chambers. T-
box factor Tbx3 is expressed in the cardiac conduction system including the 
sinoatrial node, where it mediates pacemaker function by repressing the working 
myocardial phenotype. We previously found that ectopic activation of Tbx3 in atrial 
working myocardium specifically suppresses working myocardial genes, induces 
pacemaker genes, and effectively converted atrial cells into functional pacemaker 
cells. In addition, Tbx3 is expressed in the atrioventricular canal myocardium and 
cushion mesenchyme during heart development, which suggests an additional role 
for Tbx3 in the formation of the cardiac cushions and valves. In this study we used 
a gain-of-function approach to identify novel cardiac genes downstream of Tbx3. 
Genome-wide microarray analysis of mice ectopically expressing Tbx3 in the atria 
revealed reduced expression of ion channel genes, structural genes and metabolic 
genes that mark the developing and mature working myocardium, including Ryr2, 
Kcnd2, Fgf12, Ckm, Aldh1b1, Bmp10 and Nppb. In addition, we identified novel 
downstream genes of Tbx3 that are involved in pacemaker function, including 
Cacna2d2, Kcnh2, Cx45, Itpr1 and the transcriptional repressor Id2. Finally, we 
found that Tbx3 activation in atrial myocardium induced epithelial-to-mesenchymal 
transistion of endocardial cells in the atria and induced expression of genes 
important for cardiac cushion formation and the development of the valves, 
implying a potential role for Tbx3 in these processes during heart development. In 
summary, these data identify novel cardiac target genes of Tbx3, and show that 
Tbx3 regulates the expression of a spectrum of genes that define the distinctive 
properties of working myocardial cells and myocardial pacemaker cells of the 
nodes, and genes involved in endocardial cushion formation. 
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Introduction 
In the adult, the heart beat is initiated and regulated by pacemaker cells of the 
nodes, whereas contraction relies upon the working myocardial cells of the 
chambers. The cardiac nodes and atrial and ventricular chambers are distinct 
myocardial components with unique characteristics that determine their specialized 
cardiac function. Slow conducting myocardial pacemaker cells of the sinoatrial 
node (SAN) and the atrioventricular node (AVN) display high automaticity, which 
ensures the specialized pacemaker function of the nodes in the heart. The fast 
conducting working myocardial cells of the chambers are hallmarked by low 
automaticity, and show high contractility due to well- developed sarcomeric 
structures. In contrast to working myocardial cells, pacemaker cells are less 
differentiated: they contain sparse and poorly organized myofibrils and 
mitochondria, are metabolically less active and show a poor capacity to contract 
(Canale et al., 1986;Kübler et al., 1985;Virágh and Challice, 1977;Virágh and 
Challice, 1980). To some extent, regional differences in gene expression that 
underlie the specialized functions of the chambers and the nodal components of 
the conduction system have been established, which include differential expression 
of important ion channel genes and gap junction genes that define the specific 
electrical properties of working myocardium and pacemaker myocardium 
(Hoogaars et al., 2007;Marionneau et al., 2005;Schram et al., 2002;Tellez et al., 
2006).  
 The specification and regionalization of the different myocardial 
components is established early in heart development. Primary myocardium of the 
embryonic heart tube locally begins to differentiate to working myocardium of the 
atria and ventricles from ED8-8.5 onwards in mouse. The differentiation towards 
the working myocardium phenotype is marked by the expression of chamber genes 
such as Nppa and gap junction genes Cx40 and Cx43, and is accompanied by an 
increase in proliferation rate (Christoffels et al., 2004a;Moorman and Christoffels, 
2003;Soufan et al., 2006). Differentiation and proliferation of working myocardium 
is repressed in the primary myocardium of the outflow tract, sinus venosus and 
atrioventricular canal, the latter giving rise to the SAN and the AVN, respectively 
(Christoffels et al., 2004a;Habets et al., 2002;Moorman and Christoffels, 
2003;Soufan et al., 2006). In addition, primary myocardium of the outflow tract and 
the atrioventricular canal induces the formation of endocardial cushions, which are 
required for valve development, septation and alignment of the chambers 
(Eisenberg and Markwald, 1995). Deciphering the molecular pathways that lead to 
the formation and specification of the nodes, the chambers and the valves will 
allow us to identify the molecular determinants that define structural and functional 
characteristics of different myocardial components in the developing heart.  
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 Several studies identified T-box factors Tbx2 and Tbx3 as important 
transcriptional repressors of working myocardium differentiation in the primary 
myocardium (Christoffels et al., 2004b;Harrelson et al., 2004;Hoogaars et al., 
2004;Hoogaars et al., 2007). During early heart development, Tbx3 expression 
shows partial overlap with the Tbx2-domain where it targets the same genes, 
suggesting functional redundancy of Tbx2 and Tbx3 (Christoffels et al., 
2004b;Hoogaars et al., 2004). At later stages, Tbx3 expression becomes restricted 
to the central conduction system components, which encompasses the SAN, the 
AVN, the atrioventricular bundle and the proximal bundle branches (Hoogaars et 
al., 2004). Previously, we showed that Tbx3 acts as a key regulator of genes that 
define the characteristics of the SAN, thus providing a molecular mechanism 
underlying the development of the myocardial pacemaker phenotype of the nodes 
(Hoogaars et al., 2007;Mommersteeg et al., 2007). Analysis of Tbx3-deficient mice 
indicated that Tbx3 is required for the repression of working myocardial genes and 
the induction of SAN genes (Hoogaars et al., 2007). However, detailed assement 
of the cardiac function of Tbx3 using Tbx3-deficient embryos is hampered due to 
embryonic lethality and functional redundancy with Tbx2 in the heart (Davenport et 
al., 2003;Hoogaars et al., 2007). To avoid these issues, we previously utilized a 
Tbx3 gain-of-function approach, which enabled us to further investigate the 
function of Tbx3 and to identify downstream target genes of Tbx3 in the heart 
(Hoogaars et al., 2007). Activation of Tbx3 in atrial myocardium was found to 
repress known atrial working myocardial genes, including Nppa, Cx40 and Cx43 
and ion channel genes Kir2.1, Kir2.2, Kir3.1 and Nav1.5. In addition, Tbx3 was 
able to induce expression of known SAN genes in atrial cells, including nodal gap 
junction gene Cx30.2 and ion channel genes Hcn1, Hcn2 and Hcn4 and Cav3.1. 
These results indicated that Tbx3 mediates the pacemaker phenotype by 
repression of atrial working myocardial genes and induction of pacemaker genes. 
Additionally, Tbx3 expression in the atrioventricular canal myocardium and cushion 
mesenchyme points to a potential role in endocardial cushion formation (de Lange 
et al., 2004;Hoogaars et al., 2004). This is supported by the low-frequence 
incidence of ventricular septum defects in patients with ulnar-mammary syndrome, 
a disorder that is caused by mutations of Tbx3 in humans (Meneghini et al., 2006).  
  In this study, we used a gain-of function approach to identify novel target 
genes of Tbx3 in the heart that specify working myocardium and pacemaker 
function. Microarray analysis shows that Tbx3 represses a range of genes that are 
important for working myocardium function, including ion channel genes, gap 
junction genes, structural genes and genes involved in metabolism, whereas genes 
involved in pacemaker function are induced. In addition, we show that conditional 
activation of Tbx3 in atrial myocardium results in epithelial-to-mesenchymal 
transistion (EMT) of endocardial cells, and induces expression of genes involved in 
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endocardial cushion formation and valve development. Together, these data 
provide a first glimpse into the full spectrum of morphogenetic processes and 
patterning events that are regulated by Tbx3 in the heart, which are crucial for 
pacemaker funtion, valve development and septation.  

 
Results 

Gene expression profiling of atria conditionally expressing Tbx3  

Nppa-Cre4 (Cre4) mice were crossed with CT mice to obtain efficient activation of 
Tbx3 in atria of double transgenic Cre4-CT mice, as previously described 
(Hoogaars et al., 2007). To investigate the gene expression profile of atria of Cre4-
CT mice, we performed whole genome microarray analysis using Sentrix Mouse-6 
oligonucleotide beadchips, which contain beads coated with 47769 different 
oligonucleotides that represent unique genes, RIKEN transcripts and ESTs. We 
compared the atrial gene expression profile of six male double transgenic Cre4-CT 
mice and six male Cre4 control mice, and we found that the expression of 737 
transcripts was significantly reduced in atria of Cre4-CT mice, whereas 809 
transcripts were significantly induced (treshold: P-value<0.05). Down-regulated 
genes in the microarray analysis (Table 1) included working myocardial genes 
previously identified as downstream targets of Tbx3 in Cre4-CT mice (Hoogaars et 
al., 2007). We observed reduced expression of Nppa and Smpx, ion channel 
genes Nav1.5 (Scn5a) and Kcnj3 (Kir3.1), gap junction genes Cx40 and Cx43, and 
transcriptional co-factor Hop, which all show strongly reduced expression in the 
array (expression changes >5-fold: Table 1). Induced transcripts in the microarray 
(Table 2) included SAN genes previously identified as being induced in Cre4-CT 
mice using QRT-PCR analysis (Hoogaars et al., 2007). We observed induced 
expression of ion channel genes Hcn1 and Cav3.1 and transcriptional co-factor 
Lbh, which all show strong up-regulated expression in the array (expression 
changes >5-fold: Table 2). Differential expression of these genes in the microarray 
indicates that the use of microarray analysis as a tool to screen for genes 
downstream of Tbx3 that define the disparity of atrial working myocardium and 
SAN myocardium is valid. Using the Database for Annotation, Visualization, and 
Integrated Discovery (DAVID Functional Annotation Tool, 
http://david.abcc.ncifcrf.gov), we classified the genes from the microarray analysis 
that showed significant differential expression in atria of Cre4-CT mice into different 
gene ontology (GO) categories. This classification revealed that reduced gene 
expression in atria of Cre4-CT mice was preferably associated with mitochondrial 
function/metabolism (GOTERM_CC mitochondrion: 16.2%), ion transport  
 
 



Chapter 6 

 150 

Table 1. Genes reduced in microarray (in atria of Cre4-CT mice compared to Cre4 control mice) 
 

description (symbol) genbank 
accession 

fold 
change 

validation 

Structural    
myosin, heavy polypeptide 6, cardiac muscle, alpha 
(αMHC/Myh6) 

NM_010856 2.0x d 

myosin, heavy chain 7, cardiac muscle, beta (βMHC/Myh7) AK052874 4.5x x 
myosin, heavy polypeptide 14 (Myh14) NM_028021 3.1x x 
myozenin 2  (Myoz2) NM_021503 1.9x x 
actin, alpha 1, skeletal muscle (Acta1) NM_009606 4.5x d 

 
troponin I, skeletal, fast 2 (Tnni2)* NM_009405 190x c  
titin (Ttn) AK010153, 3.1x c  
desmoglein 2 (Dsg2) NM_007883 2.7x d 
tropomodulin 4 (Tmod4) NM_016712 3.5x x 
myomesin 1 (Myom1) NM_010867 2.0x x 
myomesin 2 (Myom2) NM_008664 4.0x x 
leucine rich repeat containing 10 (Lrrc10/Serdin) NM_146242 5.9x c  
nebulin-related anchoring protein (Nrap) NM_198059 3.2x c  
cardiomyopathy associated 5/ myospryn (cmya5) NM_023821 3.0x x 
small muscle protein, X-linked (Smpx) NM_025357 7.5x a, c# 
tropomyosin 2, beta (Tpm2) NM_009416 2.8x x 
leiomodin 2 (cardiac)  (Lmod2) XM_132983 3.5x x 
reticulon 2 (Z-band associated protein) (Rtn2/Nspl1) NM_013648 2.5x x 
    
Ionchannels    
ATP-binding cassette, sub-family C (CFTR/MRP), member 8 
(Abcc8/SUR1) 

NM_011510 4.8x c 

ATP-binding cassette, sub-family C (CFTR/MRP), member 9 
(Abcc9/SUR2a) 

NM_011511 2.1x d 
 

potassium voltage-gated channel, Shal-related family, 
member 2 (Kcnd2/Kv4.2) 

XM_132981 6.4x c 
 

potassium inwardly-rectifying channel, subfamily J, member 
3 (Kcnj3) 

NM_008426 4.8x c# 

potassium inwardly-rectifying channel, subfamily J, member 
8 (Kcnj8/Kir6.1) 

NM_008428 2.7x x 

potassium inwardly rectifying channel, subfamily J, member 
11 (Kcnj11/Kir6.2) 

NM_010602 2.2x d 
 

sodium channel, voltage-gated, type V, alpha (Scn5a) NM_021544 11.4x a, c#  
sodium channel, voltage-gated, type X, alpha (Scn10a) NM_009134 3.4x c  
potassium voltage gated channel, Shab-related subfamily, 
member 1 (Kcnb1) 

NM_008420 2.0x x 

potassium channel, subfamily K, member 3 (Kcnk3/TASK-1) NM_010608 2.1x d 
 

potassium channel, subfamily K, member 2 (Kcnk2/TREK-1) NM_010607 3.4x x 
potassium channel, subfamily V, member 2 (Kcnv2/Kv11.1) NM_183179 2.9x x 
aquaporin 1 (Aqp1) NM_007472 3.2x b 
solute carrier family 4 (anion exchanger), member 3 (Slc4a3) NM_009208 5.8x c  
gap junction membrane channel protein alpha 1 (Gja1/Cx43) NM_010288 5.1x a, c#  
gap junction membrane channel protein alpha 5 
(Gja5/Cx40)** 

