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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 
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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.
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Abstract
T-box transcription factors Tbx2 and Tbx3 are highly conserved, essential regulators of 
heart development. They are associated with the developing cardiac conduction system, 
and potent repressors of cardiac chamber myocardium differentiation. The high degree of 
sequence similarity, especially in their DNA binding domain indicates that other factors 
are essential for achieving transcriptional specificity. To identify interacting proteins we 
performed yeast 2-hybrid screens with Tbx2 and Tbx3. Several novel protein interactions 
were identified, including interactions with transcription factors Msx1, Sox4 and SafB2. 
In parallel, we attempted to isolate physiological protein complexes from mammalian cells 
using tandem affinity purification. Although not successful, we have been able to provide 
suggestions that may contribute to future protein interaction studies. 

Introduction
Tbx proteins constitute a family of transcription factors that share a conserved 180 amino 
acid region, the T-box, responsible for DNA binding. The first T-box gene to be molecularly 
characterized was Brachyury (T) (Herrmann et al., 1990), from which the family takes its 
name. So far, more than 20 members have been identified in mammals and the expression 
patterns of many members overlap during development (Naiche et al., 2005). Based on 
the high level of sequence conservation between T-boxes, and the similarities in their DNA 
binding properties, T-box factors acting in the same tissues likely achieve specificity of target 
recognition through interactions with other transcription factors (Macindoe et al., 2009; 
Hiroi et al., 2001; Farin et al., 2007). 

Within the T-box family, a subdivision can be made based on structural and functional 
homology between the proteins. Tbx2 and Tbx3 are closely related paralogues, which, 
together with Tbx4 and Tbx5, comprise the Tbx-2 subfamily (Papaioannou and Silver, 
1998). Tbx2 and Tbx3 are highly homologous, with over 95% identity within the T-box 
and they are generally regarded transcriptional repressors, whereas Tbx4 and Tbx5 activate 
expression of their target genes (Naiche et al., 2005; Hoogaars et al., 2007b).

Tbx2 and Tbx3 play important roles during heart development, which have been conserved 
from fish to mammals (Habets et al., 2002; Hoogaars et al., 2004; Ribeiro et al., 2007; Chi 
et al., 2008). They are expressed in the developing conduction system, where they repress 
chamber myocardial genes, including Nppa, Gja1, Gja5 and chisel (Hoogaars et al., 2004; 
Christoffels et al., 2004; Mommersteeg et al., 2007). In in vitro assays Tbx2 and Tbx3 
are virtually interchangeable, as they have similar repressive effects on specific promoter 
reporter constructs. Over-expression of Tbx2 or Tbx3 in working myocardium has a drastic 
repressive effect on the differentiation of working myocardium and induces cardiac cushion 
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development (Christoffels et al., 2004; Hoogaars et al., 2007a; Hoogaars et al., unpublished 
observations).

Yeast 2-hybrid screening for unknown protein interactions
A widespread technique commonly used to identify unknown protein-protein interactions 
is the yeast 2-hybrid assay, which is used to explore direct interactions between two proteins 
(Fields and Song, 1989; Chien et al., 1991). This technique is based on the modular 
structure of transcription factors containing a DNA binding domain (DBD) and a 
transcription activation domain (AD). Splitting DBD and AD inactivates the transcription 
factor, but its function can be restored by fusing DBD and AD to two interacting proteins. 
The yeast 2-hybrid technique uses this feature to identify protein interactions by fusing 
a bait protein of interest to a DBD and potential interaction partners (prey proteins) to 
the AD. When using expression libraries, one can screen all encoded proteins for their 
potential to interact with the protein of interest (Figure 1). The robust nature and general 
applicability of yeast 2-hybrid systems for functional expression library screening has led 
to the identification of many novel proteins in many different areas of biology (Brent and 
Finley, Jr., 1997). Although being a powerful and fast technique that is relatively easy to 
perform, every potential interaction needs to be verified in an independent system since 
both bait and prey proteins are expressed as fusion proteins. Moreover, the system is limited 
to protein interactions in the nucleus and mammalian proteins may not be correctly 
folded or post-translationaly modified in the yeast cell. A number of these issues have been 
resolved by adapting the two-hybrid technique for use in mammalian cells, allowing for the 
verification of interactions in a mammalian cellular context. The potential exists to make 
the 2-hybrid suitable for library screening in mammalian cells, but despite some efforts, no 
generic method has been developed yet (Vasavada et al., 1991; Fearon et al., 1992).

Taken together, the yeast 2-hybrid screen is a powerful technique which can be used to 
identify novel protein interactions, but is limited by the fact that it can only record 
interactions between pairs of proteins. Further interactions stabilized by more than two 
proteins could be missed. Moreover, the yeast cell cannot perfectly mimic a mammalian 
cellular environment; therefore additional methods are required when screening for 
mammalian protein-protein interactions.

Protein complex isolation from mammalian cells
Some of the limitations of the yeast 2-hybrid screen can be circumvented using tandem 
affinity purification (TAP), a method to isolate multi-protein complexes and identify 
their components (Rigaut et al., 1999). While affinity purification was used before, prior 
methods were inefficient and yielded only impure complexes. TAP involves the construction 
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of a dual affinity tagged bait protein, and expression of this fusion protein in a host cell 
(Figure 1). The fusion protein and associated components are recovered from cell extracts 
by two sequential affinity purification steps achieving an exceptionally high level of purity, 
thus enabling direct mass-spectrometric analysis of samples. TAP was originally developed 
in yeast and has been used to globally map yeast protein complexes (Gavin et al., 2002). 
Main advantages of the technique are that TAP enables the isolation and characterization 
of protein complexes without prior knowledge of the complex composition, activity or 
function. Moreover, the entire proteome can be screened for interaction, requiring only the 
bait protein to be tagged.

Figure 1. Overview of critical steps during yeast 2-hybrid and TAP procedures. 
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Not much is known about the molecular mechanisms by which Tbx2 and Tbx3 exert 
their functions. However, their high degree of sequence homology, expression overlap and 
functional redundancy suggest that cofactors are essential to provide function and target 
gene specificity. The identification of such cofactors might contribute to the elucidation of 
the mechanisms by which Tbx2 and Tbx3 govern heart development.

When performing the TAP procedure in mammalian cells, protein complexes can be formed 
under physiological conditions with fully processed proteins. However, the application of 
this method in mammalian cells has been difficult for a number of reasons. First, the overall 
yield of the procedure is very low. As a consequence, TAP requires a large amount of input 
material (typically 5x108 – 1x109 cells), which is often not available when working with 
(primary) mammalian cells. Exacerbating the need for large amounts of input material is 
the fact that the expressed fusion protein has to compete with the endogenous protein. 
Still, several groups have dealt with these limitations, leading to the identification of 
components of the TNF-α / NK-κB pathway and the EGFR pathway (Blagoev et al., 2003; 
Bouwmeester et al., 2004). Transcription factor complexes were also successfully isolated 
from cultured mammalian cells and adherent cell cultures (de Boer et al., 2003; Lange 
et al., 2008; Mousson et al., 2008). Still, new publications successfully describing TAP 
implementation are rare and those that do are often customized in some way with newly 
designed or optimized tag combinations and adjusted purification procedures (Drakas et al., 
2005; Burckstummer et al., 2006; Tsai and Carstens, 2006). 

In this study, we present our work on identifying novel proteins that interact with Tbx2 or 
Tbx3, using a combined approach of yeast 2-hybrid and tandem affinity purification. With 
yeast 2-hybrid screens we have identified several proteins that interact with these T-box 
factors. In parallel, we have tried to use the TAP protocol to isolate protein complexes with 
Tbx2 and Tbx3 from rat neonatal heart derived cells, which has proven difficult. However, 
our attempts have yielded valuable insights that will facilitate future protein complex 
isolation studies in our lab. 

Methods

Yeast 2-hybrid screen
Tbx2 and Tbx3 bait constructs were tested for self-activation by co-transfection to yeast 
strain AH109 (Matchmaker systems, Clontech) with empty activation domain plasmid 
pGADT7. Individual bait constructs were transformed to AH109 and screenings carried 
out according to the manufacturers instructions. The total mated library (mouse total 
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cDNA E11.5, Clontech) was plated to a triple-drop-out selection media, Leu– Trp– His–, 
in the presence of the galactoside X-α-Gal. Potential surviving colonies were replated to 
triple drop out medium and subsequently picked for AD-plasmid rescue and sequencing. 
Sequences in frame with the Gal4 domain were submitted for BlastP alignment(Altschul 
et al., 1997). If at least 40 amino acids yielded a BlastP hit, it was considered a positive 
interaction.

Pulldown assay
E. coli BL21 cells were transformed with bacterial expression constructs. Cells were induced 
with 1 mM isopropyl-ß-D-thiogalactopyranoside (IPTG; Gibco-BRL), harvested by 
centrifugation after 2h growth at 30°C, and resuspended in 5 ml of ice-cold phosphate-
buffered saline containing 0.05% v/v Triton X-100 (PBS-Tr; Sigma). Cell suspensions were 
lysed by sonication and centrifuged to pellet cell debris. GST containing fusion proteins 
were purified on glutathione 4B-Sepharose following the manufacturer’s instructions 
(Pharmacia). Binding assays were set-up as described previously (Barnett et al., 2000) 
with a total of 2μg of target GST-fusion that was passed over the MBP-fusion bound 
amylose column in 1ml PBS-Tr. Western blots (see below) were visualized using alkaline 
phosphatase-conjugated anti-GST antibodies (Sigma).

Generation of monoclonal cell-lines
Mouse Tbx2, Tbx3, Msx2 or Sox4 coding regions were introduced by GATEWAY cloning 
(Invitrogen) into retroviral destination plasmid derived from pBABE-puro carrying N- 
or C-terminal HA and FLAG tags. Plasmids were transfected to Phoenix-Eco helper-free 
retrovirus producer lines (ATCC product# SD 3444; http://stanford.edu/group/nolan/) to 
produce virus. Monoclonal cell-lines expressing HA-FLAG tagged proteins were obtained 
by retroviral transduction of H10 cells and puromycin selection (1 μg/ml). Positive clones 
were identified by RT-PCR and immunoblotting using anti-Tbx3 (E-20, Santa-Cruz), anti-
Msx2 (Sigma), anti-FLAG (M2, Stratagene) and anti-HA (HA-7, Sigma).
 

Nuclear extract preparation
All steps of isolation procedure were performed at 4°C or on ice, unless stated otherwise. 
Samples were stored at -80°C. Cells were cultured on standard 150mm dishes. After washing 
with PBS, cells were harvested by scraping in PBS. Routinely, 60 plates per condition 
were scraped in batches of 15 plates. After washing the cells in PBS, nuclear extracts were 
prepared (Dignam et al., 1983). For this, cells were lysed by 10 strokes with a pestle B 
in hypotonic lysis buffer with Nonidet P-40 (10 mM Hepes pH 7.9, 1.5 mM MgCl2, 
10 mM KCl, 0.05 mM DTT, 0.3% Nonidet-p40 with protease inhibitors (Complete, 
Roche)). After centrifugation for 5 min at 16,000 x g supernatant (cytoplasmic extract) was 
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removed. Pellets were resuspended in nuclear extract buffer (20 mM HEPES pH 7.9, 25% 
(w/v) glycerol, 420mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA with protease inhibitors). 
Supernatant containing soluble nuclear proteins was stored prior to further analysis. 

Protein complex isolation
Prior to protein complex isolation (Tsai and Carstens, 2006; Mousson et al., 2008), salt was 
adjusted by the addition of 1 volume of 2x nuclear extract equilibration buffer (1.5 mM 
MgCl2, 0.02 mM ZnCl2, 0.6% NP-40, 0.2 mM EDTA, 20 mM NaF, 0.01 mM Na3VO4 
and protease inhibitors) and nuclear extracts were cleared from precipitated proteins by 
centrifugation for 20 min at 25,000 x g. For the equivalent of 1x109 cells, 250 μl M2 resin 
(packed volume; Sigma-Aldrich) was equilibrated by washing 3 times with 10 volumes of 
binding buffer (50mM Tris-HCl pH 7.4, 150 mM NaCl, 2.5 mM MgCl2, 0.1% NP-40, 
10% glycerol, 10 μM ZnCl2 with protease inhibitors). Nuclear extracts were mixed with 
resin and allowed to bind for 4 h under mild rotation. After separation of the unbound 
fraction by centrifugation (5 min, 500 x g), the resin was washed 3 times with 5 ml binding 
buffer. Bound proteins were subsequently eluted twice with 2 volumes of binding buffer 
containing FLAG peptide (150 ng/μl; Sigma-Aldrich) and 5 min incubation with mild 
agitation at room temperature. Eluted fractions were pooled to produce approximately 500 
μl anti-FLAG purified nuclear extract. 

