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Introduction
The vertebrate heart is a muscular pump that contracts in a rhythmic fashion to propel the 
blood through the body. It’s coordinated contraction requires the function of a specialized 
system for the generation and propagation of the electrical impulse, the cardiac conduction 
system. Amongst the key players regulating development of the conduction system are the 
T-box transcription factors Tbx2, Tbx3 and Tbx5. This thesis focuses on the molecular 
mechanisms by which T-box factors drive development of the cardiac conduction system. 
This introduction describes, in a morphologically integrated fashion, the molecular 
interactions that govern the intricate cardiac design. The identification of novel protein-
protein interactions of Tbx2 and Tbx3 is described in chapter 2. The novel interactions 
of T-box proteins with Msx proteins and Sox proteins are further characterized in chapter 
3 and chapter 5. The functionality of novel interactions between T-box and Msx proteins 
is studied in vivo which is described in chapter 4. In addition, several novel mutations in 
TBX5, which are associated with the development of limb and heart defects in patients 
with Holt-Oram syndrome are characterized in chapter 6. The results of these studies are 
collectively discussed in chapter 7. 

Evolutionary aspects of heart development
During evolution, the morphologically complex four-chambered heart of birds and 
mammals has evolved from a single layered tube with peristaltic contractility. The heart of 
Drosophila, referred to as the dorsal vessel, is a blind sac composed of myogenic cells that 
contract rhythmically. The fish heart is composed of a single atrial chamber connected to 
a single ventricular chamber. The evolutionary development of fast-contracting chambers 
allowed the heart to build up high blood pressures. In amphibians two atrial chambers 
exist, separated by a septum, connecting to a single ventricle. The division of a common 
atrium and ventricle into right and left-sided chambers represents an evolutionary milestone 
in development of the four-chambered heart and is necessary for separation of oxygenated 
and deoxygenated blood. In amphibians and reptiles, pulmonary and systemic circulations 
are incompletely separated allowing adaptable blood flows to both circulations. In contrast, 
the hearts of birds and mammals, in which septa completely separate the pulmonary and 
systemic circulations, both circulations have similar flows, but blood pressures can be 
regulated separately. 

Form and function of the mammalian heart
The four chambers of the mammalian adult heart are arranged in parallel (Fig. 1). The right 
atrium is connected to the right ventricle and the left atrium to the left ventricle. The right 
half of the heart drives blood from the body through the lungs (pulmonary circulation), 
from where oxygenated blood returns to the left half of the heart that drives the blood 
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trough the rest of the body (systemic circulation). The synchronous sequential contractions 
of the atria and ventricles are controlled by the cardiac pace-making and conduction system. 
The sinuatrial node, positioned at the junction of the anterior venous inflow and the atrium, 
is responsible for the initiation of the heart beat. The impulse then travels over the atria 
towards the atrioventricular node, which delays the electrical impulse at the atrioventricular 
junction, thereby ensuring the sequential contraction of the atrial and ventricular chambers. 
The atrioventricular bundle and bundle branches are responsible for the fast propagation of 
the action potential towards the apex of the heart, leading to the apex-to-base contraction of 
the ventricles. 

Mammalian heart development
During development, the heart is the first organ to be formed and its proper function is 
essential to further development of the embryo. Its progenitor cells are first recognised 
in two bilaterally symmetrical regions of anterior lateral mesoderm. After fusion across 
the midline, these cells will form the heart tube, a transient structure that contracts 
peristaltically (Fig. 2). From the heart tube, the future cardiac chambers balloon out, and 
the myocardium becomes specialized for fast and powerful contractions. Subsequently, the 
atrial and ventricular compartments become septated to physically separate the pulmonary 
and systemic blood flows. The development of valves ensures that the blood flow through is 
the heart is unidirectional. 