NM_008121 21.5x a, c#  

ryanodine receptor 2, cardiac (Ryr2) NM_023868 2.2x c  
ATPase, Ca++ transporting, cardiac muscle, fast twitch 1 
(Atp2a1/Serca1) 

NM_007504 15.5x c 
 

ATPase, Ca++ transporting, cardiac muscle, slow twitch 2 
(Atp2a2) 

NM_009722 1.8x x 
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Signaling/extracellular    
natriuretic peptide precursor type A (Nppa)** XM_131840 9.8x a, c# 
natriuretic peptide precursor type B (Nppb) NM_008726 9.5x a, c 
fibroblast growth factor 12 (Fgf12) NM_010199 14.9x a, c 
fibroblast growth factor 13 (Fgf13) NM_010200 3.5x c 
Eph receptor A4  (Epha4) NM_007936 5.4x x 
Notch gene homolog 4 (Notch4) NM_010929 2.1x x 
WNT1 inducible signaling pathway protein 1 (Wisp1)** NM_018865 3.5x d 
endothelin receptor type A (Ednra) NM_010332 2.3x a 
    
Transcription    
myocyte enhancer factor 2A (Mef2a) NM_013597 2.0x d 
high mobility group AT-hook 1 (Hmga1) NM_016660 3.1x d 
microphthalmia-associated transcription factor (Mitf) NM_008601 2.1x d 
homeobox only domain (Hop) AK003784 4.6x a, c# 
prospero-related homeobox 1 (Prox1) ��������� 3.0x d 
basic leucine zipper transcription factor, ATF-like 2 (bAtf2), 
4933430F08Rik 

����	��
�� 2.2x d 

myocyte enhancer factor 2A (Mef2a) NM_013597 1.9x d 
myocyte enhancer factor 2C (Mef2c) NM_025282 2.0x d 
Moloney leukemia virus 10-like 1 (Mov10l1/CHAMP) NM_031260 2.1x x 
Cbp/p300-interacting transactivator, with Glu/Asp-rich 
carboxy-terminal domain, 4 (Cited4) 

NM_019563 5.5x c  
 

ataxin 2 binding protein 1 (A2bp1/Fox-1) (RNA-binding) NM_183188 5.4x x 
    
Kinase    
serine/arginine-rich protein specific kinase 3 (Srpk3) NM_019684 2.1x x 
creatine kinase, muscle (Ckm) NM_007710 4.8x  c 
acid phosphatase 6, lysophosphatidic (Acp6)** NM_019800 2.2x  c 
WNK lysine deficient protein kinase 2 (Wnk2) XM_127323 3.7x  x 
    
Metabolism    
protein phosphatase 1, regulatory (inhibitor) subunit 3C 
(Ppp1r3c) 

NM_016854 3.7x x 

aldehyde dehydrogenase 1 family, member B1 (Aldh1b1) NM_028270 3.2x a 
peptidylglycine alpha-amidating monooxygenase (Pam) NM_013626 4.3x x 
acetyl-Coenzyme A acyltransferase 2 (mitochondrial 3-
oxoacyl-Coenzyme A thiolase) (Acaa2) 

NM_177470 
 

2.7x x 

phosphoglucomutase 2 (Pgm2) NM_028132 2.0x  d 
aspartate-beta-hydroxylase  (Asph)** NM_023066 3.1x  x 
double C2, gamma (Doc2g)** XM_194386 5.5x  x 
fatty acid binding protein 3, muscle and heart (Fabp3) NM_028270 3.2x x 

low density lipoprotein-related protein 4 (Corin) NM_016869 2.4x  b 

 
* opposite reaction compared to Tbx5 KO mice; ** comparable reaction with Tbx5 KO mice; x, not 
determined; a, validated with in situ hybridization; b,  no altered expression with in situ hybridization; c,  
validated with QRT-PCR  (P-value < 0.05); d,  no significant altered expression with QRT-PCR (P-value 
> 0.05); #, results array confirm previous results (Hoogaars et al, 2007) 
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Table 2. Genes induced in microarray (in atria of Cre4-CT mice compared to Cre4 control mice) 
 

description (symbol) genbank 
accession 

fold 
change 

validation 

Structural/ extracellular matrix    
myosin, heavy polypeptide 10, non-muscle (Myh10) NM_175260 3.8x c 
myosin, heavy polypeptide 11, smooth muscle (Myh11) NM_013607 3.5x x 
myosin, light polypeptide 2, regulatory, cardiac, slow 
(Myl2)* 

NM_010861 4.0x d 

transgelin/ smooth muscle protein 22 alpha (Tagln/Sm22α) NM_011526 3.3x c 
actin, gamma 2, smooth muscle, enteric (Actg2) NM_009610 6.5x c 
actin, alpha 2, smooth muscle, aorta (Acta2) NM_007392 5.2x c 
troponin I, skeletal, slow 1 (Tnni1) NM_021467 2.6x d 
pleckstrin homology-like domain, family A, member 1 
(Phlda1)* 

NM_009344 4.2x x 

chondroitin sulfate proteoglycan 2 (Cspg2/Versican) NM_019389 3.4x x 
fibulin 2 (Fbln2) NM_007992 2.6x a 
lumican  (Lum) NM_008524 3.5x c 
elastin  (Eln) �������	� 8.5x c 
cysteine rich protein 61 (Cyr61) ������
� 3.0x x 
S100 calcium binding protein A4 (S100A4/Fsp-1) NM_011311 5.0x x 
procollagen, type VI, alpha 2 (Col6a2) NM_146007 3.1x x 
procollagen, type I, alpha 1 (Col1a1) NM_007742 4.3x x 
 �   
Ionchannels/neuronal    
calcium channel, voltage-dependent, T type, alpha 1G 
subunit (Cacna1g/Cav3.1) 

NM_009783 7.3x c# 

calcium channel, voltage-dependent, T type, alpha 1H 
subunit (Cacna1h/Cav3.2) 

NM_021415 6.1x d 

calcium channel, voltage-dependent, beta 2 subunit (Cacnb2) NM_023116 3.2x c 
calcium channel, voltage-dependent, alpha 2/delta subunit 2 
(Cacna2d2)* 

NM_020263 3.1x c 

calcium channel, voltage-dependent, alpha2/delta subunit 1 
(Cacna2d1) 

AK084101 2.1x d 

hyperpolarization-activated, cyclic nucleotide-gated K+ 1 
(Hcn1) 

AK049936 16.3x c# 

potassium inwardly-rectifying channel, subfamily J, member 
5 (Kcnj5) 

AK052891 2.0x x 

potassium inwardly-rectifying channel, subfamily J, member 
15 (Kcnj15/Kir4.2) 

NM_019664 4.0x d 

potassium voltage-gated channel, subfamily H (eag-related), 
member 2 (Kcnh2/ERG1) 

NM_013569 3.4x c 

glutamate receptor, ionotropic, AMPA3 (alpha 3)(Gria3) NM_016886 5.7x c 
aquaporin 4 (Aqp4) NM_009700 8.4x c 
polycystic kidney disease 2 (Pkd2) NM_008861 2.3x c 
solute carrier organic anion transporter family, member 3a1 
(Slco3A1) 

NM_023908 1.9x c 

gap junction membrane channel protein alpha 7 (Gja7/Cx45) NM_008122 2.1x c 
gap junction membrane channel protein alpha 12 
(Gja12/Cx47) 

NM_080454 2.3x x 

inositol 1,4,5-triphosphate receptor 1 (Itpr1) NM_010585 2.4x c 
syntaxin binding protein 1 (Stxbp1) NM_009295 2.6x x 
neurotrimin (Hnt) NM_172290 4.4x x 
ubiquitin carboxy-terminal hydrolase L1 (Uchl1/Pgp9.5) NM_011670 3.3x x 
reelin (Reln) NM_011261 3.5x x 
netrin 1 (Ntn1) NM_008744 3.1x x 
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Signaling/extracellular    
bone morphogenetic protein 4 (Bmp4) NM_007554 7.1x a, c 
bone morphogenetic protein 6 (Bmp6) NM_007556 2.9x a, d 
MAD homolog 6 (Drosophila) (Smad6) NM_008542 3.0x a, d 
secreted frizzled-related protein 2 (Sfrp2) NM_009144 14.0x c 
smoothened homolog (Drosophila) (Smo) NM_176996 2.3x c 
follistatin-like 1 (Fstl1) NM_008047 3.3x x 
fibroblast growth factor receptor 2 (Fgfr2) NM_010207 3.2x c 
transforming growth factor, beta 2 (Tgfb2) NM_009367 2.9x a 
endothelin 1 (Edn1) NM_010104 13.6x d 
neuregulin 1 (Nrg1) NM_178591 2.7x x 
dapper homolog 1, antagonist of beta-catenin (xenopus) 
(Dact1/Frodo) 

NM_021532 2.2x a, c 

odd-skipped related 1 (Drosophila) (Osr1) NM_011859 3.0x a, d 
naked cuticle 2 homolog (Drosophila) (Nkd2) NM_028186 2.1x b, c 
calpain 6 (Capn6) NM_007603 5.7x x 
frizzled-related protein (Frzb) NM_011356 2.2x (n.s.) c 
frizzled homolog 1 (Drosophila) (Fzd1) NM_021457 3.2x c 
desert hedgehog (Dhh) NM_007857 1.7x (n.s.) d 
latent transforming growth factor beta binding protein 1 
(Ltbp1) 

NM_019919 2.4x d 

    
Transcription    
SRY-box containing gene 9 (Sox9) NM_011448 8.9x c 
SRY-box containing gene 10 (Sox10) XM_128139 4.2x x 
homeo box, msh-like 1 (Msx1) NM_010835 2.0x a, d 
mesenchyme homeobox 1 (Meox1) NM_010791 4.9x a, c 
forkhead box C2 (Foxc2) NM_013519 1.8x c 
GLI-Kruppel family member GLI3 (Gli3) NM_008130 2.4x x 
limb-bud and heart (Lbh) NM_029999 5.3x a, c# 
inhibitor of DNA binding 2 (idb2) NM_010496 3.5x c 
inhibitor of DNA binding 3 (idb3) NM_008321 3.6x a, c 
inhibitor of DNA binding 4 (idb4) NM_031166 2.8x c 
four and a half LIM domains 2 (Fhl2)* NM_010212 3.7x c 
CREB binding protein (Crebbp) XM_148699 3.7x x 
LIM domain only 4 (Lmo4) NM_010723 3.2x x 
twist gene homolog 1 (Drosophila) (Twist1) NM_011658 2.2x c 
yes-associated protein 1 (Yap1)* NM_009534 2.1x x 
Sp5 transcription factor (Sp5) NM_022435 4.2x x 
    
Kinase    
hexokinase 1 (Hk1)* NM_010438 2.4x d 
sphingosine kinase 1 (Sphk1) NM_011451 2.4x x 
Rho-associated coiled-coil containing protein kinase 2 
(Rock2) 

NM_009072 3.3x c 

protein kinase C, delta (Prkcd) NM_011103 2.5x x 
casein kinase 1, gamma 3 (Csnk1g3) NM_152809 1.8x x 
    
Metabolism    
WAP four-disulfide core domain 1 (Wfdc1)* NM_023395 3.1x c 
dopa decarboxylase (Ddc)** AK011834 2.3x c 
3-hydroxybutyrate dehydrogenase, type 1 (Bdh)** NM_175177 4.4x x 
furin (paired basic amino acid cleaving enzyme) (Furin) NM_011046 2.6x d 

 
* opposite reaction compared to Tbx5 KO mice; ** comparable reaction with Tbx5 KO mice; x, not 
determined; a, validated with in situ hybridization; b,  no altered expression with in situ hybridization; c,  
validated with QRT-PCR  (P-value < 0.05); d,  no significant altered expression with QRT-PCR (P-value 
> 0.05); #, results array confirm previous results (Hoogaars et al, 2007) 

 



Chapter 6 

 154 

(GOTERM_BP: 5.7%) and contractile function (GOTERM_BP muscle 
development/contraction: 2.7%, GOTERM_CC contractile fiber: 2.5%). 
Classification of significantly induced genes revealed that the predominant up-
regulated GO categories were associated with morphogenesis (GOTERM_BP 
10.6%), cell adhesion (GOTERM_BP 8.4%), extracellular matrix (GOTERM_CC 
7.8%), intracellular signaling cascades (GOTERM_BP 7.3%), nervous system 
development (GOTERM_BP 7.3%) and ion transport (GOTERM_BP 6.8%). 
Analysis of 2000 genes that showed no differential expression in the microarray did 
not result in correlation with any of the GO categories mentioned above. Together, 
these results confirm that myocardial expression of Tbx3 reduces expression of 
genes associated with working myocardial function (e.g. mitochondrial, ion channel 
and myofibrillar genes), and induces expression of genes associated with 
pacemaker function (e.g. ion channel and neuronal genes).  
 