For subsequent purification 150 μl anti-HA beads (prewashed, Sigma-Aldrich) were 
mixed with the samples and allowed to bind for 4 h. Flowthrough was collected, resin was 
washed 3 times with 1 ml binding buffer. Pilot experiments (not shown) indicating that 
250 ng/μl HA peptide (Sigma-Aldrich) was not sufficient to elute bound proteins, made 
us decide to elute first with 500 μl 8M urea (2x) followed by elution with 500 μl glycine 
pH 2.9. To correct the pH, 50 μl 1M Tris pH 7.4 was added. Purification with anti-Tbx3 
was performed by adding 5 μg anti-Tbx3 (E-20) to 500 μl anti-FLAG purified extract and 
incubation overnight. 250 μl prewashed Protein G agarose (P4691, Sigma-Aldrich) was 
added and allowed to bind for 1.5 h. Beads were precipitated by centrifugation (5 min, 
1200 x g) and washed 3 times with 2.5 ml binding buffer. Proteins were eluted with 500 μl 
8M urea (twice) and finally with 500 μl glycine pH 2.9. To concentrate samples, proteins 
were precipitated for 10 min on ice in 10% (w/v) trichloroacetic acid, spun down for 10 
min at 16,000 x g. The pellet was washed with ice-cold acetone, centrifuged for 5 min at 
16,000 x g and dried at room temperature prior to redissolving in 2x Leammli sample buffer 
(0.12 M Tris pH6.8, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, bromophenol blue).
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Protein detection
Samples were typically run on a 12% SDS-PAGE and proteins were visualized with either 
silver staining (SilverQuest™; Invitrogen) or colloidal coomassie (Fermentas) according to 
manufacturers instructions. Selected protein bands were excised from the gel and analyzed 
using Matrix assisted laser desorption/ionization-time of flight (MALDI-TOF) and ms/ms 
(see below). In summary, gel slices were S-alkylated with iodoacetamide and vacuum dried. 
The in-gel digestion with trypsin (Roche Molecular Biochemicals, sequencing grade) and 
extraction of the peptides upon overnight incubation were done as described (Shevchenko 
et al., 1996). Dried peptides were redissolved in 6 ml of a solution containing 1% formic 
acid and 60% acetonitrile. The peptide solutions were mixed 1:1 (v/v) with a solution 
containing 52 mM α-cyano-4-hydroxycinnamic acid (Sigma-Aldrich Chemie BV) in 49% 
ethanol/49% acetonitril/2% TFA and 1 mM Ammoniumacetate. Prior to dissolving, the 
α-cyano-4-hydroxycinnamic acid was washed briefly with acetone. Reflectron MALDI-
TOF spectra were acquired on a M@LDI (Micromass Wythenshawe, UK). The resulting 
peptide spectra were used to search the MSDB databases of the Mascot search engine 
(http://www. matrixscience.com).

Next, some samples were analyzed with ESI-MS/MS. A gold-plated nanospray needle 
(Protana or New Objective) was filled with 2-5 μL of the mixture and analyzed on a 
Micromass Q-TOF mass spectrometer using nano electrospray ionization. Low-energy 
collision-induced dissociation (CID) experiments were performed by selecting peptide ions 
from the survey spectra and using argon as a collision gas. The resulting MS/MS spectra 
were analyzed with Mascot software (Matrix Science).

For immunodetection, proteins were blotted onto 0.45 μm polyvinylidene fluoride 
membrane (PVDF; Immobilon P, Millipore) on a Trans-Blot SD semi dry blotting apparatus 
(Biorad) for 20 min at 15V using TBE (90 mM Tris, 90 mM Boric Acid, 2 mM EDTA) as 
transfer buffer. Blocking and antibody incubations were performed in 2% (w/v) protifar plus 
(Nutricia) in TBS-Tween (50 mM Tris pH7.5, 150 mM NaCl, 0,1% Tween-20 [Sigma]). 
Immunodetection was performed using mouse anti-FLAG (M2, stratagene), rabbit anti-
HA(sigma) or goat anti-Tbx3 (E-20; Santa-Cruz) and the appropriate secondary antibody 
conjugated to horse-radish peroxidase (GAM-HRP, DAR-HRP or DAG-HRP). Blots were 
visualized using enhanced chemiluminescence (Amersham), recorded with a LAS-3000 
imaging system (FujiFilm) and subsequently analyzed using the 1D Multilabeling function 
of Advanced Image Data Analysis software (AIDA v3.44, Raytest).
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Results

Yeast 2-hybrid screening identified 19 unique potential interacting proteins
A mouse embryonic day 11.5 cDNA library was screened using either full length Tbx2, 
Tbx2-Tbox or Tbx3+2a T-box. Positive colonies were subjected to a direct blue-white assay 
and a second round selection through triple selective media (Leu- His- Trp-) to confirm the 
interactions. Sequence analysis of more than 200 positive colonies revealed a large number 
of false positives that contained non-coding inserts, most of which were 3´-untranslated 
regions or introns. Some inserts encoded reading frames of less than 40 amino acids. These 
candidates were excluded from further analyses. Protein coding sequences in frame with the 
Gal4 domain were submitted for BlastP alignment, leading to the identification of 19 novel 
potential Tbx2 or Tbx3 interacting proteins (Table 1).
 
Since yeast tolerates translational frameshifts, large open reading frames (ORF) in the wrong 
reading frame may correspond to the protein responsible for the interaction. In our screens 
we identified 4 clones with a large insert that was not in the correct reading frame (Table 
2). Also, positive library clones that do not contain an ORF in frame with the GAL4-AD 
coding region, could be transcribed in the reverse orientation from a cryptic promoter in 
the ADH1 terminator in the bait plasmid (MatchmakerTM user manual, Clontech). In two 
cases, a large coding ORF in the reverse orientation was found, as shown in table 2. These 
genes are also candidate Tbx3 binding partners, needing further verification. 

In vitro MBP pulldown assays
It is noteworthy that of 19 potential novel Tbx2 and Tbx3 interacting proteins, several are 
proteins previously associated with cardiac development or function. These include the 
transcription factors Msx1 and Sox4, expressed during heart development (Chan-Thomas 
et al., 1993; Schilham et al., 1996) and α-cardiac actin, a structural component of cardiac 
muscle cells (Ordahl, 1986). A number of candidates were subjected to further verification 
using MBP pulldown assays. MBP-tagged Tbx2, Tbx3 or Tbx5 was loaded on a column, 
where after GST-tagged proteins were passed over the column. After several washings, MBP-
tagged protein plus interacting proteins were eluted using maltose. As shown in figure 2, 
both Msx1 and Sox4 were identified as strong and specific interactors. Clone S2-29, which 
encodes hypothetical protein LOC66508, did not interact in the pulldown assay, indicating 
it was a false positive. Actin and SafB2 were also tested and bind to Tbx2 and Tbx3 in vitro, 
although Actin also interacted with MBP alone, showing its stickiness as a protein, which 
may indicate that the interaction of Actin with Tbx2 or Tbx3 is non-specific (not shown). 
Taken together, these data show that Msx1, Sox4 and SafB2 can specifically bind to Tbx2/3 
and that this interaction can exist in a eukaryotic cell and in vitro. 
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Isolation of protein complexes from mammalian cells
As a second approach to identify cofactors of Tbx2 and Tbx3, we used TAP as a tool to 
isolate protein complexes from mammalian cells. Using the methods described in Mousson 
and coworkers (2008) and Tsai and Carstens (2006), we explored the feasibility to adapt the 
method to isolate protein complexes with Tbx2 and Tbx3. 

Generation of H10 cells expressing tagged proteins
The isolation of proteins from mammalian cells makes use of affinity tagged proteins. 
These tags are peptides that, when fused to the N- or C-terminal region of a protein, can 
be used to detect or isolate the protein. Specific monoclonal antibodies directed against 
these tags are commercially available. Ideally, affinity tags are small and inert, thereby having 
a low chance of interfering with the proteins folding or function. The use of affinity tags 
is preferred over antibodies that are directed to an internal region of the protein, because 
binding of the antibody to these regions of the protein may interfere with its correct 
assemblage into complexes, and the antigen may be masked by the protein complex. Since 
a combination of FLAG and HA tags fits our selection criteria, and has been used before 
to isolate protein complexes from mammalian cells, we chose to use them for our study 
(Mousson et al., 2008). Therefore, Tbx2, Tbx3, Msx2 and Sox4 were cloned into pBabe-
PURO based vectors to generate N- and C-terminal HA-FLAG tagged fusion proteins.
To maximize the chance of identifying cardiac relevant proteins, we used the rat neonatal 
heart derived cell line H10 (Jahn et al., 1996), which is easily transducable, can be cultured 
in large quantities and expresses several key cardiac transcription factors including T-box-
factors and Gata4 (Figure 3a). H10 cells were transduced and passed through several rounds 
of selection to generate monoclonal cell lines expressing tagged proteins. Although the 
expression of fusion constructs could be identified in all clones tested using RT-PCR, at the 
protein level only the expression of N-terminal tagged Tbx3 and C-terminal tagged Msx2 
could be confirmed. The Sox4 expressing clones were dying after several passages, unless 
puromycin concentration was dropped 10-fold, which may indicate that the construct was 
silenced in these clones, or that Sox4 induced apoptosis when expressed at high levels (Hur 
et al., 2004). The inability to detect Tbx2 expression at the protein level may be the result 
of this protein being notoriously difficult to isolate from mammalian cells (C. Goding, 
personal communication). 

Selection of clones mildly over-expressing fusion protein
Strong over-expression of the protein-of-interest may lead to the assembly of over-expressed 
proteins in non-physiological complexes, thereby obscuring physiological interactions. 
Protein complex isolation therefore requires expression of the target protein at, or close to, 
its natural expression levels. Using quantitative reverse transcription PCR (qRT-PCR), the 
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Figure 2. Validation of yeast 2-hybrid identified interactions using MBP pulldown assay. MBP, MBP-Tbx3 
or MBP-Tbx2 was loaded on a column, after which GST tagged candidate binding partners were washed over the 
column. Coomassie staining (upper panel) shows equivalent loading of bait proteins, binding is visualised using 
anti-GST detection on western blots (lower panel). Sox4 and the shorter Sox4n are retained by Tbx3 and Tbx3+2a, 
Msx1 binds to Tbx2, clone S2-29 does not bind to Tbx2, indicating it is a false positive.

relative expression levels of N-terminal tagged Tbx3 were established in a subset of clones 
(Figure 3b). Of two of these cell-lines (Tbx3-N2#4 and Tbx3-N2#8), Tbx3 levels in whole 
cell lysates were up to 4 times more abundant than in non-transduced controls (Figure 3c). 
Strikingly, the fusion protein could not be detected with anti-HA or anti-FLAG, unless 
samples were first enriched using anti-FLAG precipitation (Figure 3c). This indicates that 
although expression of the fusion protein is low, the construct is properly translated in these 
cells. The clone with 4-fold over-expression was selected for further studies. 

Tbx3 can be extracted from nuclei
The assumption that Tbx3 is predominantly localized inside the nucleus was tested using 
sub-cellular fractionation on the cells. In both wild-type and over-expression cells, Tbx3 
can be efficiently recovered from nuclear extracts (Figure 4a). Moreover, Tbx3 was hardly 
detectable in the cytoplasmic extract. Tbx3 was not detectable in the cellular debris after 
centrifugation (not shown). This shows that nuclear extract preparation is an efficient way to 
fractionate the sample without causing substantial loss of the fusion protein.

Purification using anti-FLAG
Fusion proteins were first isolated using purification over anti-FLAG beads. A large fraction 
of the fusion protein was retained on the beads, given the low amount of Tbx3 in the flow-
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through fraction. Because the protein complex needs to stay intact for a successive affinity 
purification step, elution of the complex needs to be performed under non-denaturing 
conditions. The addition of FLAG peptide could efficiently reverse the binding between 
the fusion protein and the antibody (Figure 4b) and is not likely to interfere with protein 
interactions of Tbx3. Subsequent elution with glycine pH 2.9 shows that virtually no Tbx3 
resides on the beads after two FLAG peptide elution steps. The recovery of Tbx3 with anti-
FLAG purification was estimated at 45% based on blot quantifications (Figure 4b). 

Figure 3. Quantification of Tbx3 levels in wildtype and transduced H10 cells. a) RT-PCR showing expression 
of cardiac transcription factors and structural components. b) qRT-PCR showing expression of FLAG-HA tagged 
Tbx3 (left panel) and total Tbx3 levels (right). c) Determination of Tbx3 levels in H10 cells and selected H10-
Tbx3 clones. Using anti-Tbx3 antibody, Tbx3 can be identified in both wildtype and overexpression cells. After IP 
with anti-FLAG, both anti-HA and anti-FLAG detect the fusion protein.
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Second purification using anti-HA
The eluted fractions after anti-FLAG purification were pooled and used for further 
purification using anti-HA antibody. Pilot experiments using HA peptide for the elution of 
the fusion protein proved rather ineffective (Figure 4c). Therefore, a denaturing first elution 
(8M urea) was used to elute all Tbx3-interacting proteins, followed by a second elution 
with low pH (100mM Glycine pH 2.9) which is more disruptive and should elute all 
remaining proteins. The drawback of a denaturing elution is that it may lower the specificity 
of the procedure. The overall yield of the purification using anti-HA was very low (data not 
shown). 
The results obtained using anti-FLAG and subsequent anti-HA purification are shown 
in figure 4d. The apparent low protein content required over-staining the gel to visualize 
less abundant proteins in the gel. In both the urea and glycine elutions, proteins that are 
present in the over-expression sample can also be detected in the negative control cells 
(non-transduced cells). Careful inspection did not result in the identification of protein 
bands that represent the fusion protein. Still, several proteins that were present in different 
intensities between control and over-expression might represent Tbx3 interacting proteins. 
These were cut out for identification by peptide mass fingerprinting. Protein alkylation, 
tryptic digestion and peptide elution was performed but did not result in peptide mixtures 
with concentrations sufficient for protein identification. MALDI-TOF spectra showed 
no reproducibly detectable peptide peaks apart from those representing known tryptic 
autodigest fragments. Still, some samples were further analyzed by ms/ms. Apart from 
rat keratin no rat protein could positively be identified in the bands chosen for further 
analysis. We had to conclude that the amount of protein was not sufficient for a positive 
identification of specific Tbx interacting factors.