Figure 1. Cartoon of the adult mammalian heart displaying its elementary components in four-chamber 
view. The chamber myocardium of the formed heart (blue) is composed of the right and left atria (ra, la) and right 
and left ventricles (rv, lv). The cardiac conduction system is composed of the pacemaking tissues of the sinuatrial 
(sa) node and the atrioventricular (av) node and of the fast conducting components comprising the atrioventricular 
bundle (avb), bundle branches (bb) and the peripheral ventricular conduction system (pvcs). Abbreviations: mv, 
mitral valve; tv, tricuspid valve; vs, ventricular septum.
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Figure 2. Mouse embryos showing major stages of heart development. (A–C) Ventral view of mouse embryos 
at four, six, and eight somite-stages, respectively, representing the period from 7 1/2 to 8 days after fertilization 
(E7.5-E8), in which the myocardium has been labeled blue using a reporter transgene for myosin light chain. (A) 
The labeled myocardial cells that form a crescent shape around the anterior intestinal portal (aip) are destined to 
contribute to the forming heart tube (B,C) During the process of folding of the embryo, the cardiogenic cells form 
a linear heart tube, with an inflow and an outflow pole. (D-F) Scanning electron micrographs of mouse embryos 
in ventral view with 11, 12 and 40 somites, representing the period from E8.25 to E11.0. (D) At the linear heart 
tube stage, the heart is a straight tube situated at the midline of the embryo. (E) The ventricular component of 
the heart tube has looped to the right. It now possesses two segments, which develop in sequence. The apical part 
of the left ventricle (lv) will balloon out from the inlet part of the loop, while the apical part of the right ventricle 
(rv) will grow from the outlet part. Note also that there is now an atrioventricular (av) canal formed between the 
ventricular loop and the developing atrial segment (E) At E11.0, the future cardiac chambers can be recognized, 
as well as the positions of the atrial and ventricular septa. (G-I) Cartoons of the developing mammalian heart. 



11Introduction

Primary myocardium in grey; myocardium of the developing chambers in blue; yellow, non-myocardial component 
of the venous and arterial poles. (G) Heart tube of a mammalian embryo in left lateral view. (H) Looping heart of a 
mammalian embryo in left lateral view. (I) Model of the developing heart during cardiac chamber formation. To be 
able to fully appreciate the location of the primary myocardium in the av-canal, the outflow tract has been twisted 
to the left. 

The molecular mechanisms responsible for cardiac chamber formation are diverse and 
just beginning to be revealed. Important factors that regulate cardiac chamber formation 
include the homeodomain transcription factor Nkx2.5, members of the T-box family of 
transcription factors and zinc finger proteins from the Gata family of transcription factors. 

While many factors that contribute to the regulation of cardiac chamber formation have 
been identified, the complex underlying mechanisms remain to be discovered. In this 
respect, protein-protein interactions are fundamental to all biological processes, and play 
essential roles in developmental decisions. Whether a cell will differentiate, proliferate or 
migrate is the outcome of the sum of many factors that are present and the synergistic and 
antagonistic effects that they have on each other. Our understanding of the morphogenesis 
of cardiac chambers will benefit from new insights into these interactions. In this 
introduction we will discuss important factors involved in chamber formation and how 
these interact at the protein level. 

Cardiogenesis

Formation of the heart tube
The heart is an organ of mesodermal origin, and cardiogenic cells are located in the anterior 
mesoderm, where two bilateral regions of heart progenitor cells are formed. These regions 
fuse across the midline of the embryo to form the so-called cardiac crescent (Fig. 2a). During 
the process of folding of the embryo, the cells of the cardiac crescent form the primitive 
heart tube via complex morphogenetic events (Fig. 2b-d). The heart tube is composed of an 
inner endocardial layer and an outer myocardial layer, separated by cardiac jelly, produced 
by the myocardium.

The earliest markers for cardiac progenitors, the transcription factors Mesp1 and Mesp2, 
are expressed transiently in newly formed mesoderm during gastrulation (Saga et al., 2000; 
Kitajima et al., 2000). They are essential for the formation of lateral plate mesoderm, and 
descendants of cells that once expressed Mesp1 and Mesp2 will from the myocardium, 
endocardium, epicardium and the cardiac cushions. Myocardial differentiation is initiated 
in the cardiac crescent, marked by the activation of key myocardial regulatory genes, such 
as Nkx2.5 and Gata4 and cardiac muscle genes α-cardiac actin and myosin light chain 2v 
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(Mlc2v, Fig. 2a-c).