Identification of novel working myocardial genes downstream of Tbx3 

To confirm the microarray data for the subset of genes that show reduced 
expression in atria of Cre4-CT mice, we performed quantitative RT-PCR analysis 
and/or in situ hybridization of 35 genes (Table 1). Expression of 19 genes was 
significantly reduced, consistent with the microarray analysis (Table 1, Fig.1A, B), 
which included genes that have been described in literature as being enriched in 
working myocardium compared to the SAN, and which therefore might represent 
novel Tbx3 target genes. These genes include the voltage-gated K+ channel 
Kcnd2/Kv4.2, encoding a subunit of the transient outward current Ito, which in 
mouse is enriched in working myocardial cells of the ventricles and atria compared 
to the nodes (Marionneau et al., 2005). Ryr2 encodes the cardiac ryanodine 
receptor, a Ca2+ release channel that is enriched in atrial myocardium compared to 
the SAN (Marionneau et al., 2005;Tellez et al., 2006). Abcc8 (Sur1) and Abcc9 
(Sur2) encode sulfonylurea receptors that are highly expressed in the developing 
and adult heart, and which act as modulators of inwardly rectifying K+ channels 
(Hernandez-Sanchez et al., 1997;Tellez et al., 2006). Expression of Abcc9 was 
reported to be enriched in atrial working myocardium compared to the SAN in adult 
rabbits (Marionneau et al., 2005;Tellez et al., 2006). Muscle specific creatine 
kinase (Ckm) is an enzyme involved in the energy metabolism of muscle cells, and 
is specifically expressed in the working myocardium of the chambers (Wessels et 
al., 1990). Natriuretic precursor peptide type b (Nppb) has been described as a 
specific marker for differentiating atrial and ventricular working myocardial cells 
during heart development, similar to Nppa (Houweling et al., 2005). Genes  
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Figure 1 Tbx3 represses working myocardial gene expression in atria of Cre4-CT mice. A) QRT-PCR 
analysis of left atria of Cre4-CT mice compared to control (CT) mice, which validates the reduced 
expression of working myocardial genes in the microarray. Expression of Wisp1 and Abcc9 was 
reduced just short of the P<0.05 cutoff (both P=0.07). Expression of Kcnj11 and Kcnk3 was not 
significantly altered. Error bars represent SD (n=4 per group). *P<0.05. B) Serial sections of ED18.5 
hearts of Cre4-CT mice compared to control (CT) mice. Expression of Bmp10, Ednra, Fgf12 and 
Aldh1b1 was reduced upon Tbx3 activation in atrial myocardium. Black arrow depicts the SAN. C) In 
situ hybridization of serial sections of wildtype ED12.5 hearts, showing endogenous expression of 
Ednra, Bmp10 and Aldh1b1 compared to Tbx3. Expression of Ednra, Bmp10 and Aldh1b1 is restricted 
to working myocardium of the atria and ventricles and excluded from Tbx3-positive myocardium in the 
atrioventricular canal (white arrowheads) and SAN primordium (black arrowhead). la, left atrium; lv, left 
ventricle; ra, right atrium; san, sinoatrial node. 
 
associated with the sarcomere show reduced expression in the microarray, 
including Lrrc10/Serdin, Titin and Nrap (Table 1). We furthermore confirmed 
reduced expression of Fgf12, Ednra and Aldh1b1 in atria of Cre4-CT mice (Fig. 1A, 
B). We observed specific working myocardial expression of these genes during 
heart development (Fig. 1B, C). Fibroblast homology factor Fgf12 was previously 
described in myocardial cells of the atria from ED10.5 onward in mice (Hartung et 
al., 1997). Here we show that Fgf12 expression is enriched in atrial working 
myocardium compared to the SAN at ED14.5 (data not shown) and ED18.5 (Fig. 
1B). Interestingly, Fgf12 is a modulator of the cardiac sodium channel Nav1.5, and 
might be an important mediator of specific electrical properties of atrial working 
myocardium (Liu et al., 2003). Ednra encodes a cardiac G-protein-coupled 
endothelin receptor that is required for heart development (Clouthier et al., 1998). 
We found that during development Ednra is expressed in atrial myocardium and to 
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a lesser extent in the ventricular myocardium, but is absent from the SAN and the 
atrioventricular canal (Fig. 1C). Aldh1b1 encodes a mitochondrial aldehyde 
dehydrogenase, which has not been previously reported to be expressed in the 
heart. Aldehyde dehydrogenases are enzymes that catalyze the oxidation of toxic 
aldehydes into carboxylic acids, and could therefore play a role in protecting the 
heart from aldehyde toxicity (Conklin et al., 2007). However the role of Aldh1b1 
during heart development is unknown. We observed specific expression of Aldh1b1 
in atrial and ventricular working myocardium during heart development, but not in 
the developing SAN and atrioventricular canal myocardium (Fig. 1C). Together, 
these data identify novel cardiac target genes of Tbx3 that specify working 
myocardium during heart development.  
 

Tbx3 inhibits proliferation and expression of cell cycle regulator 
Bmp10  
 

We noticed a clear down regulation of Bmp10 expression in atria of Cre4-CT mice 
compared to control mice (Figure 1B). Bmp10 is expressed in developing working 
myocardium of the atrial and ventricular chambers (Figure 1C) and is required for 
chamber proliferation and maturation during heart development (Chen et al., 2004). 
To be able to asses the possible role of Tbx3 in Bmp10 expression and 
proliferation, we used a gain-of-function models in which Tbx3 is activated in the 
embryonic heart. We previously demonstrated that conditional activation of Tbx3 in 
the embryonic heart, by crossing CT mice with αMhc-Cre mice, resulted in reduced 
expression of working myocardial genes in hearts of αMhcCre-CT embryos 
(Hoogaars et al., 2007). Here, we demonstrate that αMhcCre-CT hearts showed 
thinner ventricular walls, which suggests that proliferation of working myocardial 
cells was impaired (Fig. 2).  We used phosphohistone H3 (PHH3) labeling and 
found a significant decrease of the fraction of proliferating cells, which most likely 
accounts for the hypoplastic ventricular walls (Fig. 2A). In contrast, labeling with 
cleaved caspase showed that there was no increase in apoptosis (Fig. 2A). We 
observed that Bmp10 expression is severly impaired in αMhcCre-CT embryos 
compared to control littermates, suggesting that reduced expression of Bmp10 may 
be causative to the observed reduction in proliferation in these hearts (Figure 2B).  
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Figure 2 Activation of Tbx3 in embryonic hearts inhibits proliferation of cardiomyocytes and decreases 
expression of Bmp10. A) Immunohistochemical analysis of proliferation (PHH3) and apoptosis (cleaved 
caspase) in ED11.5 hearts of αMhcCre-CT mice compared to control (CT) mice. The fraction of 
proliferating cells decreases significantly in ventricular myocardium, whereas no increase in apoptosis is 
observed. Black arrows depict cleaved-caspase positive cells in the wall of the pericardial sac of control 
mice and αMhcCre-CT mice. Black bar, 100µm B) In situ hybridization of serial sections in ED11.5 
hearts of αMhcCre-CT mice compared to control CT mice. Expression of Bmp10 was down-regulated 
upon ectopic Tbx3 expression in the heart of αMhcCre-CT mice.  

 

Identification of novel pacemaker genes downstream of Tbx3 

To confirm the microarray data for the subset of genes that show induced 
expression in Cre4-CT mice, we performed quantitative RT-PCR analysis and/or in 
situ hybridization of 48 genes (Table 2). Expression of 35 genes was found to be 
significantly induced consistent with the results of the microarray (Table 2). These 
genes included ion channel genes that have been reported to be enriched in the 
SAN compared to the working myocardium, and which define unique pacemaker 
properties (Fig. 3A). Gap junction gene Cx45 encodes a gap junction channel with 
slow conducting properties, which is known to be enriched in the developing and 
adult conduction system components, including the nodes (Coppen et al., 
1999;Coppen et al., 2001;Kreuzberg et al., 2005). Calcium channel subunit 
Cacna2d2 is expressed in the nodes of adult mice, and to a lesser extent in the 
atria (Marionneau et al., 2005). Cacna2d2 null-mice show a tendency to 
bradycardia, suggesting that this gene is involved in the sympathetic regulation of 
the cardiac rhythm (Ivanov et al., 2004). Potassium voltage-gated channel Kcnh2 
(ERG1) is enriched in the SAN of adult rabbits compared to atrial myocardium, and 
mice deficient for the ERG1B isoform are predisposed to sinus bradycardia, 
suggesting an active role for this ion channel in pacemaker activity (Lees-Miller et 
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al., 2003;Tellez et al., 2006). Inositol receptor Itpr1 has been reported to be 
enriched in the adult conduction system and is important for embryonic pacemaker 
activity (Gorza et al., 1993;Mery et al., 2005). Specific expression of the T-type 
calcium channel Cav3.2, the glutamate receptor Gria3 and transporter gene 
Slco3A1 in the cardiac conduction system has also been reported, although the 
function of these genes in the heart has not yet been determined (Bohn et al., 
2000;Mueller et al., 2003;Stroud et al., 2007). Interestingly, Slco3A1 is associated 
with reporter gene expression of the cardiac conduction system (CCS)-lacZ mouse 
strain, which shows expression throughout the conduction system in developing 
and adult mice (Stroud et al., 2007). We furthermore confirmed induced expression 
of the Id2 in the microarray, a transcriptional repressor that recently was reported 
to be required for specification of the atrioventricular bundle and the bundle 
branches (Moskowitz et al., 2007). In summary, these results identify novel 
pacemaker and conduction system genes downstream of Tbx3. 
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Figure 3 Tbx3 induces expression of pacemaker genes and induces BMP-signaling. A) QRT-PCR of 
left atria of Cre4-CT mice compared to control (CT) mice, which confirmed the induced expression of 
pacemaker ion channel genes in the microarray. Expression of transcriptional repressor Id2 was also 
induced in Cre4-CT mice, consistent with the array data. Expression of Cacna1h and Kcnj15 was 
induced just short of the P<0.05 cutoff compared to control mice (both P=0.098). Error bars represent 
SD (n=4 per group). *P<0.05. B) Tbx3 induces expression of Bmp2 and Bmp4  in atria of Cre4-CT mice 
compared to control (CT) mice. QRT-PCR analysis of left atria and in situ hybridization confirmed 
induced expression of Bmp4 and revealed induced expression of Bmp2 in atria of Cre4-CT mice. C) In 
situ hybridization of serial sections of wildtype ED14.5 hearts, showing endogenous expression of Bmp2 
and Bmp4 compared to Hcn4 and Cx40. Bmp2 and Bmp4 (weak expression) are expressed in the 
Hcn4-positive/Cx40-negative SAN region (red arrow). ra, right atrium; san, sinoatrial node. Error bars in 
A) and C) represent SD (n=4 per group). *P<0.05. 
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Figure 4 Tbx3 induces expression of genes involved in cardiac cushion formation and valve 
development. A) Serial sections of ED18.5 hearts of Cre4-CT mice compared to control (CT) mice, 
showing induced endocardial expression of mesenchymal marker gene Fbln2 and smooth muscle gene 
SM22α  in atria of Cre4-CT mice compared to CT mice. B) Serial sections of ED18.5 hearts of Cre4-CT 
mice compared to control (CT) mice. In atria of Cre4-CT mice induced endocardial expression of 
Meox1, Smad6 and Id3 was observed. Black bar, 100µm C) QRT-PCR analysis of left atria of Cre4-CT 
double transgenic mice compared to control mice. Expression of extracellular matrix (ECM) genes, 
signaling genes and transcription factors involved in cardiac cushion formation and valve development 
was induced in atria of Cre4-CT mice. Error bars represent SD (n=4 per group). *P<0.05. 