Second purification using anti-Tbx3
In a final attempt, anti-Tbx3 antibody was tested for this procedure. In a pilot experiment, 
Tbx3 could be successfully precipitated from nuclear extracts, both in the WT and over-
expression cells (Figure 5a). To elute the protein complex, Tbx3 peptide was added to 
compete for binding to the anti-Tbx3 antibody and thus specifically elute the protein 
complex. Although many proteins were eluted, Tbx3 itself was retained on the column, as 
shown by subsequent glycine elution. Moreover, the peptide created a very big disturbance 
on the gel, thereby obscuring potential results. Therefore we decided to use mild denaturing 
elution instead.

The TAP experiment with anti-FLAG purification as a first step and anti-Tbx3 purification 
as the second step yielded only low levels of Tbx3. When eluting with urea, many proteins 
are present in both the control sample and the over-expression sample. However, apart from 
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Figure 4. Tandem affinity purification using anti-FLAG and subsequent anti-HA. a) Tbx3 
can be purified from nuclear extracts of H10 and H10-Tbx3 cells. b) FLAG-HA-Tbx3 can 
be purified from nuclear extracts using anti-FLAG. quantification of western blot shows that 
approximately 50% of the fusion protein is retained after 3 washing stept. c) Purification of 
FLAG-HA-Tbx3 from nuclear extracts. * Input sample could not be completely redissolved 
after TCA precipitation. d) Silver stained gel of protein samples after FLAG and HA 
purification. Several bands were excised for determination of protein. 
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a number of proteins that were more abundant in either control or over-expression lanes, 
no proteins specific for the over-expression could be detected. Also with glycine elution no 
additional candidates were identified, nor could Tbx3 itself be identified from the protein 
gel. Given the high degree of similarity between the wild-type and over-expression samples, 
these proteins most likely represent non-specific binders rather than cofactors of Tbx3. 

Figure 5. Tandem affinity purification using anti-FLAG and subsequent anti-Tbx3. a) Tbx3 can be precipiated 
from nuclear extracts using anti-Tbx3. Quantification shows an approximate 25% yield of the input protein 
(right). b) Coomassie stained protein gel.
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Discussion
The transcription factors Tbx2 and Tbx3 have many roles during development, including 
essential roles in the formation of the heart. To gain insight into the molecular mechanisms 
by which Tbx2 and Tbx3 function, we aimed to identify their cofactors. Therefore we used 
yeast 2-hybrid screens to identify novel Tbx2 and Tbx3 interacting proteins and tandem 
affinity purification to isolate protein complexes with Tbx2 or Tbx3 from mammalian cells. 
Although the majority of positive 2-hybrid clones contained non-coding inserts, we have 
identified several novel protein-protein interactions with the yeast screens, which will be 
discussed here. On the contrary, we were not able to isolate protein complexes with Tbx2 
or Tbx3 using the adapted TAP procedure. However, insights from our attempts and 
suggestions for future research will be provided here. 

Isolation of protein complexes with Tbx3 from mammalian cells
Tandem affinity purification to isolate protein complexes from eukaryotic cells is a powerful 
technique to identify cofactors, but also a notoriously difficult procedure, especially when 
working with mammalian cells (Gingras et al., 2007). Although our pilot experiments 
showed efficient purification of Tbx3 from nuclear extracts, we were unable to isolate Tbx3-
containing complexes. Working with the transcriptional repressors Tbx2 and Tbx3 has 
its intrinsic difficulties that simply cannot be overcome. These include the relatively fast 
degradation of the protein that appears to be characteristic for both Tbx2 and Tbx3. In 
addition, cells that over-expressed Tbx2 or Tbx3 were found to expand less efficient during 
culturing than non-transduced control cells, or Msx2 over-expressing cells. Similarly, with 
the yeast 2-hybrid, colonies were substantially smaller if Tbx2 or Tbx3 was expressed, 
indicating a repressive effect on the proliferation of the cells.

A key factor during the TAP procedure is the combination of tags that is used. First, the 
affinity tags and the available antibodies determine the efficiency of the purification 
procedure. Whereas we show that using anti-FLAG purification almost 50% of the input 
protein can be recovered, the anti-HA purification was far less efficient. Although many 
other affinity tags are available, the purification procedure has to be optimized for every 
fusion protein - antibody combination. As a consequence, determining the optimal tag 
combination would be a very time-consuming and costly experiment. Another issue is 
that the FLAG and HA fusion tags may interfere with proper folding of the protein or 
its assembly into protein complexes. Testing biochemical properties like DNA binding 
and interactions with known partners could be considered to show that the fusion protein 
functions like the endogenous protein. Competition with the endogenous protein may also 
have been an issue, especially if the endogenous protein is assembled in protein complexes 
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with preference over the fusion protein. Workarounds for this problem have been to silence 
the endogenous gene, thereby both lowering the amount of over-expression and resolving 
the problem of competition (Forler et al., 2003; Selbach and Mann, 2006). 

Finally, the expression level of the fusion protein plays an important role in the procedure. 
To minimize the formation of non-physiological complexes, we used a close-to-physiological 
expression level. However, the downside of this approach is that a large amount of input cells 
is required, especially when working with relatively weakly expressed transcription factors. 
Therefore, to be able to isolate sufficient quantities of a protein that is not abundantly 
expressed, a more robust over-expression may be required (Tsai and Carstens, 2006; Lange 
et al., 2008).

Novel protein interactions identified with 2-hybrid screens
With yeast 2-hybrid screens we have identified several novel potential interacting proteins, 
some of which have been confirmed in a direct in vitro binding assay. Further experiments 
are required to verify the remaining interactions. By discussing the proteins based on 
function or evolutionary relationships we try to shed light on the mechanisms by which 
Tbx2 and Tbx3 guide cardiogenesis. 

The sub-cellular distribution of a protein can be very informative on the processes it 
is involved in. In this light it is interesting to note that α-cardiac actin was identified in 
the screen. Actin can be localized both in the cytoplasm and in the nucleus. While in the 
cytoplasm, Actin is one of the major structural components of the cytoskeleton. Remarkably, 
Tbx5 has also been shown to co-localize with Actin while in the cytoplasm (Camarata et al., 
2006). Via its interaction with LMP4 it can dynamically shuttle between the nucleus and 
the cytoplasm, and LMP-4 is responsible for the co-localization with Actin. Tbx2 and Tbx3, 
although not interacting with LMP-4, can also be localized both nuclear and cytoplasmic, 
and thus, their association with Actin might have a functional role, for instance by retaining 
the proteins at cytoplasmic sites, thereby regulating their molecular activity (Yarosh et al., 
2008; Kulisz and Simon, 2008; Abrahams et al., 2008).  

In the nucleus, Actin is associated with interchromatin granule clusters, regions of active 
transcription and pre-mRNA splicing (Zheng et al., 2009). In our screens we identified two 
other components of these clusters: the scaffold attachment protein SafB2 and the splicing 
factor Sfrs2 (Saitoh et al., 2004; Sergeant et al., 2007). The close association of Actin, SafB2 
and Sfrs2 with each other and components of the splicing apparatus, suggests active roles 
for Tbx2 and Tbx3 in (alternative) splicing (Wang et al., 2006b). Recently, the interaction 
of Tbx5 with Sfrs2 was reported by another group generating a functional link between 
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T-box’s and the splicing apparatus (Fan et al., 2009). This shows that T-box proteins are far 
more versatile regulators of gene expression than previously thought, and specifically link 
T-box proteins with the splicing apparatus. 

Tbx2 and Tbx3 interact with homeodomain transcription factors
T-box factors are powerful regulators of transcription, one mode of action being via 
their interactions with other transcription factors. In our screens we identified several 
transcription factors, including homeodomain proteins Msx1, Prx2 and Meox1. Msx1 
is one of three muscle segment homeobox genes, which are characterized by their Nk type 
homeodomain, a small subfamily within the homeodomain family, which includes also 
Nkx2.5. Msx1, and its close relative Msx2, are expressed in the developing heart in similar 
areas with Tbx2 and Tbx3 (Chan-Thomas et al., 1993). Especially the close association of 
Msx2 expression with the developing conduction system encourages further persuasion of 
the relevance of this interaction during heart development.

Prx2 is part of the paired class of homeodomain proteins, which further includes members 
of the Paired box (Pax), Pituitary homeobox (Pitx), and Aristaless homeobox (Alx) transcription 
factor families. The Prx2 gene, and its close relative Prx1, are transcribed in the developing 
heart, but the proteins can not be detected, nor do compound mutants show a cardiac 
phenotype (Leussink et al., 1995; Bergwerff et al., 2000; Chesterman and Kern, 2002). 
Although we expect that this specific interaction is not relevant for cardiac development, 
Tbx2 and Tbx3 may interact with related proteins. The clone containing Meox1 encoded 
a large ORF including its entire homeodomain, which, although not in frame with the 
Gal4AD is also considered a potential interactor that requires confirmation. Meox1 is 
expressed in the outflow tract of the developing heart, but its function has not been defined 
to date (Reijntjes et al., 2007). The fact that we have identified three potential interactions 
between T-box proteins and homeodomain proteins, together with the previous finding 
that Tbx5, Tbx3 and Tbx2 can interact with the homeodomain protein Nkx2.5 indicate 
that this may represent a common theme of T-box - homeodomain interactions (Hiroi et 
al., 2001; Habets et al., 2002). The high degree of sequence conservation between DNA 
binding domains, or functional protein domains in general, likely translates into a shared 
potential to bind the same cofactors. The relevance of these interactions will then be dictated 
by the spatiotemporal expression of these proteins, potential differential affinities for each 
other and post translation modifications. 

Interactions with other transcription factors
The promiscuity of transcription factor interactions was also illustrated by the identification 
of the Zinc-finger protein 668 (Zfp668) as a potential partner for T-box factors. The Zfp668 
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gene is predicted to encode a zinc finger containing transcriptional repressor, of which the 
function has not been established yet (Kim et al., 2004). Previously, Tbx5 was shown to 
interact with the zinc finger protein Gata4, an interaction that could be disrupted by the 
introduction of a point mutation in the second zinc finger domain of Gata4 (Garg et al., 
2003; Maitra et al., 2009).

An interaction that has not been shown before is the interaction between the HMG box 
transcription factor Sox4 and T-box factors. Sox4 is co-expressed with Tbx2 and Tbx3 
during heart development, and plays essential roles in the development of the cardiac 
cushions of the outflow tract and atrioventricular canal (Schilham et al., 1996; Ya et al., 
1998). Other Sox proteins that are expressed in the cardiac cushions, and subsequently the 
forming cardiac valves, are Sox9, Sox5 and Sox6 (Lefebvre et al., 2001). Sox10, which marks 
the developing heart nerves, is also an interesting candidate T-box binding protein with 
potential relevance to heart development (Montero et al., 2002). 

In addition to its involvement in RNA splicing, SafB2 can also act as a transcription factor 
via its SAP domain (scaffold attachment factor-A/B/acinus/PIAS). Remarkably, Safb1 
was found to repress Tbx2 in cultured fibroblasts, thereby inducing senesce (Dobrzycka 
et al., 2006). Other proteins carrying the SAP domain include the myocardin family of 
co-activators. Myocardin is expressed throughout heart development, the absence of heart 
defects in myocardin null mice may be related to the redundant action of myocardin 
related transcription factors (MRTF; (Wang et al., 2001)). The SAP domain in myocardin is 
required for the activation of a subset of its target genes, and has been proposed to mediate 
interactions with promoter-specific transcription factors, which, based on our results, might 
include T-box factors (Wang et al., 2001).