Once formed, the heart tube rapidly elongates by the addition of cells at the venous and 
arterial poles of the heart. The cells that make up the linear heart tube are derived form 
what is commonly referred to as the primary or first heart field, and these cells contribute 
mainly to the left ventricle and ventricular septum of the adult heart (Zaffran et al., 2004; 
Aanhaanen et al., 2009). The cells that are added at the venous pole will sequentially give 
rise to the myocardium of the atrioventricular canal, atria and the inflow tract. At the arterial 
pole of the heart, the cells that are added will contribute to the ventricular septum, the right 
ventricle and outflow tract (Waldo et al., 2001; Mjaatvedt et al., 2001; Kelly et al., 2001; 
Verzi et al., 2005). The cardiac progenitor cells that contribute progressively to the growth 
of the heart after the linear heart tube stage reside in the pharyngeal mesoderm, and are 
called the second heart field. These cells are distinguished by the expression of Isl1 and Fgf8 
(Kelly et al., 2001; Cai et al., 2003; Verzi et al., 2005) and display elevated proliferation 
and delayed differentiation with respect to the first heart field that gives rise to the heart 
tube (van den Berg et al., 2009). Despite the apparent differences, the first and second heart 
field are contiguous in the early embryo as the mesodermal progenitor cells of the second 
heart field are situated medially to the first heart field at the cardiac crescent stage (Cai et 
al., 2003). These populations become separated only once the dorsal mesocardium ruptures, 
and probably find their origin in a single caudal growth centre (van den Berg et al., 2009). 
The continuous addition of cells to the arterial and venous poles of the heart tube coincides 
with bending of the heart tube towards the ventral side, and its rightward looping (Fig. 2d, 
e). This process will ultimately position the ventricles in the proper left-right orientation 
(Fig. 2f ).

Cardiac chamber development
As the heart tube loops, the cardiac chambers start to balloon out: at the dorsal side the atria 
form, whereas at the ventral part of the tube the formation of the ventricles is initiated (Fig. 
2i). Formation of the cardiac chambers is a complex process that requires the interactions of 
multiple regulators expressed in overlapping domains (Fig. 3). Our current view of cardiac 
chamber formation suggests that the early heart tube consists of primary or embryonic 
myocardium, from which chamber or secondary myocardium separates by local patterning 
events. Primary myocardium is characterised by a slow propagation of the cardiac impulse, a 
weak contractile potential and a poorly developed sarcoplasmatic reticulum. The secondary 
myocardium of the chambers is fast conducting, has a well developed contractile apparatus 
and a well developed sarcoplasmatic reticulum (Moorman and Christoffels, 2003). It 
differentiates and expands at the outer curvatures of the looping heart tube, forming the 
ventricular and atrial chambers. At the morphological level, initiation of chamber formation 
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is marked by the appearance of trabecules, a sponge-like myocardial structure that develops 
at the luminal side of the outer curvatures of the developing heart. At the cellular level, 
a local increase in cell size followed by local re-initiation of proliferation marks this area 
(Soufan et al., 2006). These events are preceded by the expression of several genes that 
are expressed exclusively in chamber myocardium. This chamber-specific gene program 
includes genes for rapid propagation of the action potential like Connexin 40 (Cx40) and 
Cx43, transcription factors Hand1, Irx4 and Irx5 and the secreted factor Nppa (Natriuretic 
precursor peptide type A, also known as Anf).

Transcriptional control of cardiac chamber development
The chamber-specific gene program is regulated amongst others by Nkx2.5, Gata4 and a 
number of T-box transcription factors (Tbx). Tbx5 and Tbx20 promote specification 
of chamber myocardium, while Tbx2 and Tbx3 inhibit the action of these factors in the 
inflow tract, atrioventricular canal and outflow tract. By repressing differentiation into 
working myocardium, these factors maintain the primary phenotype of the atrioventricular 
canal myocardium, thereby allowing for the development of components of the cardiac 
conduction system.

Nkx2.5, Tbx5 and Gata4 promote cardiac chamber development
Nkx2.5 encodes a homeodomain-containing transcription factor, and is an early marker 
for cells with cardiogenic potential. Nkx2.5 expression is initiated at the head-fold stage in 
the cells of the crescent-shaped heart forming regions, and in adjacent foregut endoderm. 
During heart tube stages, Nkx2.5 is expressed throughout the tube and in the second heart 
field. As the tube loops, this expression persists in the outflow tract, presumptive ventricles, 
common atrium, and sinus venosus (Komuro and Izumo, 1993; Lints et al., 1993; Stanley 
et al., 2002). Despite its importance suggested by its early expression, mice deficient for 
Nkx2.5 do form a beating primary heart tube, but looping morphogenesis is not initiated, 
nor is chamber formation (Lyons et al., 1995; Tanaka et al., 1999). The heart tube in 
Nkx2.5 null mice possesses cells derived from both the first and second heart field (Prall et 
al., 2007), indicating that differentiation is affected rather than recruitment of cells. In line 
with this, several genes that mark working myocardial differentiation are down-regulated 
in the absence of Nkx2.5 (Tanaka et al., 1999), confirming the essential role for Nkx2.5 
in chamber specification and maturation. This requirement is underscored by the fact that 
heterozygous Nkx2.5 mutations have been found in patients with congenital heart defects, 
including a variety of defects in atrial and ventricular septation (Akazawa and Komuro, 
2005).
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Figure 3. Cartoon of the looping heart tube in left-lateral view. The heart tube is looping to the right, and the 
atrial and ventricular chambers are ballooning out from the tube. The myocardium of the chambers (purple) has 
differentiated from a primary myocardial phenotype (grey) to become fast conducting and contracting. Nkx2.5 
and Gata4 are expressed throughout the myocardium, whereas Tbx5 and Tbx20 show a posterior to anterior 
gradient with expression being most intense in the inflow region. Tbx20 also has an isolated expression domain in 
the outflow tract. Abbreviations: lv, left ventricle; rv, right ventricle; av-canal, atrioventricular canal; a, anterior; p, 
posterior; v, ventral; d, dorsal.