 
 

Tbx3 induces Bmp-signaling and expression of genes involved in 
endocardial cushion development 
 

We found that activation of Tbx3 in atrial myocardium of Cre4-CT mice leads to the 
formation of a thick endocardial layer of cells that express typical mesenchymal 
marker genes, such as Acta2/αSMA, Fbln2 and Lumican (Table 2, Figure 4A, C). 
Microarray analysis of Cre4-CT mice revealed that BMP-signaling was induced 
upon ectopic expression of Tbx3 (Table 2). In situ hybridization analysis and QRT-
PCR analysis confirmed induced expression Bmp2 and Bmp4 in Cre4-CT mice (Fig 
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3B). Interestingly, we observed that Bmp2 and Bmp4 are expressed in the SAN 
during heart development (Fig. 3C), suggesting that BMP-signaling may be 
important for patterning of SAN myocardium. During heart development, BMP-
signaling locally induces epithelial-to-mesenchymal transistion (EMT) of 
endocardial cells, a process which initiates cushion formation in the outflow tract 
and atrioventricular canal, and that is required for proper septation and valve 
development. We found that expression of typical downstream targets of BMP-
signaling were induced in atria of Cre4-CT mice, including Twist1, Msx1, Sox9, 
Tgfb2 and Smad6 (Fig. 4B, C). These genes are expressed in the atrioventricular 
cushion mesenchyme during heart development (Fig. 5), and have been reported 
to be required for EMT and cushion formation (Akiyama et al., 2004;Bartram et al., 
2001;Galvin et al., 2000;Ma et al., 2005). Other signaling pathways have also been 
associated with cushion formation and valve development including FGF and Wnt-
dependant pathways (Hurlstone et al., 2003;Sugi et al., 2003). We observed 
induced expression of mesenchyme markers FGF-receptor Fgfr2 and Wnt-
antagonist Frzb in Cre4-CT mice (Fig. 4C). Other Wnt-antagonists were also 
induced by Tbx3, including Sfrp2 and Nkd2 (Fig. 4C). We found that expression of 
Nkd2 was present in the developing atrioventricular valves during heart 
development (Fig. 5). We also observed induced expression of Pkd2 and Kcnj15 
(Fig. 3A), two ion channels expressed in the developing valves (Stypmann et al., 
2006;Thiery et al., 2000). Interestingly, Pkd2-deficient mice show ventricular 
septum defects and defective valve development, and mutations in this gene cause 
autosomal dominant polycystic kidney disease (ADPKD) in humans, which is 
associated with cardiac valvular abnormalities (Wu et al., 2000)(Stypmann et al., 
2006). In summary, these data show that myocardial activation of Tbx3 leads to 
EMT and induces important signaling pathways involved in endocardial cushion 
formation and valve development, suggesting a possible role for Tbx3 in 
endocardial cushion formation and valve development. 
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Figure 5 Cross-sections of ED12.5 mouse hearts showing expression of Tbx3-inducible genes in the 
developing atrioventricular cushions and valves. In situ hybridization shows expression of Tbx3 in 
atrioventricular canal myocardium and endocardial cushions. Expression of Smad6 and Tagln/Sm22α 
was also observed in atrioventricular canal myocardium and atrioventricular bundle and bundle 
branches (white arrowheads). We observed broad expression of Fbln2, Lum and Sox9 in the 
atrioventricular cushions (black asterix) and the valve leaflets, whereas expression of Id3, Nkd2 and 
Meox1 was restricted to either the valve leaflets (Id3 and Nkd2) or cushion mesenchyme (Meox1). 

 
 

Discussion & conclusion  
In this study we used an atrial Tbx3 gain-of-function model, which allowed us to 
investigate genes and processes that are regulated by Tbx3, while circumventing 
the functional redundancy with Tbx2 and limited tissue availability encountered 
when using Tbx3-deficient embryos. Whole-genome profiling using microarray 
analysis revealed that Tbx3 activation in atrial myocardium results in repression of 
genes that define important properties of working myocardium, and induction of 
genes that define important pacemaker properties. Furthermore, Tbx3 induced 
EMT and expression of genes involved in endocardial cushion formation in atrial 
myocardium. These data indicate a prominent role for Tbx3 in defining pacemaker 
phenotype, by repressing working myocardial genes and inducing pacemaker 
genes. In addition, our results identify a possible role for Tbx3 in endocardial 
cushion formation during heart development. 
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Figure 6 Schematic of the proposed function of Tbx3 in pacemaker cells and atrioventricular 
myocardium/cushion mesenchyme during heart development. In the central conduction system 
components Tbx3 represses working myocardial genes and induces pacemaker genes. In the 
atrioventricular canal myocardium/mesenchyme Tbx3 induces expression of signaling, transcription 
factors and extracellular matrix (ECM) genes involved in atrioventricular cushion formation.  
 
 
 Pacemaker cells of the SAN and AVN can be distinguished from working 
myocardial cells of the atria and ventricles by a much poorer myofibrillar 
differentiation, sparser mitochondria and lower metabolic activity (Kübler et al., 
1985;Virágh and Challice, 1977;Virágh and Challice, 1980;Virágh and Challice, 
1982). In addition, pacemaker cells show distinct electrical properties compared to 
working myocardium, due to the expression of an unique panel of ion channel 
genes and gap junction genes (Marionneau et al., 2005;Schram et al., 2002;Tellez 
et al., 2006). During heart development Tbx3 is expressed in pacemaker cells of 
the developing and mature conduction system components (Hoogaars et al., 
2004). In the present study, we show that Tbx3 activation in atrial myocardium 
represses a range of genes associated with the sarcomere, the mitochondria and 
metabolic and electrical activity of working myocardium, indicating that Tbx3 
inhibits crucial working myocardial properties in pacemaker cells. We observed no 
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significant down-regulation of transcriptional activators of working myocardial 
genes in the array, such as Tbx5 and Nkx2-5, except for transcriptional cofactor 
Hop. This suggests that Tbx3 acts low in the transcriptional hierarchy to repress 
working myocardial differentiation, thereby retaining the primitive myocardial 
phenotype of pacemaker cells. In addition, we found novel ion channel genes 
downstream of Tbx3 that contribute to pacemaker activity, thereby identifying a 
range of genes that define important electrical properties of pacemaker cells 
compared to working myocardial cells that are regulated by Tbx3. Together these 
data provide insight into the full spectrum of genes that are regulated by Tbx3 in 
pacemaker cells, and which define the functional disparity of pacemaker cells and 
working myocardium. 
 Tbx5 and Tbx3 act as antagonists of each other, by respectively activating 
or repressing the transcriptional activity of working myocardial genes in the heart 
(Bruneau et al., 2001;Hoogaars et al., 2004;Hoogaars et al., 2007). Interestingly, 
we identified several differentially expressed genes in the array, which also have 
been reported to show differential expression Tbx5-deficient mice (Table 1 and 
Table 2) (Mori et al., 2006). These genes include genes that are down-regulated in 
both models, and therefore might represent novel working myocardial genes that 
are regulated by both Tbx3 and Tbx5, in addition to the previously described genes 
Cx40 and Nppa (Table 1). Interestingly, we show that Tbx3 induces the expression 
of Id2, a trancriptional repressor that is required for conduction system function 
(Moskowitz et al., 2007). A recent study showed that Tbx5 regulates transcriptional 
activity of Id2 in the atrioventricular bundle, suggesting that both Tbx3 and Tbx5 
are required for the expression of Id2 in the conduction system (Moskowitz et al., 
2007). These data indicate that Tbx3 and Tbx5 regulate working myocardial genes 
antagonistically in the heart, while the expression of conduction system genes is 
induced by both Tbx3 and Tbx5 in the conduction system components. 
 Our results suggest a possible role for Tbx3 in the negative regulation of 
the cell cycle in the heart. During heart development, working myocardium is highly 
proliferative, in contrast to the Tbx3-positive conduction system components and 
atrioventricular canal myocardium, which maintain the low proliferation rate of the 
primary myocardium (Erokhina and Rumyantsev, 1988;Soufan et al., 2006). We 
found that ectopic expression of Tbx3 inhibits myocardial proliferation and 
represses Bmp10 expression. Bmp10 is an important regulator of working 
myocardium proliferation and maturation of the developing working myocardium. 
Hearts of Bmp10-deficient mice show hypoplastic ventricular walls and defective 
trabecular outgrowth (Chen et al., 2004). This is comparable to the phenotype of 
αMhcCre-CT hearts (Fig. 2), indicating Tbx3-mediated repression of Bmp10 is at 
least partially responsible for the defective growth of ventricular myocardium 
observed in these hearts. These results are consistent with a recent study, which 
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indicated a role for Tbx2 and Tbx3 in the regulation of the cell cycle in the heart by 
repression of Bmp10 (Ribeiro et al., 2007). Although Tbx2 was reported to directly 
repress the activity of another important proliferation marker in working 
myocardium, Nmyc1 (Cai et al., 2005), we did not observe reduced expression of 
Nmyc1 upon Tbx3 activation in αMhcCre-CT hearts (data not shown). 
 During heart development, BMP-signaling acts upstream of Tbx2 and Tbx3 
in the atrioventricular canal, where it is important for atrioventricular canal 
restriction (Ma et al., 2005). Tbx3 was found to be a direct transcriptional target of 
BMP-mediated Smads, and is induced upon ectopic Bmp2 expression (Yamada et 
al., 2000;Yang et al., 2006). We observed expression of Bmp2 in the SAN and the 
bundle branches at ED17.5. This suggests that Bmp2 may also be involved in the 
regulation of Tbx3 in the conduction system. Although we did not observe 
expression of Bmp2 in the SAN at ED12.5 (data not shown), expression of Bmp4 
has been reported in the sinus venosus from ED8.5 onwards (Jiao et al., 2003), 
indicating that Tbx3 expression is regulated by Bmp2 and Bmp4 during heart 
development. Interestingly, we found that Tbx3 is also able to induce Bmp2 and 
Bmp4 expression, which suggests a Bmp-Tbx3 inductive feedback loop.  
 BMP-signaling is also required for the formation of endocardial cushions, 
by stimulating EMT in the outflow tract and atrioventricular canal, a process that is 
essential for valve development and septation (Jiao et al., 2003;Ma et al., 2005). 
We show that Tbx3 activation in the atria stimulates BMP-signaling pathways, and 
we observed the formation of a thick layer of mesenchymal cells in Tbx3-
expressing atria, which points to Tbx3-induced EMT of endocardial cells in the 
atria. Because induction of extracellular matrix proteins is also associated with 
dilatation and end-stage heart failure (Barth et al., 2006), it is important to note that 
this process was already observed in prenatal mice (Fig. 4A), which did not show 
the dilated and fibrotic phenotype as previously described in adult Cre4-CT mice 
(Hoogaars et al., 2007)(data not shown). Although no specific defects in 
endocardial cushion formation have been reported in Tbx3-deficient mice, 
ventricular septum defects have been reported in patients with ulnar-mammary 
syndrome, albeit low penetrance (Meneghini et al., 2006). The function of Tbx3 in 
valve development and septation is likely to be at least partially redundant with 
Tbx2, because both Tbx2 and Tbx3 are expressed in the atrioventricular canal, 
they share high homology in form and function, and because they are both 
regulated by BMP-signaling. Furthermore, it has been reported that homozygous 
Tbx2-deficient mice show defective outflow tract septation, and a subset also have 
reduced atrioventricular canal constriction and hypoplastic cushions (Harrelson et 
al., 2004).  
 Together these data define new Tbx3-dependent pathways that are 
important for pacemaker function, valve development and septation. It will be 
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interesting to investigate the precise transcriptional regulation of these genes by 
Tbx3. ChIP analysis will provide valuable data that will help us to identify the genes 
that are directly or indirectly regulated by Tbx3. Furthermore, future experiments 
are focussed on investigating the overlapping and specific functions of Tbx2 and 
Tbx3, using knockout mouse models of Tbx2 and Tbx3, and compound Tbx2/Tbx3 
null-mice.  

 
Material and Methods 

Mice 

CAG-CAT-TBX3 (CT), Nppa-Cre4 (Cre4) and αMhc-Cre (αMCre) transgenic mice 
have been previously described (Agah et al., 1997;de Lange et al., 2003;Hoogaars 
et al., 2007). Double-transgenic mice conditionally expressing TBX3 in the atria or 
the whole heart, were generated by crossing CT mice with Cre4 mice or αMCre 
mice. The transgenic mice were identified by PCR analysis using primers specific 
for CAT and Cre genes.  
 

Sample preparation, RNA isolation and gene expression analysis 

Left atria of six Cre4-CT mice and six control (Cre4) mice were dissected and snap 
frozen in liquid nitrogen after which total RNA was isolated and purified using single 
prep nucleospin columns according the manufacturer instructions (Macherey-
Nagel). RNA quality was checked using the bioanalyzer (Agilent Technologies). 
250 ng of total RNA was used for biotin-16-UTP cRNA labeling and amplification 
using the Illumina RNA amplification kit (Ambion Inc., Austin, Txs). Labeled RNA 
was hybridized to Illumina MouseRef-6 BeadChip following the manufacturer’s 
instructions (Illumina Inc., San Diego, CA). The arrays were scanned using an 
Illumina Bead array reader confocal scanner. Beadstudio software was used to 
assess the individual array quality. Unprocessed intensity values were averaged 
per bead type, exported from beadstudio and subsequently log transformed and 
normalized with VSN (Huber et al., 2002) in R-statistics. Genes were tested for 
significant differential expression using the emperical Bayes mederated t-statistics 
test in the R-Limma package (Reiner et al. 2003) at a 5% Benjamini-Hochberg 
false discovery rate (Smyth, 2004). 
 

Quantitative Real-Time PCR analysis 

Quantative real time PCR analysis was performed as described before (Hoogaars 
et al., 2007). In short, total RNA was isolated from left atrial appendices of adult 
mice (4 weeks) using the RNeasy Mini Kit according to the manufacturer’s protocol 
(Qiagen). cDNA was reverse transcribed from 300 ng total RNA using the 
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Superscript II system (Invitrogen) and expression of different genes was assayed 
with quantitative real time-PCR using the Roche 480 Lightcycler. Relative start 
concentration (N(0)) was calculated using the following equation: N(0)=10(log(threshold)-Ct 

(mean Eff)). Values were normalized to Gapdh expression levels. Primers sequences 
can be provided upon request. 
 