Taken together, our yeast 2-hybrid screens have yielded several protein-protein interactions 
which are worth to further investigate. The fact that the results include interactions 
with protein-domains that were previously shown to interact with the T-box, like the 
Homeodomain or Zinc Finger domains, would appear to imply the validity of the 
interactions we find. One possible conclusion that can be drawn is that protein-protein 
interactions identified with this type of screen may well represent a more common theme 
of domain interactions, the biological relevance of each requiring further investigation. 
While this can be seen as strength of the method, it can also be a drawback, because to find 
out which members of a protein family functionally interact in vivo with T-box proteins 
can be a lengthy and laborious process. This underscores the need for methods to identify 
physiological protein interactions. Although we have not succeeded in the direct isolation 
of protein complexes with tandem tagged Tbx2 and Tbx3, we have put forward some 
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suggestions that may facility future research in trying to unravel the molecular mechanisms 
by which Tbx2 and Tbx3 guide cardiogenesis.
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Abstract
The T-box factors Tbx2 and Tbx3 play key roles in the development of the cardiac 
conduction system, atrioventricular canal and outflow tract of the heart. They regulate 
the gap junction encoding gene Connexin43 (Cx43) and other genes critical for heart 
development and function. Discovering protein partners of Tbx2 and Tbx3 will shed light 
on the mechanisms by which these factors regulate these gene programs. Employing a yeast 
2-hybrid screen and subsequent in vitro pull-down experiments we demonstrate that muscle 
segment homeobox genes Msx1 and Msx2 are able to bind the cardiac T-box proteins Tbx2, 
Tbx3 and Tbx5. This interaction, like that of the related Nkx2.5 protein, is supported by 
the T-box and homeodomain alone. Overlapping spatiotemporal expression patterns of 
Msx1 and Msx2 together with the T-box genes during cardiac development in mouse and 
chicken underscore the biological significance of this interaction. We demonstrate that Msx 
proteins together with Tbx2 and Tbx3 suppress Cx43 promoter activity and down regulate 
Cx43 gene activity in a rat heart derived cell line. Using chromatin immunoprecipitation 
analysis we demonstrate that Msx1 can bind the Cx43 promoter at a conserved binding site 
located in close proximity to a previously defined T-box binding site, and that the activity 
of Msx proteins on this promoter appears dependent on the presence of Tbx3. We conclude 
that Msx1 and Msx2 can function in concert with the T-box proteins to suppress Cx43 and 
other working myocardial genes.

Introduction
During looping and septation of the heart, a coordinated chamber specific gene program 
is initiated which sees the development of the atria and ventricles (chambers). This 
event is earmarked by the induced expression of working myocardial genes including 
the gap junction gene Cx43, which is required for the rapid conduction of the electrical 
impulse over the working myocardium. The remaining parts of the heart tube, the inflow 
tract, atrioventricular canal and outflow tract initially do not differentiate into working 
myocardium, and will not activate the expression of the associated gene program. These 
structures play important roles in septation and derive the major components of the central 
cardiac conduction system (Moorman and Christoffels, 2003).

Arrhythmias are a major cause of sudden cardiac death. Conditional ablation of Cx43 in 
mouse heart has been shown to result in ventricular arrhythmias (Gutstein et al., 2001). 
Further, Cx43 homozygous knockout mice die at birth and display a number of cardiac 
defects such as conotruncal malformations, outflow obstruction and coronary anomalies 
(Huang et al., 1998; Li et al., 2002) some of which may have their origins in the cardiac 
neural crest cell population (Xu et al., 2006). Although the precise mechanisms of Cx43 
regulation during development and in the adult heart remain largely unexplored, its correct 
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expression in the working myocardium of the heart alongside its strict exclusion from 
components of the conduction system and outflow tract are key to the formation and 
function of the heart. The T-box transcription factors Tbx2 and Tbx3 have been shown to 
play critical roles in the transcriptional repression of Cx43 in the heart (Borke et al., 2003a; 
Hoogaars et al., 2004; Christoffels et al., 2004; Chen et al., 2004; Hoogaars et al., 2007a).
The T-box gene family, so named because of a 180 amino acid residue conserved DNA 
binding T domain, represents a large group of transcription factors present in all metazoans 
and known to play key roles in embryonic heart development (Hoogaars et al., 2007b). 
Mutations in several T-box family members are associated with different human congenital 
heart diseases (Packham and Brook, 2003). The T-box members Tbx2 and Tbx3 repress the 
expression of the working myocardial specific genes Cx43, Cx40 and Nppa in the developing 
conduction system and suppress cardiac chamber differentiation (Habets et al., 2002; 
Hoogaars et al., 2004; Christoffels et al., 2004; Harrelson et al., 2004; Mommersteeg et 
al., 2007). Tbx5, a T-box protein which is highly similar to Tbx2 and Tbx3, serves a chiefly 
opposite role during heart development in that it largely induces myocardial differentiation, 
transactivating many of the genes which Tbx2 and Tbx3 are known to down-regulate 
(Bruneau et al., 2001; Hiroi et al., 2001; Fijnvandraat et al., 2003).

Combinatorial interactions between cardiac-specific and ubiquitous transcriptional 
regulators define the tissue-specific activity of gene programs and are most certainly required 
to provide the driving force for correct development. Perhaps one of the major discoveries 
to this end has been the interaction of Tbx5 with the ’cardiac’ homeobox factor Nkx2.5 
(Hiroi et al., 2001). Tbx5 has now also been shown to interact with other developmentally 
important transcription factors such as GATA4 (Garg et al., 2003), chicken LMP4 (Krause 
et al., 2004), the homeo- and paired domain containing Pax6 (Leconte et al., 2004) and most 
recently the WW-domain containing protein TAZ (Murakami et al., 2005). Paradoxically, 
Nkx2.5 whilst being essential for myocardial differentiation, forming an interaction complex 
with Tbx5 and GATA4, its interaction with Tbx3 appears just as important for repression 
of the working myocardial phenotype. It can be hypothesized, therefore, that correct 
functioning of T-box proteins is dictated, in part, by the complexes it forms with other 
protein partners. Therefore, identifying partners involved in protein interaction networks 
will prove crucial to assigning specific gene regulatory and developmental functional roles to 
proteins and provide insight into the genetic linked diseases they cause.

In order to obtain a clearer picture of the regulatory functions of Tbx2 and Tbx3 in the 
regulation of differentiation and gene expression, focussing our studies on Cx43 because 
of its important role in conduction and cardiac development, we used various forms of 
Tbx2 as bait in a yeast 2-hybrid screen in order to isolate functional protein partners. Using 
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this approach we have identified the homeobox proteins Msx1 and Msx2 as new T-box 
interacting partners cooperating in the regulation of Cx43.

Materials and Methods
The investigation conforms with 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).

Expression constructs
All fusion constructs used in this study were PCR generated using primer combinations 
shown in supplemental table 1, and sequenced to verify sequence integrity, unless stated 
otherwise. Mouse Tbx2 bait constructs were generated to derive pGBkt7 (Clontech) bait 
vectors encoding full-length Tbx2 (pGBkt7-Tbx2), residues 1-286 (pGBkt7-Tbx2-N), 
residues 91-701 (pGBkt7-Tbx2-C) and residues 91-286 (pGBkt7-Tbx2-T-box) (Fig.1a). 
pGBkt7-LAM (Clontech) was used as a negative control. pGADt7-Msx1 and pGADt7-
Msx2 encode full-length Msx1 and Msx2 respectively. Constructs encoding maltose binding 
protein (MBP)-fusions with Tbx2 and Tbx5(pMAL2C-Tbx2-N, pMAL2C-Tbx2-Tbox, 
pMAL2C-Tbx5-Tbox), based on pMAL2C (Clontech) are shown in fig1A. pRP265nb-
based (Barnett et al., 2000) glutathione-S-transferase (GST) fusion constructs were generated 
to express GST-MSX1 (pRP265nb-Msx1), GST-MSX2(pRP265nb-Msx2), GST-NKX2.5 
(pRP265nb-Nkx2.5), GST-MSX1hd (pRP265nb-Msx1-hd), GST-MSX2hd (pRP265nb-
Msx2-hd, Fig1A). Fusion proteins were expressed in Escherichia coli strain BL21 RIL(DE3). 
The mutation (Msx2M) Arg146Cys in the homeodomain of MSX2 was generated by PCR 
using the mismatch primer; 5’-AGAGGATCCACCGGAAGCCATGCACACCC-3’. Full-
length Msx1, Msx2 and Msx2M were cloned into pcDNA3.1 (Invitrogen) using extended 
primers to generate N-terminal FLAG-tagged fusions. The pcDNA-HA-Tbx2, pcDNA-
HA-Tbx3 and pGL3-Cx43-luciferase constructs have been described previously (Chen et 
al., 1995; Habets et al., 2002; Hoogaars et al., 2004).

Yeast 2-hybrid screen
Tbx2 bait constructs were tested for self-activation by co-transfection to yeast strain AH109 
(Clontech, Matchmaker systems) with empty activation domain (AD) plasmid pGADT7. 
Individual bait constructs were transformed to AH109 and screening carried out according 
to the manufacturers instructions. The total mated library (mouse total cDNA e.d. 11.5, 
Clontech) was plated to a triple drop out selection media, Leu- Trp- His-, in the presence 
of the galactoside X-α-Gal. Potential surviving colonies were replated to triple drop out 
medium and subsequently picked for AD-plasmid rescue and sequencing. 
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MBP pulldown and co-immunoprecipitation assays
E. coli BL21 cells were transformed with bacterial expression constructs. Cells were induced 

with 1 mM isopropyl-ß-D-thiogalactopyranoside (IPTG) (Gibco-BRL) and after 2h growth 
at 30oC, harvested by centrifugation and resuspended in 5 ml of ice-cold phosphate-buffered 
saline containing 0.05% v/v Triton X-100 (Sigma) (PBSTr). Cell suspensions were lysed 
by sonication and centrifuged to pellet cell debris. GST containing fusion constructs were 
purified on glutathione 4B-Sepharose following the manufacturer’s instructions (Pharmacia). 
Binding assays were set-up as described previously (Barnett et al., 2000) except that a 
total 2μg of target GST-fusion was passed over the MBP-fusion bound amylose column 
in 1ml PBSTr . Western-blots were probed with alkaline phosphatase (AP) conjugated 
α-GST (Cat#A5838, Sigma), horseradish peroxidase (HRP) conjugated α-HA (Cat# 
1667475, Roche) or mouse-α-FLAG and goat-α-mouse-AP (Cat#200472, Stratagene 
and Cat#A3562, Sigma) antibodies, and visualised using enhanced chemiluminescence 
(Amersham) or AP-staining. Co-immunoprecipitations were performed using a neonatal 
rat heart derived cell line, H10 (Jahn et al., 1996). Cells were seeded in 10cm plates and 
transfected with 10μg of pcDNA3.1-HA-Tbx3, pcDNA3.1-FLAG-Msx2 or both. After 48 
hours cellular lysates were immunoprecipitated as described (Farin et al., 2007) using 10μl 
α-hTBX3 (Cat#SC17871, SantaCruz).

In situ hybridizations
In situ hybridizations on mouse embryonic day (ED) 11.5 or 12.5 and chicken Hamburger-
Hamilton (HH) stage 24 sections were performed as described previously (Moorman et al., 
2001), using probes described in supplementary methods.

Luciferase assay
H10 cells, grown in standard 6-wells plates in DMEM supplemented with 10% fetal calf 
serum (Gibco-BRL) and glutamine, were transfected in duplo using the Sigma Escort-V 
transfection kit. Standardly 700ng Cx43-luciferase construct was co-transfected with 
3ng of phRG-TK vector, as normalization control (Promega), together with appropriate 
combinations of Tbx2, Msx1, Msx2 and Msx2M pcDNA3.1 expression constructs. 
Measurements were performed on a Turner TD20/20 luminometer. Duplo transfection 
experiments were repeated at least twice. 

Quantitative real-time PCR (qRTPCR)
Triplo transfections in H10 cells (and H9C2) were setup essentially as for luciferase 
assays, using 100ng plasmid DNA for each transcription factor. For Tbx3 RNA 
interference (RNAi) directed studies an assayed optimum transfection concentration 
of 10pM of RNAi-Tbx3 or Control was (co)-transfected using Lipofectamine2000 
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(Invitrogen) according to manufacturers protocol. RNAi duplexes used were; 
RNAi-Tbx3, 5’-GCAUGGCCUAUCAUCCGUUUU and RNAi-Control, 
5’-CGUAGGUACCCUCUAGCUUUU. Total RNA was isolated and cDNA 
synthesized using the Reverse Transcriptase kit Superscript (Invitrogen) using polyT-
priming. Samples were analyzed by qRTPCR on a Roche systems Light-cycler480. 
Experiments were repeated at least twice. Primers used for amplification were: GAPDH, 
5’-GTCGGTGTGAACGGATTTGG and 5’-TTCCCGTTGATGACCAGCTT; Tbx3, 
5’-CTGCGTTACAGCCCGTATTC and 5’-AGCGGCTATTCAGTTCCGAC; Cx43, 
5’-ATGGGTGACTGGAGTGCCCTTG and 5’-GAAGCGCACGTGAGAGATGG. Data 
were analyzed using the LinRegPCR software. Statistical analysis was carried out as in 2.8.