Tbx5 is a member of the T-box family of transcription factors, so named because of their 
highly conserved DNA binding domain, the T-box. Tbx5 is expressed already in the 
precardiac mesoderm. As the linear heart tube is formed, its expression follows a posterior to 
anterior gradient, with expression being most intense in the sinuatrial region. Upon looping 
of the heart, Tbx5 is strongly expressed in the atria, left ventricle and the contiguous left 
aspect of the ventricular septum. It is also expressed in the right ventricle and outflow tract, 
though substantially weaker (Bruneau et al., 1999; Christoffels et al., 2000). 
 
Mice lacking Tbx5 die around 10.5 days of development (E10.5). Although a heart tube is 
formed, cardiac looping does not occur (Bruneau et al., 2001). The initiation of chamber 
formation is affected, and the expression of chamber markers Nppa and Cx40 is absent or 
severely reduced. However, there is formation of trabecules within the presumptive ventricle. 
In transgenic mice that ectopically express Tbx5 in (the outflow part of ) the tube, no 
interventricular septum is formed, and ventricle-specific gene expression is lost (Liberatore 
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et al., 2000; Takeuchi et al., 2003). Thus, cardiac chamber formation requires Tbx5, and 
is particularly sensitive to Tbx5 concentration. This is in agreement with the observation 
that Tbx5 haploinsufficiency in humans causes Holt-Oram syndrome, an inherited 
disease characterized by congenital heart defects of differing severities, conduction-system 
abnormalities and upper limb deformities (Basson et al., 1997; Li et al., 1997).

Tbx5 and Nkx2.5 are important regulators of cardiac chamber formation, and have been 
shown to underlie the development of congenital heart defects in humans. Not only do they 
have their own functions, they also work together. Proteins working together to coordinate 
a process often derive a similar spectrum of phenotypes when mutated. The zinc finger 
transcription factor Gata4 is another cardiac relevant transcription factor that is associated 
with the development of congenital heart defects, mainly non-syndromic septal defects 
(Garg et al., 2003). Gata4 is expressed in the heart throughout development and adult life 
(Laverriere et al., 1994). Gata4 null mice die around E8.5 due to problems with folding and 
early defects in cardiogenesis (Molkentin et al., 1997; Kuo et al., 1997), whereas cardiac 
specific knock-out mice do form chambers, although the right ventricle is hypoplastic and 
myocardial thinning is observed throughout the heart (Zeisberg et al., 2005). However, the 
related factor Gata6 may compensate for the loss of Gata4. Gata4 cooperates with Nkx2.5 
and Tbx5 in the synergistic activation of chamber-specific genes (Durocher et al., 1997). 
The relevance of this interaction is also evident in mice heterozygous for Gata4 and Tbx5, 
which develop complete atrioventricular septal defects with a single atrioventricular valve 
and myocardial thinning (Maitra et al., 2009). 