In situ hybridization and Immunohistochemistry 

Non-radioactive in situ hybridization, three-dimensional reconstruction and 
quantification of expression domains were performed as described previously 
(Hoogaars et al. 2004; Moorman et al. 2001). Probes for Bmp10, Sox9, Fbln2 and 
Id3 were kindly provided by Herman Neuhaus, Benoit de Crombrugghe and Yvette 
Chin. IMAGE cDNA constructs were kindly provided by Fred van Ruissen. The 
following IMAGE cDNA constructs were digested with Sal1 and labeled with T7 
RNA polymerase to generate DIG-labeled probes used for in situ hybridization: 
Tagln (BC003795), Fbln2 (BC005443), Lum (BC005550), Nkd2 (BC019952), 
Meox1 (BC011082), Ednra (BC008277) and Aldh1b1 (BC020001). Fgf12 probe 
construct was generated by PCR amplification of a 718 bp fragment with Fgf12 
specific primers (forward: AAGGTTATTCAGCCAGCAGGG, reverse: 
TTCTACCACATTGCAACAGGC), which was subsequently cloned into pBluescript 
SK vector. For immunohistochemistry, the same fixation protocol as in situ 
hybridization was used. Primary antibodies used were as follows: anti-cleaved 
caspase 3 (Cell Signaling, #9661 polyclonal) and anti-phosphohistone H3 (Cell 
Signaling, #9701 polyclonal).  
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Summary 
Tbx3 is a member of the conserved family of T-box transcription factors that acts 
as a transcriptional repressor required for vertebrate development. During heart 
development, Tbx3 suppresses cardiac chamber formation and is required for the 
formation and specification of the sinoatrial node, the pacemaker of the heart. 
Several alternative splice variants of Tbx3 have been reported, including Tbx3+2a, 
a splice variant containing the extra exon 2a, which encodes a 20 amino acid 
insertion in the highly conserved T-box DNA-binding domain. We found that amino 
acid insertions in this region of the T-box of Tbx3 is an evolutionary conserved 
feature, whereas such insertions are largely absent from the T-box domain of the 
other T-box factor family members. We furthermore show that both Tbx3 and 
Tbx3+2a can bind to the Brachyury T-site and to the cardiac target gene Nppa, and 
that both isoforms act as transcriptional repressors of Nppa promoter activity. 
Moreover, both Tbx3 and Tbx3+2a were found to be able to interact with the 
cardiac homeobox factor Nkx2-5. When ectopically expressed in the embryonic 
heart of mice, both Tbx3 and Tbx3+2a repressed chamber formation and 
repressed expression of Nppa and Cx40. These results suggest that, in contrast to 
previous reports, Tbx3 and Tbx3+2a are functionally equivalent.  
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Introduction 

The transcription factor Tbx3 is a member of the highly conserved family of T-box 
transcription factors, and plays a crucial role in development. Tbx3 acts as a 
transcriptional repressor and is expressed in many tissues during development 
including limb, genitalia, head mesenchyme, mammary glands and the heart, and 
is required for the development of these structures (He et al. 1999;Carlson et al. 
2001;Davenport et al. 2003). Heterozygous loss of function mutations in human 
TBX3 are the cause of ulnar mammary syndrome, an autosomal disorder which is 
manifested by malformations of the ulnar side of the upper limb and hypoplasia of 
the genitalia and mammary/apocrine glands (Bamshad et al. 1997;Bamshad et al. 
1999). Various studies reported that Tbx3 is associated with proliferation through 
p53- dependent and independent pathways leading to senescence bypass, which 
could account for the hypoplastic phenotype associated with ulnar mammary 
syndrome (Brummelkamp et al. 2002;Carlson et al. 2002;Jerome-Majewska et al. 
2005). We previously showed that Tbx3 is expressed in the central conduction 
system, which encompasses the nodes, during heart development, where it acts as 
an inhibitor of chamber differentiation thus allowing patterns of gene expression 
required for pacemaker function (Hoogaars et al. 2007b;Mommersteeg et al. 2007).  
 Different isoforms of Tbx3 have been identified, including a splice variant 
with an extra 20 amino acid encoding exon in the T-box domain, dubbed exon 2a 
(Bamshad et al. 1999). The insertion of exon 2a in the highly conserved T-box 
domain, which is required for DNA-binding and protein-protein interactions, 
suggests that the alternative splice variant may have altered DNA binding 
properties. Interestingly, a recent study (Fan et al. 2004) compared both isoforms 
and found a remarkable difference. In contrast to Tbx3, which is capable of 
inhibiting senescence in mouse embryonic fibroblasts, Tbx3+2a was reported to 
accelerate senescence resulting in cell cycle arrest (Fan et al. 2004). Furthermore, 
DNA-binding of Tbx3+2a to the T-site sequence was reported to be impaired, 
suggesting that the extra amino acids in the T-box binding domain abolishes DNA-
binding to the T-box binding element and that the two proteins act on different 
target genes. However, we obtained a Tbx3 cDNA that was able to suppress 
senescence (Brummelkamp et al. 2002), and found it was the alternative splice 
variant Tbx3+2a. The Tbx3+2a isoform is conserved in mouse and human, which 
alludes to possible functional conservation of the alternative splice variant, and is 
co-expressed with Tbx3 in multiple tissues (Fan et al. 2004). This prompted us to 
investigate the functional characteristics of this splice variant compared to Tbx3 in 
the context of cardiac development.  
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Results 
 
Conservation of exon 2a  

To determine whether the Tbx3+2a isoform was conserved in species other than 
mouse and human, we aligned T-box domain sequences of vertebrate and 
invertebrate Tbx3-homologs. Alignment revealed that the alternative splice variant 
containing exon 2a is highly conserved in mammals (Figure 1B). A model of the 
exon 2a insertion into the protein structure of the T-box domain showed that the 
insertion does not contact the DNA (Figure 1A).  Interestingly, Xenopus Tbx3 and 
Cynops cpTbx2 also have alternative splice variants, which show amino acid 
insertions in this region of the T-box. However, these sequences do not resemble 
the amino acid sequence of exon 2a seen in mammals (Figure 1B). In addition, 
Tbx3-homologs of several other species, both vertebrate and invertebrate, also 
showed amino acid insertions within this region, althought it is not known whether 
these proteins represent alternative splice variants. In green pufferfish (Tetraodon) 
an unspecified protein product was identified as Tbx3, which also showed a large 
insertion in the region corresponding to the exon 2a insertion region (Figure 1A). 
Other members of the T-box transcription factor family do not have an insert in the 
T-box domain, with the exception of Tbx21/T-bet, which has a 3 amino acid insert 
at the site in the T-box corresponding with the exon 2a insertion site in Tbx3 (Fig. 
1C). We found that both the Tbx3 and Tbx3+2a are expressed in the fetal mouse 
heart (Figure 1D). These results prompted us to investigate the function of both 
isoforms in heart development in more detail.  

 
Tbx3 and Tbx3+2a bind to brachyury T-site and to the cardiac target 
gene Nppa 
 
Using electro-mobility shift assays (EMSA) we compared the binding ability of the 
T-box domains of both Tbx3 isoforms to the Brachyury T-site and a T-box binding 
element (TBE) of the Nppa promoter, a cardiac target gene of Tbx3 (Hoogaars et 
al. 2007b) (Figure 2). Tbx5 was used as a positive control, because this T-box 
factor is known to bind to the T-box binding element of this promoter (Bruneau et 
al. 2001). We coupled the T-box domain of Tbx3, Tbx3+2a splice variant, and Tbx5 
to a maltose binding protein domain and purified these proteins. Equal amounts of 
fused protein were used for the EMSA experiments (Figure 2C). We observed that 
the T-box domains of both Tbx3 and Tbx3+2a were able to bind to the brachyury T-
site, unlike unfused MBP and the Tbx3 N277D and L143P mutants, which did not 
show any binding (Figure 2A). In addition, the T-box domain of both Tbx3 and  
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Figure 1 Conservation of exon 2a. A) Ribbon diagram of the T-box domain of Tbx3 bound to DNA 
target sequence, with the exon 2a insertion depicted in green. Secondary structure elements are 
depicted according to Coll et al 2002. B) Alignment of part of the Tbx3 T-box domain sequence in 
vertebrates (blue) and invertebrates (orange). Secondary structures are depicted above the sequence. 
In mammals exon 2a is translated into extra 20 amino acids in the T-box domain, which is alternatively 
spliced. Lower vertebrates and some invertebrates also have extra amino acids in this region. Exons 
are highlighted in yellow and extensions of exon 2 or exon 3 are highlighted in grey (not highlighted is 
not known). The black asterix depicts known Tbx3-homologs that have been described as alternative 
splice variants C) Alignment of the T-box domains of different T-box factors (Homo sapiens). 
Sequences highlighted in green are conserved throughout the T-box family. Sequences highlighted in 
purple or red are important amino acids for DNA-binding and dimerization, respectively (derived from 
Coll et al. 2002). D) Expression of both Tbx3 isoforms in the heart. cDNA of embryonic day 14.5 mouse 
heart was used for PCR analysis. Tbx3 and Tbx3+2a transcripts are both detected when using 
combined primersets in exon 2 and exon 3 (170 bp and 230 bp respectively). Specific detection of exon 
2a was achieved using primers specific for exon 2a combined with exon 2 and exon 3 primers (141 bp).  
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Tbx3+2a and also Tbx5 were able to bind to the TBE of the Nppa promoter with no 
clear difference in binding affinity between the two Tbx3 isoforms (Figure 2A). To 
investigate the binding affinity in more detail, competition assays were performed 
using increasing concentrations of unlabeled Nppa TBE oligo. As shown in Figure 
2B, both isoforms are able to bind to the Nppa promoter fragment and increasing 
concentrations of unlabeled oligo results in a gradual decrease of binding to the 
labeled oligo, which is comparable in both Tbx3 isoforms. The same results were 
obtained using nuclear extracts of HEK cells transfected with expression vectors 
for full length Tbx3 or Tbx3+2a (data not shown). These results show that there is 
no significant difference in DNA-binding capacity between Tbx3 and Tbx3+2a. 

 
Tbx3 and Tbx3+2a splice variant are both capable of repressing 
Nppa promoter activity 
 
The ability of Tbx3 and Tbx3+2a to repress promoter activity was assessed by 
transient transfection assays in HEK cells using the 0.7 kb promoter of Nppa 
(Hoogaars et al. 2007b;Hoogaars et al. 2004). Consistent with previous findings, 
the Nppa promoter fragment was activated by Tbx5 or Nkx2-5, and synergistically 
activated by both Tbx5 and Nkx2-5 (Hiroi et al. 2001;Bruneau et al. 2001) (Figure 
3A). The synergistic activation was abrogated when increasing levels of Tbx3 or 
Tbx3+2a were transfected, showing that both isoforms were capable of dose-
dependent repression of transcriptional activity (Figure 3A). The synergistic 
activation of the Nppa promoter relies on the formation of a heterodimer between 
Tbx5 and Nkx2-5, which binds to a TBE/NKE element (Hiroi et al. 2001;Bruneau et 
al. 2001). Previously, we showed that Tbx3 also binds to the TBE/NKE element of 
the Nppa promoter together with Nkx2-5, indicating that this T-box factor may also 
form a heterodimer with Nkx2-5 (Hoogaars et al. 2004). Because the T-box domain 
is important for protein-protein interactions, Tbx3+2a may differ from Tbx3 in this 
respect, because the insertion may interfere with the ability of Tbx3 to associate 
with other proteins. Therefore, the ability of Tbx3 and Tbx3+2a to physically 
interact with Nkx2-5 was assessed using GST pulldown assay. Pulldown assays 
demonstrated the physical interactions of T-box domains of Tbx5 and both Tbx3 
isoforms with Nkx2-5 (Figure 3B). In summary, these results demonstrate that Tbx3 
and Tbx3+2a both act as potent transcriptional repressors of the cardiac target 
gene Nppa and that both isoforms physically interact with the cardiac homeobox 
protein Nkx2-5.  
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Figure 2 Tbx3 and Tbx3+2a bind to the Nppa promoter and to the Brachyury T-site A) Electromobility 
shift assay with purified T-box domains fused to MBP. Both the T-box domains of Tbx3 and Tbx3+2a 
were able to bind to a T-box binding element of the Nppa promoter (T), which was abolished when this 
site was mutated (Tm). Both isoforms could also bind to the Brachyury T-site. None of the T-box domain 
mutants (Tbx3 N249D and Tbx3+2a L143P) showed DNA-binding to the T-probe or the Brachyury T-
site. B) Competition assay with increasing amount of unlabeled T-probe demonstrating that binding 
affinity of both Tbx3 isoforms to the Nppa promoter was the same. Competition with unlabeled Tm-
probe did not result in reduction of binding to the labeled T-probe. C) Purified proteins products showed 
comparable comcentrations on westernblot, as detected by coomassie staining.  
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Figure 3 Repression of Nppa promoter activity by Tbx3 and Tbx3+2a. A) Activation of the 0.7 kb Nppa-
promoter is repressed by Tbx3 and Tbx3+2a. Nkx2-5 and Tbx5 activate the Nppa promoter 
synergistically. Tbx3 and Tbx3+2a are both able to dose dependently (50-400 ng) repress Nppa 
promoter, whereas Tbx3 N249D and Tbx3+2a L143P mutants show no repression. B) Interaction of 
Tbx3 and Tbx3+2a with Nkx2-5. Left box shows the input of MBP-fused proteins (input) and the right 
box shows the eluate in which GST-Nkx2-5 was detected with antibody (output). Both MBP-fused T-box 
domains of Tbx3 and Tbx3+2a and control Tbx5 could bind to Nkx2-5.  
 