Chromatin immunoprecipitation (ChIP) studies
H10 cells, grown in a standard 10cm plate, were transfected in triplo with 20 
μg pcDNA-Flag-Msx1, non-transfected cells were used as a control. Chromatin 
was fragmented by sonication (20 20-second pulses) and immunoprecipitated 
with 1μg anti-Msx1 antibody (Cat#M0944, Sigma) using ChIP-IT kit (Active 
Motif ). DNA was analyzed by qRTPCR (Roche LightCycler480) using primers 
5’-CCGACGAGTAGACATACCCCT and 5’-GGGTGTGCGTGATCTTTCTTATG, 
at position -587 and -454 bp in rat Cx43 promoter, respectively. Primers for a 
non specific gene (HPRT: 5’-GGTCCATTCCTATGACTGTAGATTTT and 
5’-CAATCAAGACGTTCTTTCCAGTT) were used as negative control. DNA 
concentration (N0) after ChIP was calculated using LinReqPCR software and statistical 
analysis carried out as in 2.8. Data is presented as [N0ChIP:N0input]transfected cells divided by 
[N0ChIP:N0input]untransfected cells. 

Statistical analysis
Luciferase measurements and qRTPCR data were corrected for inter-session variation 
as described before (Ruijter et al., 2006). Subsequently, data was analyzed using 1-way 
ANOVA, followed by Student-Newman-Keuls comparison of groups. All results shown are 
significant (p<0.05), unless stated otherwise. 2-way ANOVA was used to compare Msx2 
and Msx2M for all concentrations in the luciferase assay.

Results

Mouse embryonic day 11.5 yeast 2-hybrid screen
Using various length bait fusions of the T-box transcription factor Tbx2, a pretransformed 
mouse ED 11.5 yeast 2-hybrid library was screened for potential interacting partners. From 
an initial screen of 1.5x106 colonies, a final 20 surviving clones revealed a GAL4 fusion to a 
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peptide in a reading frame coding for a blastp genome identifiable sequence. The majority 
of clones picked up in this screen were done so with pGBkt7-Tbx2-N and pGBkt7-Tbx2-T-
box (Fig.1a). One of these clones, picked up twice, encoded the muscle segment homeobox 
protein Msx1. This interaction could be verified in a direct yeast 2-hybrid assay (Fig.1b). 
Msx1 has previously been shown to be present during development of the heart and in 
particular has been associated by localization with septation, valvulation, and development 
of the conduction system (Chan-Thomas et al., 1993; Ma et al., 2005; Chen et al., 2007) 
thus warranting closer examination of this interaction. 

In situ hybridization
 Localization studies (Fig.2, Supplementary Fig.1&2) show that the expression patterns of 
the T-box genes Tbx2 and Tbx3, and those of Msx1 and a second muscle segment homeobox 
protein, Msx2, closely overlap in distinct regions of the developing mouse and chicken heart 
(Abdelwahid et al., 2001; Habets et al., 2002; Harrelson et al., 2004) providing evidence 
for a biologically significant protein-protein interaction. Notably, expression overlap is

Figure 1. Yeast 2-hybrid constructs and retransformation (A) Yeast 2-hybrid and pulldown fusion constructs. 
Position of the T-box or homeodomain is labelled in italics. Numerical indicators are amino acids of the protein 
that are present in each construct. (B) Yeast 2-hybrid retransformation of Tbx2 together with Msx1 and Msx2. (i) 
All transformants (auxotrophic strain AH109) grow on media lacking leucine and tryptophan. (ii) Only 2-hybrid 
combinations of pGBkt7-Tbx2 and pGADt7-Msx1 or Msx2 give growth on media also lacking histidine and (iii) 
beta galactosidase activity of all transformants in the strain Y187. GBD, Gal4-DNA-Binding-Domain; MBP, 
Maltose binding protein; GAD, Gal4-Activation domain; GST, glutathione-S-transferase; hd, homeodomain.

 not merely confined to the heart, but appears in other areas such as the developing limbs 
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(Fig.2A) and body wall mesenchyme. Msx1 and Msx2 together with Tbx2 and Tbx3 can 
be seen to be expressed in the cushion mesenchyme, the endocardium and the epicardium 
of the atrioventricular canal (Fig.2B-C), though in chicken Msx2 appears absent from the 
cushion mesenchyme. Notably, in this region, Msx2, but not Msx1, is also expressed in a 
limited region of cTnI positive myocardium overlapping the expression pattern that can 
be noted for Tbx2 and Tbx3. The working myocardial markers Nppa, connexin40 (Cx40) 
and Cx43 are strictly excluded from areas of myocardium expressing Msx2, Tbx2 and Tbx3 
(Fig.2B-C, Supplementary Fig.1), a feature that is conserved between mouse and chicken 
(Fig.2D, Supplementary Fig.2). This part of the myocardium will derive central parts of 
the cardiac conduction system, including the atrioventricular node and the left and right 
atrioventricular ring bundles (Chan-Thomas et al., 1993). This expression overlap and 
the high level of amino acid identity shared between Msx1 and Msx2, warranted testing 
the ability of Msx2 to associate with Tbx2. Using a direct assay we were indeed able to 
demonstrate this interaction (Fig.1B).

Verification of 2-hybrid results
A maltose binding protein (MBP) pull-down approach was chosen to verify 2-hybrid 
interaction results in vitro. Purified GST-fusions of Msx1, Msx2 and Nkx2.5, were able 
to interact with MBP-Tbx2-N (Fig.3A). GST alone and GST fused to a non-interacting 
protein were unable to bind. Further to this, we tested the hypothesis that Msx2 could 
form a complex with Tbx3 in a cellular context. Therefore Msx2, Tbx3 or both were 
transfected to a neonatal rat heart-derived cell line, H10 (Jahn et al., 1996). Subsequent co-
immunoprecipitation using a polyclonal antibody raised against human Tbx3 reveals that 
Msx2 is indeed coprecipitated with Tbx3 (Fig.3B).

Figure 2. In situ hybridization showing overlapping expression patterns of Tbx2 and Tbx3 with Msx1 and 
Msx2 in mouse and chicken hearts. (A) mouse ED 11.5, Msx1, Msx2, Tbx2 and Tbx3 expression patterns 
correspond closely in the heart and other areas of the body. Arrows mark the limb bud and the body wall 
mesenchyme. (B) mouse ED11.5, Msx1 is expressed in AV cushions, whereas Msx2 and Tbx3 are expressed in 
the myocardium (marked by cardiac Troponin I [cTnI] expression) of the AVC. (C) mouse ED12.5, Cx43 is not 
expressed in the AVC myocardium, whereas Msx2, Tbx2 and Tbx3 are. (D) Expression patterns of Tbx2 and 
Tbx3 with Msx1 and Msx2 in chicken embryo HH24 sections. Tbx2, Tbx3 and Msx2 are expressed in the AVC 
myocardium (black arrowheads), whereas Msx1 and the chamber marker Nppb are not (red arrowheads). Dashed 
lines in B and C are used to indicate the border between myocardium and other tissue layers. Scalebar is 1mm (A) 
or 0.1 mm (B, C, D). Abbreviations are: nt, neural tube; ht, heart; lb, limb bud; ra, right atrium; la, left atrium; rv, 
right ventricle; lv, left ventricle; ac, atrioventricular cushion; lac, lateral atrioventricular cushion, myo, myocardium; 
en, endocardium; cus, cushion mesenchyme; epi, epicardium.
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The T-box and the Msx homeodomain support the protein-protein interaction 
in vitro
MBP pull down experiments using constructs possessing the T-box encoding regions from 
both Tbx2 and Tbx5 fused to MBP and GST fusions of the homeodomain regions of both 
Msx1 and Msx2 are shown in Fig.3C. This clearly demonstrates that both the T-box and 
the homeodomain are on their own sufficient to support this interaction and that Tbx5 
is also able to bind both Msx1 and Msx2. A recent biochemical analysis of eight Nkx2.5 
mutations (Kasahara and Benson, 2004) from patients with cardiac anomalies revealed 
a conserved Arg residue (Arg142) (Chi, 2005) which when mutated to a Cys negatively 
affected both DNA binding capacity and the ability of the homeodomain to associate with 
Tbx5. We subsequently mutated the equivalently positioned Arg to Cys in Msx2 (Arg146) 
and examined its effect on interaction with Tbx2 and Tbx5. This experiment demonstrates 
that whereas wild-type Msx2 homeodomain is able to specifically associate in vitro with the 
T-box (Fig.3C), the mutated Msx2M has lost this capacity.

Suppression of Cx43 promoter activity
Previously, it has been shown that expression of Cx43 can be down-regulated by Tbx2 and 
Tbx3 (Borke et al., 2003a; Borke et al., 2003b; Christoffels et al., 2004; Chen et al., 2004; 
Hoogaars et al., 2007a). Further, cooperative interaction between Tbx2 and Tbx3 with the 
homeobox Nkx2.5 is able to down-regulate the expression of another chamber marker, 
Nppa (Habets et al., 2002; Hoogaars et al., 2007a). The colocalization of Msx2 and Tbx2 
and Tbx3 expression in the atrioventricular canal myocardium, a region of the developing 
heart in which Cx43 and Nppa are not expressed, lead to our questioning whether Msx1 
and Msx2 could act together with Tbx2 and Tbx3 in the regulation of such genes. Therefore 
we transfected a 1.6kb Cx43 promoter fragment reporter construct (Mitchell et al., 2001) to 
H10-cells, which results in expression of luciferase (Fig.4A). Notably, this cell line expresses 
Cx43 endogenously (Fig.4B) though it does not express detectable levels of Nppa and 
only low levels of Cx40 (not shown). Co-transfection of either Msx1 or Msx2 results in 
the down-regulation of promoter activity, in a dose dependent manner. The mutated Msx2 
displays a significant loss of repressive activity (P<0.001) relative to wild type Msx2. Further, 
transfection of small amounts of Tbx2 show a decrease in measurable luciferase activity, but 
increasing levels of Tbx2 fail to repress the Cx43 promoter fragment any further, indicating 
system saturation. 

RNAi knockdown of endogenous Tbx3 in H10 cells 
The expression of endogenous Cx43 and Tbx3 by the H10 cell line provided an opportunity 
to study the effect of Msx on the expression of Cx43, in a cardiac like context. Figure 4B 
shows, in line with our luciferase assay, that transfection of Msx1, Msx2 and Tbx2 can 
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Figure 3. Msx proteins bind to T-box proteins in vitro and in H10 cells. (A), MBP-pull-down experiments 
using purified, equivalent amounts (Inputs) of either; GST, GST fused 25 kD protein identified in the 2-hybrid 
screen (UIP), GST-Msx1, GST-Msx2, GST-Nkx2.5. The eluted fraction is subjected to denaturing polyacrylamide 
gelelectrophoresis (SDS-PAGE) followed by total protein staining with Coomassie (eluate). Only in the presence of 
Tbx2 are Msx1, Msx2 and Nkx2.5 retained, as shown by the blot probed with anti-GST. Controls, GST alone and 
UIP, are not retained. (B), Co-immunoprecipitation of Msx2 with Tbx3 from H10 cell-lysate (input). Flag-Msx2 
co-transfected with Tbx3, could be co-immunoprecipitated with α-Tbx3. (C) MBP-pull-down assays using Tbx2 
T-box and Tbx5 T-box. T-box’s of both Tbx2 and Tbx5 are able to bind the homeodomains of Msx1 and Msx2. 
GST and Msx2 with a point mutation at Arg146 (Msx2M) are not retained. Sizes of molecular weight marker 
proteins (M, kDa) are shown on the right.
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reduce the expression of Cx43, as measured by qRTPCR. As expected, mutant Msx2M 
is unable to reduce endogenous levels of Cx43. Near identical results were obtained using 
a second cardiomyocyte cell line, H9C2 (not shown). We next examined the effect of 
removing the endogenous Tbx3 using RNAi directed against the coding sequence of Tbx3 
(Fig.4C). Knocking-down Tbx3 expression in this cell line resulted in an up-regulation 
of Cx43 (Fig.4D). Interestingly, when Tbx3 is suppressed, Msx1 and Msx2 are no longer 
capable of repressing Cx43 expression. These experiments show that a functional complex 
between Tbx and Msx can form within the cell and functions synergistically to down 
regulate Cx43.

Chromatin immunoprecipitation of the Cx43 promoter
Examination of the upstream promoter region of Cx43 reveals the presence of mammalian 
species conserved (and many non-conserved) potential T-box and Msx binding motifs 
(Fig.5) (Catron et al., 1993; Mitchell et al., 2001). Chromatin immunoprecipitations 
(ChIP) have previously demonstrated that indeed Tbx3 can bind to this region of the Cx43 
promoter (Hoogaars et al., 2007a). In an electrophoretic mobility shift assay, Msx1 binds to 
this region of the mouse Cx43 promoter (Supplementary Fig.3). To determine if Msx1 can 
also bind the Cx43 promoter in a cellular context, we performed ChIP experiments on H10 
cells using an anti-Msx1 antibody. Cx43 was found enriched in the ChIP experiments only 
when Msx1 is over-expressed in the cells (Fig.5A), whereas this is not the case for the control 
locus (HPRT). This establishes that Msx1 can also bind the endogenous Cx43 promoter in 
H10 cells. 