Chamber formation depends on Tbx5, Nkx2.5 and Gata4, and many reports have 
concluded that the synergistic activation of chamber-specific genes like Nppa and Cx40 
depends on protein-protein interactions between these factors (Fig. 4a; Durocher et al., 
1997; Bruneau et al., 2001; Hiroi et al., 2001; Stennard et al., 2003). Physical interactions 
between transcription factors are likely to be important in the provision of target specificity, 
or play a role in stabilising transcriptional complexes on DNA. Whereas binding to the 
DNA is essential for Nkx2.5 and Tbx5 to synergistically activate chamber-specific genes 
(Hiroi et al., 2001; Habets et al., 2002), the role of Gata4 in this protein-complex is 
independent of DNA binding (Shiojima et al., 1999). Interactions between multiple 
transcription factors may allow individual factors to participate in control of cis-regulatory 
sequences to which they do not bind directly, or bind only weakly (Wolberger, 1999). 
The protein-protein interactions between these transcription factors are all supported 
by the DNA binding domains; the homeodomain of Nkx2.5, the T-box of Tbx5 and the 
c-terminal zinc finger domain of Gata4 (Hiroi et al., 2001; Garg et al., 2003). Mutations in 
these domains therefore often affect both the ability to bind DNA as well as the potential to 
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interact with each other. 

A particularly interesting interaction is represented by the binding of Tbx5 to Sall4. Sall4 
is a zinc-finger transcription factor, which is expressed in the ventricles with expression 
being most intense in the ventricular septum. Sall4 expression is activated by Tbx5, and 
they cooperatively activate Cx43 expression. Sall4 also takes on an additional role, acting as 
a repressor of Tbx5-dependent expression of Nppa. The interplay between Sall4 and Tbx5 
in this region results in the creation of a clear boundary of gene expression between the 
ventricular septum and the working myocardium of the left ventricle (Fig. 4a; Koshiba-
Takeuchi et al., 2006). The dual role Sall4 takes on may be promoter context dependent 
or reflect the existence of a dose-dependent effect of Sall4. Moreover, the ability of Sall4 
to function as co-activator or repressor of Tbx5-dependent gene expression likely depends 
on yet undiscovered interactions with additional factors. The function of Tbx5 can also 
be regulated by its interaction with the scaffolding protein Lmp4 (Camarata et al., 2006). 
Lmp4 is distributed in the cytoplasm and associated with the actin cytoskeleton. In the 
presence of Lmp4, Tbx5 shuttles dynamically between the nucleus and cytoplasm. In the 
cytoplasm, Tbx5 co-localises with Lmp4 to actin filaments. Lmp4 can act as a repressor of 
Tbx5 transcriptional activity, by retaining it to cytoplasmic sites, thereby interfering with 
the transcriptional potential of Tbx5. 

Tbx5 and Nkx2.5 are positive regulators of cardiac specification, as well as of chamber 
formation and differentiation in the mammalian heart. However, Tbx5 and Nkx2.5 alone 
cannot explain the spatial specificity of chamber development. For example, Tbx5 and 
Nkx2.5 are not expressed exclusively in the chamber myocardium and, paradoxically, both 
factors are essential for the differentiation of the conduction system, a derivative of non-
chamber myocardium (Fig. 4; Habets et al., 2002; Jay et al., 2004; Moskowitz et al., 2004)). 
Therefore, other factors are required to define the localization of chamber formation.
Tbx2 and Tbx3 locally repress chamber differentiation in the atrioventricular canaThe 
transcriptional repressors Tbx2 and Tbx3 are expressed in the developing heart, and share 
high homology in both structure and function. Tbx2 is expressed in the inflow tract, 
atrioventricular canal and outflow tract during early heart development, though expression 
gradually fades in the heart during later development (Habets et al., 2002; Christoffels et 
al., 2004). This is in contrast to Tbx3, whose expression persists in the heart during adult 
stages. Over-expression of Tbx2 during early heart development throughout the heart tube 
identified Tbx2 as a potent repressor of chamber differentiation (Christoffels et al., 2004), 
as marked by the absence of Nppa and Cx40 expression and the complete lack of chamber 
formation. In Tbx2 null mice, chamber-specific genes including Nppa, Cx40 and Cx43 are 
ectopically expressed in (part of ) the primitive myocardium of the atrioventricular canal 
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(Harrelson et al., 2004; Aanhaanen et al., 2009), showing that Tbx2 is necessary to suppress 
chamber formation in the AV canal. The suppression of Nppa was shown to be dependent 
on Nkx2.5 and Tbx2, and their binding to the Nppa promoter (Habets et al., 2002). By 
locally suppressing proliferation and expansion, a constriction forms between the atrial and 
ventricular chambers that functions as a sphincter, ensuring unidirectional blood flow in the 
period before the cardiac valves are present. Notably, in the absence of Tbx2, there is still a 
constriction between the atria and ventricles. This may be explained by redundant action of 
Tbx3 or other factors in the formation of the atrioventricular canal that can compensate for 
the loss of Tbx2.