 

Tbx3 and Tbx3+2a splice variants repress chamber differentiation in 
the developing heart  
 

Tbx3 acts as an inhibitor of chamber differentiation during cardiac development in 
primary myocardium, which allows the formation and specification of the central 
conduction system components (Hoogaars et al. 2007b;Mommersteeg et al. 2007). 
To determine whether both Tbx3 isoforms are capable of repressing chamber 
differentiation in vivo, we used a previously described transgenic model in which 
the β-Mhc promoter drives expression of Tbx3 in the embryonic heart tube before 
the onset of chamber differentiation (Figure 4). Analysis of transgenic embryos of 
E9.5 demonstrated that ectopic expression of either Tbx3 or Tbx3+2a in the early 
heart tube results in repression of chamber formation (Figure 4A). In 3 out of 6 
βMhc-Tbx3+2a embryos, chamber formation and looping of the heart tube was 
completely inhibited, whereas in 2 out of 6 βMhc-Tbx3+2a embryos chamber  
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Table 1.  phenotype/genotype correlation of βMhc-transgenes 

transgene linear tube looped tube thin chamber wall normal total 

βMhc-Tbx3 1 1 3 0 5 

βMhc-Tbx3+2a 3 1 2 0 6 

βMhc-Tbx3-L143P 0 0 0 6 6 

wildtype 0 0 0 30 30 
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Figure 4 Tbx3 and Tbx3+2a inhibit cardiac chamber formation. A) Example of two transgenic βMhc-
Tbx3 (Tbx3) and two βMhc-Tbx3+2a (Tbx3+2a) embryos of embryonic day 9.5 compared to non-
transgenic mice (WT) and βMhc-Tbx3+2a L143P (Tbx3+2a LP) transgenic mice. In Tbx3 and Tbx3+2a 
embryos chamber formation was abnormal or completely inhibited (white arrows demarcate 
undifferentiated linear tube), whereas control embryos showed normal chamber differentiation. B) In situ 
hybridization of serial sections shows specific repression of chamber gene expression in βMhc-Tbx3 
and βMhc-Tbx3+2a mice. Expression of myocardial marker gene Mlc2a was detected in the hearts of all 
embryos, whereas Cx40 expression was absent in hearts of βMhc-Tbx3 and βMhc-Tbx3+2a mice. 
βMhc-Tbx3+2a L143P mice and non-transgenic littermates showed normal expression of Cx40. 
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formation was initiated but abnormal (thin myocardial wall). One embryo showed a 
looped heart tube without differentiation of chamber myocardium. In three βMhc-
Tbx3 embryos chamber formation was also initiated but abnormal, whereas only 
one embryo showed complete inhibition of looping and chamber differentiation 
(Figure 4A, Table 1). All 30 analysed non-transgenic control littermates showed 
normal onset of chamber formation, as did all control βMhc-Tbx3+2a L143P 
transgenic embryos (5 in total, Table 1, (Mommersteeg et al. 2007)). Analysis of 
gene expression in the hearts of transgenic embryos showed that both isoforms 
were capable of repressing the expression of Cx40 and Nppa (Figure 4B and data 
not shown). Ectopic expression of Tbx3+2a L143P did not result in repression of 
Cx40 or Nppa (Mommersteeg et al. 2007) (Figure 4B). Together, these data 
provide evidence that both Tbx3 and Tbx3+2a function as transcriptional 
repressors of shared downstream target genes such as Cx40 and Nppa, and are 
able to inhibit chamber formation in vivo. 

 
Discussion and conclusion 
Alternative splicing is a commonly occuring process that contributes to protein 
diversity through generation of different transcripts of one gene. As a result the 
encoded proteins may be functionally distinct. In this study we compared the 
functional characteristics of the transcription factor Tbx3 and the alternative 
splicevariant Tbx3+2a. The Tbx3+2a splice variant contains an extra exon (exon 
2a) resulting in a 20 amino acid insertion in the T-box domain. The sequence is 
highly specific for mammalian Tbx3. The Tbx3 homologues in other vertebrate and 
invertebrate species have insertions in the same region, which in some cases also 
have been identified as alternative splice variants (Figure 1A). Moreover, other 
members of the T-box transcription factor family do not have inserts in the T-box 
domain. This implies that an insertion in this region of Tbx3 may be of functional 
significance.  
 The T-box domain represents a highly conserved region within the T-box 
protein family that is required for DNA-binding, protein-protein interaction and 
nuclear localization of these proteins (Muller and Herrmann 1997;Coll et al. 2002). 
Small alterations such as single missense mutations in the T-box domain result in 
loss of function of T-box factors due to reduced DNA-binding and/or loss of protein-
protein interaction, demonstrating the crucial function of this protein domain (Hiroi 
et al. 2001;Fan et al. 2003;Hoogaars et al. 2004). The position of the exon 2a 
insertion in the Tbx3+2a isoform is located in a extended 9-residue loop of the T-
box domain with unknown function (Coll et al. 2002). The 3D-model of the exon 2a 
insertion in the T-box domain shows that the insertion does not interfere with DNA-
binding of the T-box domain (Figure 1A). However, Fan et al (Fan et al. 2004) 
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suggested that Tbx3+2a was not able to bind to the brachyury T-site and thus 
might act on different target genes, which was based on electromobility shift 
assays with nuclear extracts of mouse fibroblast cells infected with retrovirus 
carrying either Tbx3 or Tbx3+2a. In sharp contrast to that study, we found that both 
the T-box domains isoforms can bind to the brachyury T-site and also to cardiac 
target gene Nppa, with no apparent difference in binding affinity. The discrepancy 
between the studies may have been caused by the background binding activity 
present in the nuclear extracts that Fan and co-workers used for the binding 
assays, obscuring any differences between infected Tbx3 and Tbx3+2a in these 
assays (Fan et al. 2004). In addition, the study of Fan et al showed that Tbx3+2a 
accelerates senescence instead of inhibiting senescence, like Tbx3, suggesting 
that Tbx3+2a has a different function compared to Tbx3 (Fan et al. 2004). This is 
inconsistent with the fact that the cDNA clone of Tbx3+2a we obtained, induced 
senescence bypass, resulting in immortalization of fibroblast cells (Brummelkamp 
et al. 2002). Furthermore, we demonstrate that Tbx3 and Tbx3+2a both act as 
functional repressors of Nppa. These results indicate that both isoforms are 
functionally equivalent, and furthermore suggest that co-expression of Tbx3+2a 
with Tbx3 probably does not result in dominant negative inhibition of Tbx3 function 
through formation of a heterodimer with Tbx3+2a, as suggested previously 
suggested (Fan et al. 2004).  
 During heart development Tbx3 is important for the development of the 
central conduction system by repressing chamber differentiation (Hoogaars et al. 
2007b;Hoogaars et al. 2004;Mommersteeg et al. 2007). We demonstrated that 
both Tbx3 isoforms are expressed in the heart. Interestingly, a missense TBX5 
mutation in this region that causes Holt-Oram syndrome, G169R, results in 
impaired interaction with the cardiac homeobox protein Nkx2-5 (Ghosh et al. 
2001;Fan et al. 2003). This suggests that this region of the T-box domain is 
involved in crucial protein-protein interactions and that an insertion, such as exon 
2a, may result in altered protein-protein interaction with other proteins such as 
Nkx2-5. Nkx2-5 acts as an accessory factor of T-box factors and forms a terniary 
complex with these proteins and DNA to either activate or repress promoter activity 
of downstream target genes of T-box factors, depending on the available T-box 
factors (Bruneau et al. 2001;Hiroi et al. 2001;Habets et al. 2002;Hoogaars et al. 
2007a). Our data indicate that T-box domains of both Tbx3 isoforms interact with 
Nkx2-5, demonstrating that Tbx3 can physically interact with Nkx2-5, and more 
importantly, that exon 2a does not interfere with the ability of the T-box domain to 
interact with Nkx2-5. It remains possible that the exon 2a insertion may influence 
the activity of other protein domains outside the T-box, however this may not affect 
gene regulation by Tbx3, because full length proteins of both isoforms were able to 
repress promoter activity of Nppa. The ability of Tbx3 and Tbx3+2a to bind to the 
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same cardiac target genes and repress their transcriptional activity implies that 
both isoforms share the same downstream targets during heart development. This 
is supported by our observation that both Tbx3 and Tbx3+2a inhibit chamber 
differentiation in vivo (Figure 4). It remains to be established what the functional 
relevance is of the observed co-expression of both Tbx3 isoforms in the heart.  
 In conclusion, we demonstrated that Tbx3 and alternative splice variant 
Tbx3+2a are functionally redundant in respect to their ability to repress cardiac 
chamber differentiation and inhibition of transcriptional activation of downstream 
target genes.  

 
Material and methods 
 

Alignment 

NCBI blast of amino acid sequence of exon 2a or T-box domain of Tbx3 resulted in 
identification of the following protein products: Homo sapiens TBX3 isoform 2 
NP_057653, Bos taurus Tbx3 XR_027267.1(predicted)/ K46311A (EST), Rattus 
norvegicus Tbx3 NP_853669.1, Mus musculus Tbx3 isoform 1 NP_035665.2, 
Gallus gallus Tbx3 AAC41297.1, Xenopus laevis NP_001079080.1, Cynops 
pyrrhogaster cpTbx2 BAA84721.1, Tetraodon nigroviridis unnamed protein product 
CAF99197.1, Oryzias latipes Tbx3 CAC69977.1, Cupiennius salei Omb 
CAD57731.1, Tribolium castaneum similar to CG3578-PA (Bifid) (predicted) 
XP_972431.1, Drosophila melanogaster Omb AAA28736.1, Saccoglossus 
kowalevskii Tbx2/3 ABD97269.1, Lytechinus variegatus Tbx2/3 AAM81744.1, 
Paracentrotus lividus Coquillette CAD48605.1. 

EMSA and western blot 
The T-box domain of human Tbx3 and Tbx3+2a were fused to a maltose binding 
protein (MBP) domain and purified over column to produce purified protein. 
Western blot analysis was performed to check purified protein concentration. For 
full-length protein extracts, HEK cells were transfected in a 10-cm dish with 40 µg 
of pcDNA3.1-Tbx3 or pcDNA3.1-Tbx3+2a expression plasmid, after which nuclear 
extracts were prepared. EMSA and westernblot analysis were performed as 
described previously (Habets et al 2002; Hoogaars et al 2004). Oligonucleotides 
used were as follows: Nppa WT (WT), 
TCTGCTCTTCTCACACCTTTGAAGTGGGGGCCTCTTG; Nppa TBEmut (M), 
TCTGCTCTTCTCTTTGCTTTGAAGTGGGGGCCTCTTG; Brachyury,  
CTTAGGGAATTTCACACCTAGGTGTGAAATTCCCT 
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GST pulldown assay 

Bacterial lysates containing equivalent amounts of MBP or MBP-Tbx fusion 
proteins were loaded onto 300 µl of amylose resin. After washing with 5 bed 
volumes PBSt (PBS + 0.1% triton x100), resin was washed with 1 ml of PBSt 
containing 2 µg of affinity purified GST target protein (GST or GST fused full length 
Nkx2-5). Amylose resin was then washed with 15 bed volumes of PBSt and MBP 
fusion proteins subsequently eluted with 0.5 ml 20 mM maltose in PBSt. 10 µl of 
each eluate was used for PAGE analysis and Western blotting. GST fusions were 
detected using monoclonal anti-GST (Sigma) antibody. 
 

RT-PCR 

cDNA was reverse-transcribed from 300 ng of total RNA from embryonic day 
(ED)14.5 mouse heart using the SuperScript II system (Invitrogen). Primers used 
for the PCR reaction were as follows: Tbx3 Exon3, 
GGATATCGTTGGCTCTGACGA; Tbx3 exon 3 nested 
CGAAAAGTACTGTAAGGCAGT; Tbx3 exon 2, TGTATATACACCCGGACAGCC; 
Tbx3 exon 2 nested, AGACCCCGAAATGCCAAAGAG; Tbx3 exon 2a, 
TGCCACGTTGCGTGATCGCTT. PCR products were isolated from gel and 
sequenced to verify the sequence of the specific transcripts from Tbx3 and 
Tbx3+2a. 