Discussion
Searching for functional and biologically relevant protein-protein interactions is an initial 
step towards elucidating a transcription factor’s function during organogenesis. Spurred by 
our interest in the functional role of the T-box transcription factor Tbx2 during cardiac 
conduction system development (Moorman and Christoffels, 2003; Christoffels et al., 2004), 
we carried out an ED 11.5 mouse 2-hybrid screen to search for Tbx2 interacting proteins. 
From this screen we identified the muscle segment homeobox protein Msx1 and subsequently 
Msx2 as T-box interacting partners. This group of homeobox proteins, generally considered 
to function as transcriptional repressors, are essential for normal craniofacial, limb and 
ectodermal organ morphogenesis (Davidson, 1995; Alappat et al., 2003; Satoh et al., 2004). 
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Figure 4. Downregulation of Cx43 expression by Msx1 and Msx2 depends on Tbx3. (A) Co-transfections with 
a 1.6 kbp Cx43 promoter driven luciferase construct were carried out using pCDNA3.1 (Cont) expressing Tbx2, 
Msx1, Msx2 and Msx2R146C mutant (Msx2M). (B), Tbx2, Msx1 and Msx2 can down-regulate endogenous 
Cx43. H10 cells were transfected with either empty vector (Cont), Msx1, Msx2, Msx2M, Tbx2 or Tbx5 (100 
ng each). Total mRNA was isolated and levels of endogenous Cx43 measured by qRTPCR. Cells transfected 
with Tbx2, Msx1 or Msx2 show lower levels of Cx43. (C), 10 pmol RNAi, directed against Tbx3, was used to 
downregulate the endogenous production of Tbx3 as measured by qRTPCR. Scrambled RNAi (RNAi C) was used 
as a control. (D) Following knock-down of Tbx3, Cx43 levels can be seen to increase. Co-transfection of Msx1 or 
Msx2 (100 ng each) in this case no longer shows a decrease in endogenous Cx43 levels. Symbols: #, not significant; 
§, no significant difference between samples within this group.

The spatiotemporal overlap of Tbx2/3/5 and Msx1/2 during cardiac development, in 
particular in the atrioventricular canal, suggests a role for this interaction in development 
of this region of the heart. The presence of Msx1 and Msx2 in the heart has been known 
for some time (Chan-Thomas et al., 1993; Ma et al., 2005; Chen et al., 2007), though 
the functional significance of each has not been gained from homozygous knockout mouse 
studies. The similar patterns of expression and high level of functional redundancy between 
Msx1 and Msx2 probably explains the lack of cardiac phenotype in homozygous single 
Msx mutants (Houzelstein et al., 1997; Jay et al., 2005). In support of this hypothesis, 
Msx1/Msx2 double knockout mice reveal the presence of severe cardiac anomalies (Chen 
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et al., 2007). These mice display outflow tract defects in cushion development with 
eventual malalignment of the truncus, septal defects of both the outflow tract (OFT) and 
atrioventricular canal regions, and hypoplasia of the ventricles. Moreover, this spectrum of 
cardiac defects resembles those displayed in the homozygous Tbx2 (Harrelson et al., 2004) 
and Tbx3 knockout mice, the latter displaying double outlet right ventricle (DORV), 
a phenotype possibly due to loss of Tbx3 expression in the cardiac neural crest (CNC) 
(unpublished observation). Therefore, although Msx proteins display redundancy, their 
functions during cardiac development are essential and appear linked to those of Tbx2 
and Tbx3. On the basis of our results, which show that Tbx2, Tbx3 and Tbx5 are all able 
to interact with Msx1 and Msx2, this redundancy also appears to hold for the Tbx-Msx 
interaction itself. This, combined with the spatiotemporal overlap of all these potential 
partners, may reflect stringent fail-safe mechanisms regulating differentiation of the 
myocardium of the atrioventricular canal and outflow tract. 

Using a similar yeast 2-hybrid approach, Hiroi and co-workers identified the T-box protein 
Tbx5 as interacting partner of the cardiac-specific homeobox Nkx2.5. Like the Nkx2.5-
Tbx5 interaction, the homeodomains alone of Msx1 and Msx2 are able to support the 
interaction directly with the conserved T-box of Tbx2, Tbx3 and Tbx5. Mutation of a 
conserved Arg residue, shared between a large number of homeodomain proteins (Chi, 
2005) including Nkx2.5 (Kasahara and Benson, 2004) and Msx, results in a significant 
loss of interaction with the T-box domain (Fig.3), demonstrating that T-box-homeodomain 
interaction as well as being specific, maybe a more widespread conserved feature of these 
domain types.

Figure 5. Chromatin immunoprecipitation of the endogenous Cx43 promoter. (A), Msx1 transfected H10 
cells were chromatin immunoprecipitated with α-Msx1 antibody and co-precipitated DNA was analysed for the 
presence of Cx43 promoter or HPRT (control) using qRTPCR. Cx43 shows at least a 2.5x enrichment compared 
to non-transfected cells, whereas HPRT yield is comparable between Msx1- transfected and control cells. (B), 
Sequence alignment of the Cx43 promoter region possessing both conserved putative Msx1 (underlined) and T-box 
(bold italic) binding consensus sites. Position is relative to transcription start site.
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Revealing the functional consequence of this interaction for the development of the 
conduction system is challenging, majorly due to the redundancy displayed by the protein 
partners and their interactions. However, based on previous studies and reports from other 
systems as to the nature of Msx1 and Msx2 function, namely as transcriptional repressor, we 
examined the effect of Msx on the promoter of a well studied cardiac chamber differentiation 
marker, Cx43 (van Kempen et al., 1995; Christoffels et al., 2000; Christoffels et al., 2004). 
Cx43, like several other cardiac markers e.g. Nppa and Cx40, is known to be regulated in 
vivo by the T-box proteins. Our in situ hybridization results demonstrate the exclusion 
of chamber markers such as Nppa, Cx40, and Cx43 from areas expressing Msx1, Msx2 
together with T-box factors (Fig.2). Using the rat neonatal heart cell line H10, we were able 
to demonstrate that a 1.6kb Cx43 promoter construct could be down-regulated using either 
Tbx2, Msx1 or Msx2. No up- or down- regulation was observed using Tbx5, as expected 
(Bruneau et al., 2001), and a pointmutation in Msx2 significantly reduces its repressive 
capacity. Similar results were obtained in an in vivo situation using the endogenous Cx43 
expression in the H10 cell line via qRTPCR. As with the plasmid promoter assays, levels of 
endogenous Cx43 mRNA could be decreased by transfecting small amounts of Tbx2, Msx1 
or Msx2.

The H10 cell line also expresses Tbx3, though not Tbx2 or Tbx5. Knocking down Tbx3 
using RNAi transfection results in an up-regulation of endogenous Cx43 levels. Transfection 
of Msx proteins along with RNAi demonstrated that by knocking-down endogenous Tbx3, 
both Msx1 and Msx2 are no longer able to down-regulate Cx43, thus showing the previous 
down-regulation of Cx43 by Msx proteins depends on the presence of Tbx3. Further to 
this, using chromatin immunoprecipitation we demonstrated that Tbx3 (Hoogaars et al., 
2007a) and Msx1 can bind the endogenous Cx43 promoter in a heart cell line, probably 
by binding a conserved putative Msx binding site (Catron et al., 1993) located close to the 
TBE elements in all mammalian Cx43 promoters examined. This fact combined with the 
overlap in spatiotemporal expression of T-box proteins and Msx proteins we observe in the 
heart, is supportive of a potential synergism in the regulation of gene expression during 
heart development. 

During cardiac development, the outflow tract of the heart receives a considerable 
contribution of cells from the neural crest. The critical regulation of Cx43 levels in these 
cells appears crucial to their correct migration and distribution in the OFT. Both over-
expression and ablation of Cx43 in these cells results in malformations of the OFT (Huang 
et al., 1998; Li et al., 2002; Xu et al., 2006). The Msx1/Msx2 combinatorial knockout mice 
also display OFT defects including DORV (Chen et al., 2007), postulated to be as a result 
of increase in cardiac neural crest proliferation in this region. Interestingly, previous studies 
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have shown that loss of Msx1 in neural crest can be compensated for by over-expression 
of Msx2 (Khadka et al., 2006), demonstrating again the functional redundancy of these 
proteins. Although the underlying mechanisms for the observed defects in the CNC may 
differ somewhat, the critical regulation of Cx43 levels and the necessary presence of Msx 
and Tbx proteins in this population of cells is self evident. Extrapolating this and functions 
reported in literature for both Tbx2/Tbx3 and Msx1/Msx2 leads us to the postulation 
that these proteins work in a complex, perhaps ensuring that strict stoichiometric levels of 

downstream targets are maintained by robust, multiple redundant, fail-safe mechanisms. 
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Supplementary methods

In situ hybridization 
In situ hybridization was performed on chicken stageHH24 sections as described for mouse 
sections. Antisense probes have been described before: cTbx2, cTbx5, cTbx3 (Isaac et al., 
1998) . cNppb (Houweling et al., 2002); cMsx1, cMsx2 (Chan-Thomas et al., 1993).Probes 
used for in-situ hybridisation on mouse tissue have been described before: Tbx2, Tbx3 and 
Tbx5 (Chapman et al., 1996); Msx1 (MacKenzie et al., 1991); Msx2 (Monaghan et al., 
1991); Cx40 and Cx43 (van Kempen et al., 1996); Nppa (Zeller et al., 1987).

Supplementary Figure 1. In situ hybridization showing expression patterns of Cx43, Cx40 and Nppa in 
mouse heart E11.5 sections. The myocardium of the AV canal (indicated with dashed line) does not express these 
chamber markers. av myo, atrioventricular myocardium; en, endocardium; epi, epicardium.

EMSA
Non-radioactive electrophoretic mobility shift assay was performed using bacterially 
expressed, purified GST-Msx1-hd. Protein concentration was measured using Bradford 
assay (Bradford, 1976). Protein and DNA were mixed and incubated at room temperature 
for 30 minutes in bandshift buffer (10 mM Tris, pH7.4, 150 mM KCl, 0.5 mM EDTA, 0.5 
mM dithiothreitol (DTT)). Reaction mixture was then separated on a non-denaturing 6% 
polyacrylamide gel. Gels were stained with SybrGreen (Molecular Probes) for 30 minutes, 
and washed twice in 0.25x TBE before analysis on a TyphoonTrio scanner.

Supplementary Figure 2 (next page). In situ hybridization showing overlapping expression patterns of Tbx2, 
Tbx3 and Tbx5 with Msx1 and Msx2 in chicken embryo sections Hamburger-Hammilton stage 24. Tbx5, 
Tbx2, Tbx3 and Msx2 are expressed in the AV-canal myocardium (black arrowheads), whereas Msx1 expression is 
limited to the endocardium, epicardium and cushion mesenchyme in the AV-canal. The chamber marker Nppb is 
not expressed in the av canal myocardium (red arrowheads). la, left atrium; ra, right atrium; lv, left ventricle; end, 
endocardium; cus, cushion mesenchyme; myo, myocardium; epi, epicardium.
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Supplementary Figure 3. GST-Msx1-hd can bind to the Cx43 promoter fragment that harbors 
two potential MSX binding sites. Electrophoretic mobility shift assay (EMSA) showing binding 
of purified, bacterially expressed Msx1-hd, to double stranded 62 bp Cx43 promoter fragment 
(5’-tttgttaattgtccgggtttaagaggaagagaattaggtcataagaaagatcactcacaccc), but not to a 73 bp DNA control probe 
that does not contain consensus MSX binding sites (5’-tctgcgggtcccggccgatgcgaagtgacaggggccggagccgcgcggtgg 

agcctcggcggcctggcgccag). GST alone does not bind to either DNA fragments.
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Introduction
Msx1 and Msx2 are members of the highly conserved Nk-like family of homeodomain 
transcription factors, and their expression is associated with epithelio-mesenchymal 
interactions at many sites in vertebrate embryos, such as the limb buds, craniofacial regions 
and tooth buds (Hill et al., 1989; Robert et al., 1989). Knock-out experiments have shown 
that Msx1 null mutations provoke defects in craniofacial development, cleft palate, inner 
ear malformations and tooth agenesis (Satokata and Maas, 1994; Houzelstein et al., 1997), 
whereas Msx2 null mice display abnormal tooth development, defects in bone growth and 
abnormal development of the cerebellum (Satokata et al., 2000). Additionally, Msx1-Msx2 
compound mutant mice die in late gestation with severe craniofacial abnormalities (Bei 
and Maas, 1998; Satokata et al., 2000), limb defects (Lallemand et al., 2005) and heart 
defects (Ishii et al., 2005), indicating a redundant role for Msx1 and Msx2 during several 
developmental processes. 