Tbx3 suppresses chamber formation in the atrioventricular canal, as well as the sinuatrial 
node. Tbx3 ensures pacemaker development and function by suppressing the expression 
of atrial working myocardial genes and atrial differentiation, and by stimulating the 
expression of pacemaker genes (Mommersteeg et al., 2007; Hoogaars et al., 2007a). 
In humans, mutations in Tbx3 cause defects in limb, apocrine-gland, hair, genital and 
dental development in so-called ulnar-mammary syndrome (Bamshad et al., 1997). These 
mutations probably cause a functional null-allele, leading to Tbx3 haploinsufficiency. 
Whereas the dosage for Tbx5 is essential for normal heart development, the absence of heart 
defects in patients with Tbx3 mutations indicates that this is not the case for Tbx3. Possibly; 
the loss of Tbx3 is compensated for by other factors, like Tbx2.

The expression of Tbx2 in the atrioventricular canal is activated by bone morphogenetic 
protein 2 (Bmp2). In Bmp2 knockout mice, Tbx2 expression in the atrioventricular canal 
is completely abolished, leading to the up-regulation of chamber-specific genes including 
Cx40, Nppa and Chisel (Ma et al., 2005; Rivera-Feliciano and Tabin, 2006). Ectopic Bmp2 
evoked intense Tbx2 expression when applied to chicken embryos, in both the mesoderm 
and the surrounding (neural) ectoderm, whereas there was only a mild up-regulation 
of Tbx3 (Yamada et al., 2000). Noggin, an inhibitor of Bmp signaling, suppresses Tbx2 
expression when added to cardiac explants, whereas Tbx3 expression is unaltered. Moreover, 
in Bmp2 null mice, the expression level of Tbx2 was diminished (Ma et al., 2005). 
Bmp2 also activates expression of Msx2, a homologue of Nkx2.5 that is expressed in the 
atrioventricular canal myocardium and endocardium and plays a role in the formation 
of the cardiac cushions. Nkx2.5 and Msx2 are both able to bind to and cooperate with 
Tbx2 and Tbx3 in the regulation of gene expression (Habets et al., 2002; Boogerd et al., 
2008). Although Msx2 knockouts do not show defects in atrioventricular canal formation, 
Msx1/Msx2 double knock-out mice show defects related to cardiac cushion formation, but 
also aberrant expression of chamber-specific genes, including Nppa (Chen et al., 2008). 
However, the ectopic expression of chamber-specific genes may be secondary to loss of Tbx2 



18 Chapter 1

expression in the AV canal. Taken together, it is clear that Tbx2 and Tbx3 are key to the 
repression of chamber formation in the atrioventricular canal. They will most certainly need 
many other factors to be able to do this, but so far only few have been identified. 

Tbx20 negatively regulates Tbx2 expression
In the chamber myocardium contiguous to the atrioventricular canal myocardium, Tbx2 
and Tbx3 are in turn repressed by chamber promoting factors, one of which is the T-box 
factor Tbx20. Tbx20 is expressed in the primitive heart tube, in a graded pattern along the 
atrio-ventricular axis, with highest levels in the sinuatrial region (Stennard et al., 2003). In 
the looping heart, Tbx20 expression is stronger in the myocardium of the outer curvature 
compared to the inner curvature. In contrast to Tbx5, initial high Tbx20 expression in the 
trabecules diminishes by E9.5. In Tbx20 null embryos, the program for chamber myocardial 
differentiation is not initiated, as evidenced by the loss of Nppa and Cx40 expression in the 
mutant heart tube and the lack of chamber expansion (Singh et al., 2005; Cai et al., 2005; 
Stennard et al., 2005). Tbx2, whose expression is normally confined to the non-chamber 
myocardium (Habets et al., 2002), is ectopically expressed throughout the tube in Tbx20 
mutant hearts. This shows that Tbx20 is a repressor of Tbx2, and there are indications that 
this repression is a direct effect, although this is still subject of ongoing discussion. Although 
Tbx20 has been shown to be a potent repressor of Tbx2 in the chamber myocardium, 
Tbx20 and Tbx2 are co-expressed in the atrioventricular canal myocardium. This suggests 
that the inhibitory role of Tbx20 on Tbx2 must itself be somehow inhibited in this area. It 
has been proposed that the high expression level of Bmp’s override the inhibition of Tbx2 by 
Tbx20 in the primitive myocardium of the atrioventricular canal (Singh et al., 2005), but 
these hypotheses need to be tested in future research.