Transfection assay 

Cos-7 cells were cultured and transiently transfected in a 6-wells plate using the 
calcium phosphate method. Expression constructs used are described previously 
(Hoogaars et al 2004, Christoffels et al 2004). Aditionally, 5 ng of CMV-renilla 
construct was transfected as efficiency control of the transfection.  

mice 

The procedure to obtain transgenic βMhc-TBX3 and βMhc-TBX3+2a embryos has 
been described previously (Christoffels et al. 2004;Mommersteeg et al. 2007).  
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The heart is the first functional organ during embryonic development, fulfilling a 
crucial role in the embryonic blood circulation and distribution of nutrients. The 
heart is composed of distinct cell types, which together make up different functional 
components, such as the chambers, the valves, and the conduction system. The 
heart muscle cells, or myocardial cells, can be subdivided according to their 
specific characteristics. Chamber myocardial cells of the atria and ventricles, also 
known as working myocardium, are the ‘real’ muscle cells that generate the force 
necessary for the contraction of the heart that drives the circulation. The initiation 
and propagation of the electrical stimulus of the heart muscle cells is coordinated 
by the cells of the cardiac conduction system. The cardiac conduction system is 
generally divided into three components. The first component is the sinus node or 
sinoatrial node, which is located at the junction of the right atrium and the right 
superior caval vein. It acts as the natural pacemaker of the heart by generating an 
electrical impulse at coordinated intervals. The second component is the 
atrioventricular node that ensures the pause between atrial and ventricular 
contraction by delaying the electrical impulse, which is important because this 
pause allows the ventricles to be filled after atrial contraction. The third component 
is the His-Purkinje system, which consists of the atrioventricular bundle (also 
known as the bundle of His), the bundle branches and the peripheral ventricular 
conduction system or Purkinje fiber network. These fast conducting components 
propagate the electrical impulse to the ventricular working myocardial cells.  
The working myocardium and the conduction system myocardium acquire their 
distinctive properties during heart development. The developing heart starts as a 
tubular structure, which is composed of primitive so-called primary myocardium. 
Subsequently the tube loops and locally, at the outer curvatures, the primary 
myocardium differentiates into working myocardium. In the myocardium of the 
inflow tract, the atrioventricular canal in between the chambers, and the outflow 
tract, working myocardial differentiation is repressed, resulting in the retention of 
the primary phenotype in these regions. It is thought that myocardium of the inflow 
and the atrioventricular canal develops into the sinus node and the atrioventricular 
node, respectively. The nodes do not have the typical features and function of the 
differentiated working myocardium, but instead preserve some of the features of 
the primary myocardium. The specialized traits of the conduction system and 
working myocardium are defined by specific genes, which are transcribed and 
translated into proteins that perform specialized tasks in the cells. Already early in 
development these genes mark the different myocardial components. The Nppa 
gene and gap junction genes Cx40 and Cx43 are examples of genes that mark the 
working myocardium of the developing atria and ventricles, while ion channel gene 
Hcn4 is an example of a gene that marks the pacemaker cells of the conduction 
system. The activity of these genes is regulated by specialized proteins called 
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transcription factors. Transcription factors bind to regulatory DNA sequences of 
genes (promoters) and induce or repress the activity of these genes. T-box 
transcription factors play an important role in the development of the embryo, 
including the development of the different components of the heart. Several T-box 
transcription factors are expressed in specific regions of the heart during 
development, where they regulate important processes in cooperation with other 
transcription factors. This thesis focuses on two members of the T-box transcription 
factor family, Tbx2 and Tbx3, and reports the study of the specific functions these 
two proteins fulfill during heart development.  
 
Chapter 1 provides a general introduction to the development of the vertebrate 
heart. The development of the different components of the adult heart and recent 
progress in deciphering the molecular mechanism underlying cardiogenesis has 
been summarized. Chapter 2 reviews current insight into the role of T-box 
transcription factors in heart development. T-box factors 1, 2, 3, 5, 18 and 20 are 
expressed in the developing heart, where these transcription factors have different 
and also overlapping functions. In Chapter 3 the role of T-box factor Tbx2 during 
heart development is explored. Tbx2 is expressed during early cardiac 
development and this expression pattern is conserved in chick, mouse and human. 
This suggests that Tbx2 fulfills an evolutionary conserved role in the heart. 
Expression of Tbx2 in the heart is restricted to primary myocardium of the inflow 
tract, atrioventricular canal, the inner curvatures of the looped heart tube and the 
outflow tract region, and disappears at later stages of heart development. In 
addition, Tbx2 is expressed in the endocardial cushions of the outflow tract and the 
atrioventricular canal. The region of the developing heart where Tbx2 is expressed 
are thought to give rise to parts of the conduction system, and also contribute to 
the process of septation and the formation of the valves. Importantly, Tbx2-positive 
myocardium does not show activation of genes important for chamber function, 
such as Cx40 and Cx43. Using in vitro molecular techniques, we show that Tbx2 
can repress the promoter activity of Cx40 and Cx43. To investigate the function of 
Tbx2 in the embryonic heart, it was ectopically expressed in all the myocardium of 
the embryonic heart tube in transgenic embryos. Analysis of the hearts of these 
embryos shows that the activity of chamber genes Nppa and Cx40 is repressed, 
and that the hearts do not develop chambers but remain linear and 
underdeveloped instead. Together these results show that Tbx2 probably plays a 
role in the repression of working myocardial differentiation and gene expression. In 
Chapter 4, we investigate the expression pattern and function of Tbx3, a T-box 
factor highly similar to Tbx2 in both structure and function, during heart 
development. Three-dimensional reconstruction series of the Tbx3 expression 
pattern during heart development show that this protein is expressed very 
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specifically in the developing and mature central conduction system components, 
and that this pattern is conserved in chicken, mouse and human. Tbx3 expression 
is found in the sinus node, the atrioventricular node, the atrioventricular bundle and 
proximal part of the bundle branches. Furthermore, Tbx3 binds to the promoter of 
chamber gene Nppa and represses the activity of chamber genes Cx43 and Nppa. 
This suggests that Tbx3 acts by repressing the activity of chamber genes in parts 
of the heart that form the components of the conduction system, thus providing 
these cells with an unique phenotype and gene program. In Chapter 5 we 
investigate the function of Tbx3 in the development of the sinus node using two 
genetic mouse models. To distinguish between two models of sinus node 
formation, growth by recruitment of atrial cells or growth by proliferation of a Tbx3-
positive sinus node precursor pool, we genetically labeled atrial cells and their 
daughter cells as soon as they emerge. This experiment reveals that the sinus 
node does not recruit atrial cells, which shows that a Tbx3-positive sinus node 
precursor pool proliferates to form the sinus node. Mice that lack Tbx3 die before 
birth and show several structural defects in the developing heart, including a 
smaller sinus node. Detailed analysis of these embryos shows that atrial genes 
such as Cx40, Cx43 and Nppa are mis-expressed in the sinus node. Furthermore, 
a gene normally expressed in the sinus node, Lbh, is absent from the sinus node of 
Tbx3-deficient embryos. In addition, we show that Tbx3 mis-expression in atrial 
myocardium converts atrial cells into functional pacemaker cells, demonstrating the 
ability of Tbx3 to regulate the pacemaker gene program in myocardial cells. 
Together, these results indicate that Tbx3 is a critical factor in the formation of the 
sinus node and the regulation of the sinus node gene program. In Chapter 6 we 
identified new possible cardiac target genes of Tbx3. To identify genes that are 
specifically regulated by Tbx3, we use a transgenic mouse model in which Tbx3 is 
activated in atrial working myocardial cells. We compare the geneprogram of these 
cells with atrial cells of control mice using microarray analysis, which allows 
simultaneous detection of the activity of thousands of genes. The results of the 
microarrays show that Tbx3 represses working myocardial genes and induces 
pacemaker genes. These results are confirmed by so-called quantitative real-time 
polymerase chain reaction (qRT-PCR) analysis and in situ hybridization, and new 
target genes of Tbx3 are identified that mark either working myocardial 
components or conduction system myocardium. Furthermore, this study shows that 
Tbx3 induces the formation of mesenchymal cells, which play an important role in 
the development of the valves and cardiac septa. Genes that play an important role 
in this process are induced upon Tbx3 expression. In summary, these results 
suggest that Tbx3 regulates important processes during heart development by 
regulating genes that identify the distinct traits of the working myocardial cells and 
pacemaker cells, and by regulating genes that are important for septation and 
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valve development. In the final chapter, Chapter 7, we investigate the functional 
difference between Tbx3 and Tbx3+2a, a splice variant that has an extra exon 
(exon 2a) encoding 20 additional amino acid residues in the T-box DNA-binding 
domain. We find that insertions in this region of the T-box of Tbx3 is an 
evolutionary conserved feature, whereas such insertions are largely absent from 
the T-box domain of the other T-box factor family members. We show that both 
Tbx3 and Tbx3+2a are expressed in the heart, both can bind to the promoter of 
cardiac target gene Nppa, and both are able to repress transcriptional activity of 
this gene. Mis-expression of Tbx3 or Tbx3+2a in the embryonic heart prior to 
chamber differentiation results in repression of chamber differentiation and 
repression of chamber-specific gene expression. Together, these results suggest 
that Tbx3 and Tbx3+2a have the same function during heart development. 
�
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Het hart is het eerste functionele orgaan dat ontstaat tijdens embryonale 
ontwikkeling, en vervult een cruciale rol in de embryonale bloedcirculatie en 
verspreiding van voedingsstoffen. Het hart bestaat uit verschillende celtypen, die 
samen de verschillende functionele componenten van het hart vormen, zoals de 
kamers, de kleppen en het geleidingssysteem. De hartspiercellen, ook wel 
myocardcellen genoemd, kunnen op basis van hun specifieke eigenschappen 
onderverdeeld worden in verschillende groepen. Kamermyocard cellen van de 
boezems (atria) en de kamers (ventrikels), ook wel werkmyocard genoemd, zijn de 
(echte) spiercellen van het hart die de kracht genereren die nodig is voor de 
samentrekking van het hart. De initiatie en geleiding van de electrische stimulus 
van de hartspiercellen wordt gecoördineerd door cellen van het geleidingssysteem. 
Het geleidingssysteem van het hart wordt over het algemeen verdeeld in drie 
componenten. De eerste component is de sinusknoop, die gelocaliseerd is in de 
uitmonding van de vena cava in de rechter boezem. De functie van de sinus knoop 
is die van een "pacemaker", die het hartritme regelt door op gecoordineerde 
intervallen een elektrische impuls te genereren. De tweede belangrijke component 
van het geleidingssyteem is de atrioventriculaire knoop, die de elektrische impuls 
vertraagt tussen de atria en de ventrikels, wat resulteert in een pauze tussen de 
samentrekking van de atria en ventrikels waardoor de ventrikels gevuld kunnen 
worden na atriële samentrekking. De derde component van het geleidingssysteem 
is het His-Purkinje systeem, die bestaat uit de atrioventriculaire bundel (ook wel de 
bundel van His genoemd), de bundeltakken aan weerszijde van het 
interventriculaire septum, en het perifere ventriculair geleidingssysteem, bestaande 
uit het Purkinjevezel netwerk. Deze snelgeleidende componenten verspreiden de 
elektrische impuls naar werkmyocard cellen van de ventrikels.  
Het werkmyocard en het myocard van het geleidingssysteem verkrijgen hun 
specifieke eigenschappen tijdens de ontwikkeling van het hart. Tijdens de vroege 
hartontwikkeling vormt het hart eerst een kleine buisvormige structuur dat bestaat 
uit primitief, zogenaamd primair myocard. Vervolgens onstaat er een kromming in 
de hartbuis en differentieert lokaal het werkmyocard uit het primair myocard. In 
myocard cellen van de instroom, het atrioventriculaire kanaal tussen de kamers, en 
de uitstroom wordt de differentiatie naar werkmyocard onderdrukt, wat resulteert in 
het behoud van het primaire fenotype in dit myocard. Myocard van de instroom en 
het atrioventriculaire kanaal ontwikkelt daarna waarschijnlijk verder tot 
respectievelijk de sinusknoop en de atrioventriculaire knoop, hoewel dit nog niet 
bewezen is. Hierdoor hebben de pacemaker cellen van de knopen niet de typische 
kenmerken en functie van de gedifferentieerde werkmyocardcellen, maar delen ze 
in plaats daarvan primitieve kenmerken met het primair myocard. De 
gespecialiseerde eigenschappen van het geleidingssysteem en het werkmyocard 
worden bepaald door specifieke genen, die afgeschreven en vertaald worden in 
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eiwitten die specifieke functies uitoefenen in deze cellen. Deze genen markeren al 
vroeg tijdens de ontwikkeling de verschillende myocardiale componenten van het 
hart. Het natriuretic precursor peptide type A (Nppa) gen en de ”gap junction" 
genen connexine 40 (Cx40) en connexine 43 (Cx43) zijn voorbeelden van genen 
die het werkmyocard van de ontwikkelende atria en ventrikels markeren, en het 
ionkanaal gen Hcn4 is een voorbeeld van een gen dat pacemaker cellen van het 
geleidingssysteem markeert. De activiteit van deze genen wordt gereguleerd door 
gespecialiseerde eiwitten die transcriptiefactoren genoemd worden. 
Transcriptiefactoren binden aan regulatoire DNA sequenties van genen en zijn 
hierdoor in staat de activiteit van deze genen te induceren of juist te onderdrukken. 
Het is bekend dat T-box transcriptiefactoren een belangrijke rol spelen gedurende 
de ontwikkeling. T-box transcriptiefactoren komen tot expressie in specifieke delen 
van het hart, waar ze in samenwerking met andere transcriptiefactoren belangrijke 
processen reguleren. Dit proefschrift richt zich op twee leden van de T-box 
transcriptiefactor family, Tbx2 en Tbx3, en onderzoekt de specifieke functie die 
deze eiwitten vervullen tijdens hartontwikkeling. 
 