During chicken and mouse heart development, Msx2 is expressed in the myocardium of the 
atrioventricular canal and outflow tract, and shows a close association with the developing 
conduction system (MacKenzie et al., 1992; Chan-Thomas et al., 1993; Tanaka et al., 1999; 
Thomas et al., 2001; Abdelwahid et al., 2001). The myocardium of the atrioventricular 
canal and outflow tract is prevented from differentiating into chamber myocardium, 
thereby allowing for the development of components of the cardiac conduction system 
like the atrioventricular node and bundle (Christoffels et al., 2000). The prevention 
of differentiation into chamber myocardium can be attributed, in part, to the repressive 
action of the T-box transcription factors Tbx2 and Tbx3 (Habets et al., 2002; Christoffels 
et al., 2004; Harrelson et al., 2004; Hoogaars et al., 2007b). Tbx2-/- embryos and Tbx3-/- 
embryos show local myocardial mispatterning, and increased proliferation in the left aspect 
of the atrioventricular canal and the top of the interventricular septum, respectively (Bakker 
et al., 2008; Aanhaanen et al., 2009). Nevertheless, the majority of the atrioventricular 
canal myocardium in which these factors are expressed appears to develop normally in 
absence of Tbx2 or Tbx3. Moreover, Tbx2-Tbx3 compound mutant hearts still contain a 
morphologically discernable atrioventricular canal, a constriction between the atrial and 
ventricular chambers, suggestive of different patterning processes between atrioventricular 
canal myocardium and the surrounding chamber myocardium (Hoogaars et al., 
unpublished). Therefore, additional factors are likely to be involved in this process. Recently, 
we showed that Tbx2 and Tbx3 can interact with Msx1 and Msx2, and cooperate in the 
regulation of Gja1 expression, the Connexin43 encoding gene that marks differentiating 
chamber myocardium (Boogerd et al., 2008). 
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Despite their highly localized expression in the atrioventricular canal and outflow tract, 
the hearts of Msx1 and Msx2 knockout mice develop normally (Satokata and Maas, 1994; 
Satokata et al., 2000; Kwang et al., 2002). However, in the absence of both Msx1 and Msx2, 
hearts display a range of outflow tract alignment defects, including double outlet right 
ventricle, overriding aorta and pulmonary stenosis (Chen et al., 2007), as well as hypoplastic 
atrioventricular cushions and deformed atrioventricular valves (Chen et al., 2008). 
Notably, patterning of the atrioventricular canal myocardium is also affected, as noted by 
the decreased expression of Tbx2 and the ectopic expression of the chamber marker Nppa. 
However, the mechanisms underlying myocardial mispatterning are not well understood, 
especially since the expression of Msx1 in the myocardium is not well described.

To gain insight into the role of Msx proteins in conduction system myocardium, we 
established the myocardial expression patterns of Msx1 and Msx2 and show that Msx1 is 
not expressed in the myocardium in WT and in Msx2 null mice. Therefore, Msx2 is the 
only Msx gene which is expressed in the myocardium. The close association of Msx2 with 
conduction myocardium, its co-expression with Tbx2 and Tbx3 in the atrioventricular canal 
myocardium, together with the physical and functional interaction between Msx2 and 
Tbx3 led us to hypothesize that Msx2 might interact with Tbx2 or Tbx3 and regulate the 
formation of the atrioventricular canal myocardium. Therefore we generated Msx2-Tbx2 and 
Msx2-Tbx3 compound mutant embryos and analyzed the expression of chamber specific 
genes, including Gja1 and Gja5. In a Tbx2 null or Tbx3 null background, the additional 
removal of Msx2 does not affect the expression boundaries of these chamber specific genes. 
We conclude that the interaction that Msx2 may have with Tbx2 or Tbx3 is masked by 
other redundant factors, that the effects are too subtle to be measured with our current 
technology, or that it is not essential specifically for conduction system development. 

Methods

Msx2, Tbx2 and Tbx3 mutant mice
Mice carrying a targeted deletion of the Msx2 gene (Msx2neo (Satokata et al., 2000)), 
Tbx2 gene (Tbx2tm1Pa (Harrelson et al., 2004)) and Tbx3 gene (Tbx3cre (Hoogaars et al., 
2007a)) have been described before. Msx2-Tbx2 and Msx2-Tbx3 double mutant embryos 
were obtained by double heterozygotes mating. For age determination of the embryos, 
noon copulation plug was considered embryonic day (E)0.5. Genomic DNA prepared from 
amnion or tail biopsies was used for genotyping by PCR, using primers and conditions 
described previously (Satokata et al., 2000; Harrelson et al., 2004; Hoogaars et al., 2007a). 
Animal care was in accordance with national and institutional guidelines. 
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In situ hybridization
In situ hybridization was performed as described before on 10μm thick sections (Moorman 
et al., 2001). A 500 bp EcoNI-SphI fragment of the 3’-untranslated region (UTR) of mouse 
Msx1 (NM_010835; bp1161-1697) was used as a template for the Msx1 antisense probe. 
An Msx2 probe directed against a part of the coding sequence 3’ of the homeodomain plus 
part of the 3’-UTR (pHox8) has been described before (Monaghan et al., 1991). Sections 
were photographed on a Zeiss Axiophot microscope. 

Results
To explore the roles of Msx1 and Msx2 in conduction system development, we analyzed 
the expression patterns of Msx1 and Msx2 in during mouse development. Outside the 
heart, Msx1 and Msx2 expression is detected in previously recognized expression domains 
including the limb buds, neural tube, mandibular and maxillary component of the first 
branchial arch, and Msx1 expression in the anterior pituitary or Rathke’s pouch (Fig. 1a) 
(Hill et al., 1989; Robert et al., 1989; MacKenzie et al., 1991; MacKenzie et al., 1992). 
At E10.5 and E11.5, Msx1 is expressed in the mesenchyme and endocardium of the 
cardiac cushions of the atrioventricular canal and outflow tract (Fig. 1b). Msx1 expression 
was not detected in the myocardium of the atrioventricular canal, the outflow tract or 
the cardiac chambers. Msx2 is expressed in both the myocardium and the cushions of the 
atrioventricular canal and outflow tract (Fig. 1) (Tanaka et al., 1999; Abdelwahid et al., 
2001). Notably, Msx1 and Msx2 are expressed in the mesenchyme of the proximal and distal 
outflow tract, which are derived from the endocardium and the neural crest, respectively . 
The absence of myocardial defects in Msx2 null mice might indicate the existence of a 
redundant factor. Whereas Msx1 is coexpressed with Msx2 and functionally redundant 
in the cardiac cushions (Chen et al., 2007; Chen et al., 2008), its absence from the 
myocardium seems to exclude redundancy in this issue. However, previous studies have 
indicated the existence of compensatory mechanisms in the regulation of Msx genes. 
For instance, in the embryonic digit tip of Msx1 null mice, Msx2 is expressed outside its 
endogenous expression domain in an area that normally expresses Msx1 (Han et al., 2003). 
Similar, in mice lacking the related homeobox protein Nkx2.5, Msx2 is ectopically expressed 
throughout the working myocardium of the chambers (Tanaka et al., 1999). To establish 
whether a similar compensatory mechanism induces Msx1 expression in the atrioventricular 
canal myocardium in absence of Msx2, we determined the expression pattern of Msx1 in 
the hearts of Msx2 null mice. As shown in Fig. 2, Msx1 retains its expression pattern and we 
detected no evidence of Msx1 upregulation in the myocardium of the atrioventricular canal 
and outflow tract of Msx2 -/- mice. 
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Figure 1. In situ hybridization on sagital sections of mouse embryos. A).At E11.5, Msx1 and Msx2 are 
expressed in the maxillary (mx) and mandibulary (md) part of the first branchial arch, thoracic body wall (tb), the 
hindlimb bud (hl), the neural tube (nt) and specific parts of the developing brain (arrows). Msx1 is also expressed 
in the developing anterior pituitary (ap). B) At E10.5 and E11.5, Msx1 expression in the heart is detected in the 
mesenchyme and endocardium of the cardiac cushions (arrowheads). Msx2 is also expressed in the myocardium 
(arrows), in which Msx1 expression was not detected (red arrows). cTnI marks all myocardium. Size bars 0.5mm 
(A) or 0.2mm (B). Abbreviations: cr, cranial; ca, caudal; do, dorsal; ve, ventral; v, ventricle; avc, atrioventricular 
canal; oft, outflow tract.

Since we have shown that Msx2 is the only Msx gene that is expressed in the myocardium, 
we decided to focus on its role in development of the atrioventricular canal myocardium. 
The cooperation of Msx2 with Tbx3 in the regulation of Gja1 in cultured cells might 
indicate that Msx2 acts in the same pathways as Tbx2 or Tbx3 in the patterning of 
atrioventricular canal myocardium (Boogerd et al., 2008). To establish whether Msx2 
genetically interacts with Tbx2 or Tbx3, we generated and analyzed Msx2-Tbx2 and Msx2-
Tbx3 compound mutant mice.
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Figure 2. In situ hybridization on transversal sections of wildtype and Msx2 knock-out mouse hearts. 
Consecutive sections showing expression of Msx1 and Msx2 in A) the atrioventricular canal region and B) outflow 
tract of the developing heart. Dashed lines delineate the myocardium, dashed boxes in the left panels indicate 
the regions that are displayed in the panels to the right. Arrowheads indicate expression in the endocardium and 
mesenchyme of the cushions, arrows indicate myocardial expression, red arrows indicate absence of myocardial 
expression. Size bars 0.2 mm. Abbreviations: ra, right atrium; la, left atrium; rv, right ventricle; lv, left ventricle; 
outflow tract, outflow tract.

Tbx2 and Tbx3 null mice are not viable (Davenport et al., 2003; Harrelson et al., 2004), 
and Msx2 null mice suffer from severe malformations (Satokata et al., 2000). To be able 
to generate mice with a combined loss of Msx2 and Tbx2 or Tbx3 we crossed Tbx2 or 
Tbx3 heterozygotes with Msx2 heterozygotes. Tbx2-Msx2 and Tbx3-Msx2 compound 
heterozygote mice were recovered at the expected mendelian frequencies 3 weeks after birth 
(Table 1). Compound heterozygotes were crossed to obtain E11.5 and E12.5 embryos 
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with the full spectrum of possible genotypic combinations. Embryos of all genotypes were 
recovered at the expected mendelian ratios for both the Msx2-Tbx2 (not shown) and the 
Msx2-Tbx3 lines (Table 1). In these mice, we studied the effect of loss of Tbx2/3 and Msx2 
on the boundaries of Gja1, Gja5 and Nppa expression. In wildtype hearts of E11.5 and 
E12.5, expression of these genes is confined to the myocardium of the atria and ventricles, 
showing a discontinuity of expression in the atrioventricular canal myocardium. In the 
absence of Msx2, Gja1, Gja5, and Nppa are not expressed in the atrioventricular canal 
myocardium, resembling the pattern in WT hearts (Chen et al., 2008) and data not shown). 
Similarly, Tbx2 heterozygote mouse hearts develop normally. In a Tbx2+/- background, 
loss of Msx2 does not appear to influence the expression of Gja1 or Gja5. The ectopic 
expression of chamber markers in the left aspect of the atrioventricular canal myocardium 
in Tbx2 null mice results in a continuity of expression between the left atrium and left 
ventricle (marked with dashed lines in figure 3), and confirms previous reports (Harrelson et 
al., 2004; Aanhaanen et al., 2009). However, there is still a clear constriction between atria 
and ventricles. The additional removal of Msx2 in a Tbx2 null background does not seem 
to affect atrioventricular canal development, as these hearts resemble the phenotype that is 
observed in the Tbx2 null mice.

Tbx3 is also expressed in the myocardium of the atrioventricular canal in a pattern 

complementary to that of Gja1 and Gja5. However, Tbx3 is essential only for the repression 
of these chamber specific genes in the AV bundle and bundle branches at later stages of 
development, whereas the repression of these genes in the atrioventricular canal myocardium 
around E12.5 is not affected in Tbx3 null mice (Hoogaars et al., 2004; Bakker et al., 2008; 
Figure 3). In a Tbx3 heterozygote or a Tbx3 null background, loss of Msx2 does not seem to 
influence the expression of these chamber markers in the atrioventricular canal myocardium 
(Figure 3).

Table 1a Observed distribution of Msx2 - Tbx2 compound herozygote mice at 3weeks after birth
A Tbx2 +/+ Tbx2 +/-

Msx2 +/+ 84 73
Msx2 +/- 86 83

Table 1b Observed distribution of Msx2 - Tbx3 compound herozygote mice at 3weeks after birth
B Genotype Tbx3 +/+ Tbx3 +/Cre

Msx2 +/+ 140 122
Msx2 +/- 113 112

Table 1c Observed distribution of genotypes in embryos of E11.5 from Tbx3+/-Msx2+/- crossings.
C  Tbx3 +/+ Tbx3 +/- Tbx3 -/-

Msx2 +/+ 8 13 5
Msx2 +/- 5 26 11
Msx2 -/- 4 16 6



Chapter 474

Discussion
During heart development, Msx2 is expressed in the developing cardiac conduction 
system and despite numerous studies, it’s role in conduction system development remains 
unclear (Chan-Thomas et al., 1993; Satokata et al., 2000; Kwang et al., 2002). Since the 
spatiotemporal expression pattern of Msx1 has not been described in detail, it is unclear 
to which extent the redundant action of Msx1 can compensate for a lack of Msx2. 
Therefore, we determined the expression pattern of Msx1 and show that during early heart 
development Msx1 is exclusively expressed in the cardiac cushions. Expression of Msx1 in 
the atrioventricular cushions was also described by Robert et al., 1989. However, more 
recent papers describing Msx1-Msx2 compound mutant hearts seem to indicate that Msx1 is 
also expressed in the myocardium of the outflow tract and right ventricle (Ishii et al., 2005; 
Chen et al., 2007). Our study clearly shows that Msx1 is not expressed in the myocardium, 
a discrepancy which may find its origin in the probes that were used to detect Msx1. For our 
present study we made use of probes directed against the 3’-UTR of the Msx1 messenger, 
which is specific for Msx1. The probes used in the studies by Chen et al. and Ishii et al. 
make use of the entire Msx1 coding region, including the highly conserved homeodomain, 
indicating that cross hybridization with other homeodomain containing messengers may 
have occurred. 