Epigenetics and cardiac chamber formation
Whether a gene has the potential to be activated or repressed is dependent on its chromatin 
environment. In general, genes located within euchromatin, which is characterized by a 
more open chromatin structure, have the potential to be regulated, whereas the genes located 
within the condensed heterochromatin are constitutively repressed. Chromatin accessibility 
to transcription factors is dynamically regulated by several mechanisms, including (de-)
methylation and (de-)acetylation of specific residues of the histones (Berger, 2007). 
Methylation of histonH3 lysine residues 9 and 27 marks the non-permissive state, whereas 
lysine4 methylation is associated with active chromatin, as is the acetylation of histones in 
general. Epigenetic changes not only alter the transcriptional profile at that moment in time, 
but they are also inheritable so that the lineage identity is faithfully transmitted to daughter 
cells after a cells division. How epigenetic re-programming is achieved at the cellular level as 
well as mechanistically at individual promoters is a key issue in development, and involves 
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understanding interactions between transcription factors and chromatin modifying and 
remodeling proteins.

Figure 4. Protein-protein interactions between key transcription factors during cardiac chamber formation. 
(A) Nkx2.5, Tbx5, Gata4 and Tbx20 are subunits of a multi-protein complex that is essential to cardiac chamber 
formation. Their combined action results in the differentiation of chamber myocardium. In the AV canal 
myocardium, Nkx2.5 and Msx2 interact with Tbx2 and Tbx3 to repress the process of myocardial differentiation, 
thereby allowing for the development of the conduction system and the AV cushions. Tbx5 interacts with Sall4 
resulting in the formation of a clear boundary at the ventricular septum (VS). Tbx20 represses Tbx2 expression 
in the cardiac chambers, although it remains to be shown whether this effect is direct. (B) Interactions between 
transcription factors and chromatin modifying and remodeling proteins. The interactions between chamber 
promoting proteins Nkx2.5, Gata4, Tbx5 and Tbx20 with BAF60c and Tbx5 with TAZ or HistonH3-lysine4-
methyltransferase lead to a more open chromatin structure, associated with the potential of genes to be transcribed. 
Tbx5 also associates with HistonH3-lysine27-demethylase activity to alleviate a repressive chromatin state. The 
transcriptional repressor Tbx2 interacts with HDAC1, leading to repressive chromatin states
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Chromatin remodelling plays a role during chamber formation
One of the first reports that identified a link between chromatin remodelling activity and 
cardiogenic transcription factors was the identification of Baf60c as a heart and somite 
specific protein (Lickert et al., 2004). Baf60c is a subunit of a multi-protein chromatin 
remodelling complex, the core of which is the ATPase Brg1. Its knockdown during 
embryogenesis results in defects in heart and skeletal muscle development, as well as outflow 
tract remodelling defects. Nkx2.5, Gata4 and Tbx5 were shown to interact with Brg1, an 
interaction that is mediated by Baf60c, thereby potentiating the activation of target genes. 
Therefore, it is likely that Baf60c recruits BAF chromatin-remodelling complexes to heart-
specific enhancers.

Tbx5 interacts with activating and repression alleviating enzymes
Tbx5 was also shown to interact with the transcriptional co-activator TAZ (Murakami et 
al., 2005). TAZ directly associates with Tbx5 and markedly stimulates Tbx5-dependent 
promoters, via interactions with the histone acyltransferases p300 and PCAF. Interaction 
studies with mutated forms of Tbx5, as found in Holt-Oram syndrome patients, indicate 
that the interaction is dependent on a region of the protein outside the T-box. The 
conservation of this feature between T-box proteins remains to be investigated. Recently, 
it was shown that T-box factors, including Tbx5, interact with histone demethylases, 
alleviating the repressive HistonH3K27me3 state (Miller et al., 2008). Tbx5 also co-purified 
with H3K4-methyltransferase activity, thereby inducing the permissive H3K4me2 state at 
target promoters. Both features were suggested to be conserved within the T-box family of 
transcription factors. However, the conversion from inactive to active chromatin may not be 
a likely feature of transcriptional repressors like Tbx2 and Tbx3, which were not included 
in these experiments. Therefore, it would be very interesting to see if this interaction is also 
valid also for repressive T-box proteins.