Hoofdstuk 1 geeft een algemene inleiding in de ontwikkeling van het hart van 
gewervelde dieren. De ontwikkeling van de verschillende componenten van het 
volwassen hart komen aan bod en de recente vooruitgang in de ontcijfering van 
het moleculaire mechanisme van hartontwikkeling wordt besproken en 
samengevat. In Hoofdstuk 2 wordt de specifieke rol van verschillende T-box 
factoren gedurende hartontwikkeling besproken. T-box factoren 1, 2, 3, 5, 18 en 20 
komen tot expressie in het hart gedurende de ontwikkeling, waar deze 
transcriptiefactoren zowel verschillende als overlappende functies vervullen. In 
Hoofdstuk 3 onderzoeken we de rol van T-box factor Tbx2 tijdens 
hartontwikkeling. We tonen aan  dat Tbx2 tot expressie komt gedurende de vroege 
ontwikkeling van het hart en dat dit expressiepatroon hetzelfde is in kip, muis en 
mens. Dit suggereert dat Tbx2 een evolutionair geconserveerde rol speelt in het 
hart. Expressie van Tbx2 is beperkt tot het primair myocard van de instroom, het 
atrioventriculaire kanaal, de kleine curvatuur van de gekromde hartbuis en de 
uitstroom, en verdwijnt later tijdens de ontwikkeling. Verder komt Tbx2 ook tot 
expressie in the endocardiale kussens van de uitstroom en het atrioventriculaire 
kanaal. Van de plekken in het hart waar Tbx2 tijdens de ontwikkeling tot expressie 
komt wordt gedacht dat deze de oorsprong vormen van delen van het 
geleidingssysteem en tevens bijdragen aan het proces van septatie en hartklep 
ontwikkeling. Een belangrijke observatie is dat Tbx2-positief myocard geen 
activatie van genen vertoont die belangrijk zijn voor werkmyocard functie, zoals 
Cx40 en Cx43. Gebruikmakend van in vitro moleculaire technieken laten we in 
deze studie tevens zien dat Tbx2 de activiteit van Cx40 en Cx43 promoters kan 
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onderdrukken. Om de specifieke functie van Tbx2 in het embryonale hart verder te 
onderzoeken hebben we het ectopisch tot expressie gebracht in al het myocard 
van de embryonale hartbuis van transgene embryos. Analyse van deze harten laat 
zien dat de activiteit van werkmyocardgenen Nppa en Cx40 door Tbx2 onderdrukt 
wordt en dat deze harten geen kamers ontwikkelen, maar in plaats daarvan 
onderontwikkeld en lineair blijven. Samengevat suggereren deze resultaten dat 
Tbx2 een rol speelt in het onderdrukken van werkmyocard differentiatie en 
genexpressie. In Hoofdstuk 4 wordt het expressiepatroon en de functie van Tbx3, 
een T-box factor die qua structuur en functie veel gelijkenis vertoond met Tbx2, 
onderzocht gedurende hartontwikkeling. Een driedimensionale reconstructieserie 
van het expressie patroon van Tbx3 toont aan dat dit eiwit heel specifiek tot 
expressie komt in bepaalde delen van het geleidingssysteem tijdens de 
ontwikkeling en in het volwassen hart, en dat dit patroon geconserveerd is in kip, 
muis en mens. Tbx3 expressie wordt gevonden in de sinus knoop, de 
atrioventriculaire knoop, de atrioventriculaire bundel en het proximale deel van de 
bundeltakken. Verder is Tbx3 in staat om aan regulatoire DNA sequenties van 
werkmyocardgen Nppa te binden en kan het de activiteit van Cx43 en Nppa in vitro 
onderdrukken. Dit suggereert dat Tbx3 de activiteit van werkmyocard genen 
onderdrukt in delen van het hart die de componenten van het geleidingssysteem 
gaan vormen, waardoor deze cellen een uniek fenotype en genprogramma 
verkrijgen. In Hoofdstuk 5 onderzoeken we de functie van Tbx3 tijdens de 
ontwikkeling van de sinusknoop, waarbij gebruik gemaakt wordt van verschillende 
muismodellen. Om onderscheid te kunnen maken tussen twee modellen van 
sinusknoopaanleg, groei door rekrutering van naburige atriële werkmyocard cellen 
of groei vanuit Tbx3-positieve sinusknoop precursorcellen, hebben we atriële 
werkmyocard cellen en de daaruit voortkomende dochtercellen genetisch gelabeld 
vanaf het moment dat deze cellen ontstaan. Dit experiment toont aan dat de 
sinusknoop geen atriële werkmyocardcellen rekruteert, maar dat in plaats hiervan 
Tbx3-positieve sinusknoop precursorcellen de sinusknoop gaan vormen door 
deling. Muizen die het Tbx3 eiwit missen gaan dood voor de geboorte en laten 
verschillende structurele defecten in de hartontwikkeling zien, inclusief een kleinere 
sinusknoop. Gedetaileerde analyse van deze embryos onthult dat atriële 
werkmyocardgenen zoals Cx40, Cx43 en Nppa foutief tot expressie komen in de 
sinusknoop. Verder is de expressie van een gen dat normaal in de sinusknoop tot 
expressie komt, Lbh, afwezig in de sinusknoop van embryo's die het Tbx3 eiwit 
missen. Een belangrijke vinding is tevens dat Tbx3 atriële werkmyocardcellen in 
functionele pacemaker cellen kan omzetten, wat aantoont dat Tbx3 in staat is het 
pacemaker genprogramma te reguleren. Samengevat tonen deze resultaten aan 
dat Tbx3 een essentïele factor is voor de ontwikkeling van de sinusknoop en voor 
de regulatie van het pacemaker genprogramma van sinusknoop cellen. In 
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Hoofdstuk 6 hebben we nieuwe genen geïdentificeerd die mogelijk door Tbx3 
gereguleerd worden gedurende de hartontwikkeling. Om de specifieke genen te 
vinden die door Tbx3 gereguleerd worden, maken we gebruik van een transgeen 
muizenmodel waarbij Tbx3 in atriële werkmyocardcellen tot expressie gebracht 
wordt. Met behulp van microarray analyse, waarmee de activiteit van vele 
duizenden genen simultaan bekeken kan worden, vergelijken we het 
genprogramma van deze cellen met het genprogramma van atriële werkmyocard 
cellen van controle muizen. De resultaten van de microarrays tonen aan dat Tbx3 
in staat is in atriële werkmyocard cellen werkmyocard genen te onderdrukken en 
pacemaker genen te induceren. Deze resultaten worden bevestigd door een 
zogenaamde kwantitatieve 'real-time' polymerase ketting reactie (qRT-PCR) 
analyse en in situ hybridisatie, waarbij verschillende nieuwe targetgenen van Tbx3 
geïdentificeerd worden, die specifiek tot expressie komen in het werkmyocard of 
het geleidingssysteem. Bovendien toont de studie aan dat Tbx3 de formatie van 
mesenchym cellen stimuleert, die tijdens hartontwikkeling belangrijk zijn voor de 
ontwikkeling van de hartkleppen en de tussenschotten tussen de kamers. Genen 
die belangrijk zijn voor hartklepontwikkeling worden door Tbx3 geïnduceerd. 
Samengevat suggereren de resultaten van deze studie dat Tbx3 verschillende 
belangrijke  processen aanstuurt tijdens hartontwikkeling door genen te reguleren 
die de specifieke eigenschappen van werkmyocardcellen en pacemakercellen 
bepalen, en door genen te reguleren die belangrijk zijn in septatie en 
hartklepontwikkeling.  
In het laatste hoofdstuk, Hoofdstuk 7, onderzoeken we het functionele verschil 
tussen Tbx3 en Tbx3+2a, een afwijkende Tbx3 isovorm die een extra exon (exon 
2a) heeft dat codeert voor 20 extra aminozuren in het T-box DNA-bindings domein. 
Deze exon 2a insertie is evolutionair geconserveerd in Tbx3, maar komt niet voor 
in het T-box domein bij andere T-box transcriptie factoren. We laten zien dat zowel 
Tbx3 als Tbx3+2a tot expressie komen in het hart, dat beiden aan de promoter van 
het Nppa gen binden en dat beiden de transcriptionele activiteit van dit gen 
onderdrukken. Misexpressie van Tbx3 of Tbx3+2a in het embryonale hart voordat 
kamerontwikkeling begint in de hartbuis, resulteert in onderdrukking van 
werkmyocard differentiatie en onderdrukking van werkmyocard-specifieke gen- 
expressie. Samengevat suggereren de resultaten van deze studie dat Tbx3 en 
Tbx3+2a dezelfde functie hebben gedurende de ontwikkeling van het hart.
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Hoezee!! Met deze woorden is het einde eindelijk in zicht en kan de laatste proef 
afgerond worden! Het is vijf jaar geleden dat ik de keus maakte (was het nou wel of 
niet op aanraden van m´n stagementor Patrick? in ieder geval bedankt!) om me op 
het onderzoek te storten, en toendertijd was het een makkelijke keus. Nu, vijf jaar 
verder, heb ik er nog steeds geen spijt van, maar ben ik wel ���� blij dat het 
voorbij is! Het was een hele mooie tijd en ik heb ook erg genoten van de congres 
bezoekjes, de jaarsluitingsfeesten, de etentjes, de borrels en de zomerse BBQs. 
 
Natuurlijk wil ik een paar mensen in het bijzonder bedanken zonder wie dit allemaal 
niet mogelijk was geweest. Allereerst mijn promotor; Antoon, ik ben blij dat je me 
deze mogelijkheid hebt gegeven op de afdeling Anatomie & Embryologie, je hebt 
me altijd weten te motiveren met je enthousiasme voor de wetenschap ('maar dat 
is toch prachtig!'), en de culinaire volleybal middagjes/avonden op de boerderij 
waren onvergetelijk. Mijn copromotor Vincent Christoffels, de human refman; 
bedankt voor je begeleiding, er ging een wereld voor me open. Je visie, kennis van 
de literatuur ('wist je dat niet?') en kritische blik zijn onmisbaar geweest.  
 
I am very grateful to Prof.Dr.Kispert, Prof.Dr.Boyett, Dr.van Rijen, Prof.Dr.Lamers, 
Prof.Dr. de Bakker and Dr. Dekker for participating in the thesis committee, and I 
am honoured to have been able to submit my work to their expert opinion. 
 
Verder wil ik graag iedereen van de oude en nieuwe garde bedanken die mijn tijd 
op het lab en buiten het lab tot een onvergetelijke tijd hebben gemaakt: o.a. de 
mensen (en mijn muizen) van het ARIA, Corrie (eeuwige dank voor de mooie ish's, 
we waren een goed team!), Daan (onmisbare vraagbaak en 2e keer GenDev!), 
Anita, Janynke (voor de noodzakelijke ontspanning in de klimhal), Piet (voor de 3D-
reconstructies en ish's), Carol (voor al die cellen) en Carol (Ann), Sabina, Paul, 
Semir, Maurice, Anna, Connie, Phil, Kees-Jan (de aanstaande vader), Elaine, 
Meinke, Jan (altijd goed voor een cursus statistics for dummies), Jaco, Bouke, 
André, Pamela (voor de liftjes naar sloten en de gezelligheid), Bas, Wim, Martijn, 
Marsha en Nita, Susanne, Saskia, André, Cornelia (or is it Connie?), Chris 
(Arnhem rules (nog steeds)!), Aho, Leander, Judith, Tamara (succes in the US, als 
het zover komt!), Heidi (is CSI echt zo spannend?), Frederik, Arjan (voor de kleine 
cadeautjes, de schurkjes en de info over hamsters en hamtaro´s), Arnoud, 
Thomas(ki, DJ whuushwhuush, music maestro!), Vincent W (hoe was je weekend 
èh?), Alex et Alexandre, Gert, Bram, Tilly, Saskia, Kelly, Mio, Ivo, Brendon, 
Boudewijn (wanneer komt de reunie?) en Marianna, room-mate Simona (now its 
your turn, go get ´m), Petra, Roeland, Roelof-Jan, Cindy, Laurens, de fysiologen 
(Angela, succes!), de lever boys ´n girls (lijkt alweer zo lang geleden), en natuurlijk 
'mijn' studente Ephie.  
 
De paranimfen Martijn (B) en Martijn (B) wil ik graag bedanken voor de organisatie, 
maar vooral ook (samen met mijn andere vrinden uit Arnhem/Nijmegen en Uje), 
voor de mooie momenten buiten het werk.  
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En dan natuurlijk ook mijn familie; mijn vader, zuslief en mijn moeder. Nu kunnen 
jullie dan toch eindelijk 's bekijken waar ik al die jaren in hemelsnaam mee bezig 
ben geweest. Mam, ik hoop dat je betere tijden tegemoet gaat, bedankt voor je 
enthousiasme en steun! 
 
Als laatste Joyce; m´n allerliefste, ook jij ontkomt niet aan een paar zoetgevooisde 
maar welgemeende woorden. Dank voor je eeuwige steun en geduld, je bent die 
diepvriespizza's nu volgens mij toch echt zat. Ik ben heel blij dat we samen 
tussendoor (ter ontspanning) nog even snel dat huis verbouwd en ingericht 
hebben, nu de echte vakantie nog! 
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