Tbx2 and Tbx3 are linked to repression via chromatin modifiers
The transcriptional repressors Tbx2 and Tbx3 appear likely to bind active chromatin 
and target histone deacetylases, histone methylases and other components of repressive 
chromatin to specific loci, thereby mediating the conversion of euchromatin to 
heterochromatin. Indeed, it was shown that Tbx2 targets the histone deacetylase Hdac1 to 
the p21Cip1 promoter in melanoma cells (Vance et al., 2005). Expression of a dominant 
negative form of Tbx2 leads to displacement of Hdac1, indicating that Tbx2 plays a role in 
repressing gene expression at the epigenetic level via the interaction with Hdac1. Moreover, 
Tbx2 can directly bind to histone H3 N-terminal tail (Demay et al., 2007), a function that 
may reflect the role of this factor in recruiting the chromatin remodelling and modifying 
machinery to its target promoters, thereby repressing their expression. 
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Conclusions and future perspectives
The development of the four-chambered heart is a process that depends on a complex 
network of transcription factors that genetically and physically interact to regulate the 
appropriate set of genes. During early cardiogenesis, two populations of myocardial cells 
can be recognized, 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. The 
default state of myocardium that forms the heart tube is called primary myocardium, a 
state that shares a number of characteristics with conduction system myocardium. The local 
formation of the working myocardium at the outer curvatures of the heart tube, resulting 
in the development of the atria and ventricles, is controlled by transcription factors Tbx5, 
Tbx20, Nkx2.5 and Gata4 (Fig. 4). Protein-protein interactions between these transcription 
factors are required for the activation of the chamber-specific gene program. However, 
how these protein complexes are formed, and the role of the individual interactions is not 
clear. This may be due to the fact that the domains which form the scaffold for protein 
interactions are also important for DNA recognition and binding. Therefore, mutations in 
the DNA binding domain may very likely disrupt both DNA binding and protein-protein 
interactions.

The transcription factors Nkx2.5, Tbx5, Tbx20 and Gata4 are expressed throughout the 
length of the heart tube, and therefore their expression patterns don’t explain the localization 
of chamber formation. The primary myocardium located at the inflow tract, atrioventricular 
canal, inner curvatures and outflow tract, expresses the repressive transcription factors 
Tbx2 and Tbx3 and therefore fails to differentiate into the working myocardial phenotype. 
The preservation of this primary myocardial phenotype allows for the development of 
components of the conduction system as well as the cardiac valves. Nkx2.5 is an important 
factor, not only for chamber myocardial differentiation, but also functions as a cofactor for 
Tbx2 and Tbx3 in the development of the cardiac conduction system. This illustrates that 
its role depends upon the cofactors with which it associates. Nkx2.5 was first identified as an 
interaction partner of Tbx5, this interaction being shown to depend on the homeodomain 
of Nkx2.5 and the T-box of Tbx5. The T-box of Tbx5 is highly similar and structurally 
homologous to the T-box of Tbx2 and Tbx3, it is therefore not surprising that these factors 
also interact with Nkx2.5. Promiscuity of interacting proteins is also exemplified by Msx2, 
a close relative of Nkx2.5, which was found to interact with Tbx2, Tbx3 and Tbx5, again 
via a homeodomain - T-box interaction. Accordingly, protein-protein interactions should 
maybe more considered as interactions between specific protein domains. In this light, it 
may be expected that for instance Gata4 will interact with Tbx2 and Tbx3, as it does with 
Tbx5, or that the recent finding that Tbx5 interacts with Mef2c also holds for Tbx2 and 
Tbx3 (Ghosh et al., 2009). Therefore, when trying to understand the actual relevance of 
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protein-protein interactions for heart development, it is important to take into account that 
this is depending on which proteins are expressed in a given cell and their relative expression 
levels. 

Whereas transcription factors generally operate to activate or repress the expression of genes, 
the long term silencing or maintenance of expression is established at the epigenetic level. 
Interactions between cardiac relevant transcription factors and the chromatin remodelling 
and modifying machinery are likely to be important in the recruitment of epigenetic 
factors to the correct target promoters. While a number of interesting interactions has been 
revealed, a lot remains be discovered.

As knowledge on the genes that shape the different components of the heart accumulates, 
more attention will need to be devoted to unravelling the nature of the transcription factor 
networks which control this. This will be especially important if one is to understand the 
complexity of human disease states, which rarely display a uniform character in phenotype, 
a feature which may have its roots in the complexities of protein interactions.