Whereas Msx1 is not expressed in the myocardium of wildtype mice, previous reports 
have indicated the existence of compensatory mechanisms inducing ectopic expression 
of Msx2 in the absence of Msx1 or Nkx2.5 (Tanaka et al., 1999; Han et al., 2003). Our 
analysis of Msx2 null mice excludes the existence of a similar mechanism in the regulation 
of Msx1 expression in the heart. Based on our observations that Msx1 is not expressed in 
the myocardium of wildtype or Msx2 knock-out mice, we can conclude that myocardial 
expression of Msx genes is not necessary for the normal development of the atrioventricular 
canal myocardium. In other words, the function of Msx2 is either dispensable, or is masked 
by a redundant factor other then Msx1. The question then arises what causes the myocardial 
patterning defects in the Msx1-Msx2 double null mice (Chen et al., 2008), which differ 
only from Msx2 null mice in that they additionally lack Msx1 expression in the cushions. 
In the atrioventricular canal, BMP2 activates myocardial Tbx2 and Msx2 expression, as well 
as Msx1 and Msx2 expression in the cushions (Fig. 4) (Ma et al., 2005; Singh et al., 2009).

Figure 3 (next page). Expression of chamber specific genes Gja1 and Gja5 in Msx2-Tbx2 and Msx2-Tbx3 
compound mutant mouse hearts. Shown are the left and right aspect of the atrioventricular canal. Arrowheads 
indicate the atrial border of the expression of the gene. Continuity of expression in Tbx2-/- mice is indicated with 
dashed lines. Age of the embryos is indicated at the right. 
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In the absence of Msx1 and Msx2, myocardial Tbx2 expression is lost, which is likely to 
lead to the observed ectopic Nppa expression (Habets et al., 2002; Chen et al., 2008). We 
propose a model in which a non cell-autonomous signal downstream of Msx1 and Msx2 
in the cushions, is necessary for the expression of Tbx2 in the myocardium. This signal, 
designated y in Fig. 4, may induce Tbx2 expression directly, or indirectly, and thus involve a 
BMP2 - Msx feedback mechanism (Ma et al., 2005; Singh et al., 2009). 

Figure 4. Proposed Msx1 and Msx2 function in the atrioventricular canal. Msx1 and Msx2 expression in 
the cushions is necessary for expression of Tbx2 in the atrioventricular myocardium, via an unknown non cell-
autonomous signal (y), that activates Tbx2 expression directly, or indirectly. This possibly involves a BMP - 
Msx feedback mechanism upstream of Tbx2. Msx2 expression in the myocardium seems to be dispensable for 
myocardial patterning.
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One potential mechanism by which Msx2 could act in the myocardium is via an interaction 
with T-box factors. We have previously shown that Msx2 and Msx1 can physically interact 
with Tbx2 and Tbx3 and can cooperate in the regulation of Gja1 (Boogerd et al., 2008). 
To test the hypothesis that Msx2 would interact with Tbx2 or Tbx3 in the specification 
of atrioventricular canal myocardium we generated and analyzed compound mutant 
mice. In these mice, we have determined the expression of known Tbx2 and Tbx3 
targets which mark the chamber myocardium (Christoffels et al., 2004; Hoogaars et al., 
2007a), and can also be suppressed by Msx2 (Boogerd et al., 2008; and our unpublished 
observations). Whereas we can confirm previous results of ectopic expression of chamber 
specific genes in the atrioventricular canal myocardium of Tbx2 null mice (Harrelson et 
al., 2004; Aanhaanen et al., 2009), we do not find any evidence for a functional or genetic 
interaction between Msx2 and Tbx2 or Msx2 and Tbx3 in the regulation of these chamber 
specific genes. Tbx2 and Tbx3 can very potently suppress chamber specific gene expression 
(Habets et al., 2002; Hoogaars et al., 2007a), and taking away only one of these factors 
induces relatively small regions of ectopic expression, with the majority of their shared 
expression domains remaining unaffected (Bakker et al., 2008; Aanhaanen et al., 2009). 
The redundancy between Tbx2 and Tbx3 explains part of this observation, however, even in 
Tbx2-Tbx3 double null mice, a morphological atrioventricular canal can be distinguished 
(Hoogaars et al., unpublished). Taken together these data suggest that the regulation of the 
developing atrioventricular canal is under tight control of multiple complex mechanisms. 
Msx2 may play a role in this process, but so far, its spatiotemporal expression pattern is the 
only in vivo indication suggestive of a role in conduction system development. 
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Introduction

The T-box genes encode a phylogenetically conserved family of transcription factors that 
share a common DNA-binding motif known as the T-box domain. They play crucial roles 
in development where they are implicated in patterning, early cell fate decisions, and many 
aspects of organogenesis. Mutations of T-box genes have been associated with human 
disorders such as DiGeorge and Holt-Oram syndromes (Packham and Brook, 2003). 

Tbx2 and Tbx3 are closely related paralogues of the T-box family that are expressed in many 
overlapping areas during development, including the heart, limbs and lungs (Chapman 
et al., 1996). They act as transcriptional repressors and have at least some target genes in 
common, including regulators of the cell cycle (Naiche et al., 2005). In addition to their 
roles during development, Tbx2 and Tbx3 are over-expressed in melanoma, breast, and 
pancreatic cancers (Jacobs et al., 2000; Prince et al., 2004; Fan et al., 2004). Their role 
in cancer may be related to their capacity to bypass senescence by repressing expression of 
p14ARF and P21CIP1 (Brummelkamp et al., 2002; Lingbeek et al., 2002; Yarosh et al., 
2008)
 
During heart development, Tbx3 is required for normal development of the cardiac 
conduction system and outflow tract (Hoogaars et al., 2007a; Bakker et al., 2008; Mesbah 
et al., 2008). In the myocardium of the sinus node and the atrioventricular canal Tbx3 
represses a chamber myocardium-specific gene program, including the gap junction genes 
Gja1 and Gja5, encoding connexin 43 (Cx43) and Cx40 respectively, and natriuretic peptide 
precursor type A (Nppa), thereby retaining a primitive myocardial phenotype (Christoffels 
et al., 2000; Christoffels et al., 2004; Mommersteeg et al., 2007). In the absence of Tbx3, 
chamber specific genes are erroneously expressed in these areas (Hoogaars et al., 2007a). 
In addition to the essential role of Tbx3 in patterning the myocardium, it has recently 
become clear that Tbx3 also induces the formation of cushion mesenchyme and epithelial 
to mesenchymal transformation (Hoogaars et al., unpublished observations). Furthermore, 
Tbx3 null mice display defects in outflow tract development that are suggestive of roles of 
Tbx3 in formation of the outflow tract cushions and patterning of the second heart field via 
signaling between neural crest and second heart field (Bakker et al., 2008; Mesbah et al., 
2008). Although these results have provided valuable insights into the roles of Tbx3 during 
multiple aspects of heart development, many of the underlying molecular mechanisms 
remain to be elucidated. 

Using a yeast 2-hybrid screen, we have identified a novel interaction between Tbx3 and 
Sox4. With truncation studies we show that the T-box of Tbx3 and the high mobility group 
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(HMG) box of Sox4 are sufficient to support the interaction. The significance for cardiac 
development of this interaction is underscored by the co-expression of Sox4 and Tbx3 in 
the mesenchyme and endocardium of the cardiac cushions, as well as a specific region of 
conduction system myocardium at the border of the left ventricle and outflow tract. When 
testing whether the interaction is exclusive for Tbx3, we found that both Tbx2 and Tbx5 
can also interact with Sox4. This suggests that there may be a more widespread mechanism 
of HMG-box - T-box interaction, and that the functionality of these interactions during 
development is dictated by their spatiotemporal expression patterns. By comparing results 
from Tbx3 and Sox4 chromatin immunoprecipitation (ChIP) experiments we identified a 
number of cardiac relevant genes that are identified in both assays and thus are candidate 
genes to be regulated by an interaction between Tbx3 and Sox4. 

Methods

Plasmid constructs
Full length (aa 1-723 / 743) and T-box region (aa 94-300 / 320) of Tbx3 or Tbx3 isoform2 
(+ exon 2a) were PCR amplified from human cDNA (NM_005996 / NM_016569) and 
cloned into pMAL2C (Clontech) to generate MBP fusion constructs. Full length (aa 
1-440) and N-terminal fragments (aa1-153, aa1-136, aa1-125) of Sox4 were PCR amplified 
from mouse cDNA (NM_009238) and cloned into pRP256nb to generate GST fusion 
constructs, or into pcDNA-myc (full length only) to generate myc-Sox4. Constructs 
encoding MBP-Tbx2-Tbox, MBP-Tbx5-Tbox, GST-Nkx2.5, HA-Tbx3, myc-Nkx2.5 have 
been described before (Hoogaars et al., 2007a; Boogerd et al., 2008).

Yeast 2-hybrid screen 
The T-box region of mouse Tbx3+2a (aa 94-320, NM_198052) was cloned into pGBKT7 
(Clontech) and tested for self-activation by co-transfection to yeast strain AH109 (Clontech) 
with empty activation domain (AD) plasmid pGADT7 (Clontech). Bait construct was 
transformed into AH109, which was subsequently mated with yeast strain Y187 that was 
pretransformed with prey library of mouse embryonic day (E) 11.5 cDNA (Clontech) 
according to the manufacturer’s instructions. Clones were selected on triple-drop-out 
selection media lacking leucine, tryptophan and histidine in the presence of the galactoside 
X-α-Gal. Surviving colonies were replated to triple drop out medium and subsequently 
picked for AD-plasmid rescue and sequencing. 

In-vitro protein interactions assay
MBP pulldown assays were performed as described before (Boogerd et al., 2008), using 
anti-GST (GST-2, Sigma-Aldrich) as primary antibody for western detection. 
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Immunofluorescence
Experiments in HEK293 cells were performed according to standard protocols. Cells 
were transfected with 375ng DNA of each plasmid, empty vector was added such that all 
cells received the same amount of total DNA. Primary antibodies used were rabbit anti-
HA (H6908, Sigma-Aldrich), mouse anti-myc (9E10, Santa-Cruz) at 1:250 dilutions, and 
secondary antibodies were Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor 568 goat 
anti-mouse IgG (Molecular probes), at 1:250 dilutions. TO-PRO3 (Invitrogen) was used 
for nuclear counterstaining. Immunofluorescent detection of proteins was repeated at least 
three times, and representative examples were photographed on a Leica DM5500 confocal 
laser microscope (Leica). 

ChIP data-analysis
Conditional Tbx3 over-expressing and cardiac specific tamoxifen inducible Cre mice 
have been described before (Sohal et al., 2001; Hoogaars et al., 2007a). Mice hearts were 
isolated 1 week after intra-peritoneal injections of tamoxifen, and Tbx3 over-expression 
was confirmed by qRT-PCR, in-situ hybridization and immunohistochemistry (not 
shown). ChIP was performed on mouse hearts using anti-Tbx3 (E-20, Santa-Cruz). 
Isolated DNA fragments were analyzed using high-throughput sequencing (Data will be 
published elsewhere). Sox4 ChIP data were obtained from NCBI gene expression omnibus 
(accession: GSE11874; (Scharer et al., 2009). Annotated genes co-occuring in both assays 
were selected for further analysis. Gene ontology (GO) terms were obtained from Mouse 
Genome Informatics (MGI) and statistical overrepresentation of these was determined using 
Ontologizer software (http://compbio.charite.de/index.php/ontologizer2.html; (Robinson 
et al., 2004).

Quantitative RT-PCR (qRT-PCR)
Total RNA was isolated from transfected H10 cells using the Nucleopsin RNA II kit (Bioké) 
according to the manufacturer’s instructions. cDNA was reverse-transcribed from 1 μg of 
total RNA using SuperScript II (Invitrogen). Expression of different genes was assayed using 
the LighCycler480 real time pcr system (Roche) and subsequently analyzed using LinReg 
software (Ruijter et al., 2009). HPRT expression served as internal control. 

Results

Tbx3 interacts with Sox4
Tbx3 has been shown to play crucial roles during development of the cardiac conduction 
system and the cushions of the atrioventricular canal and outflow tract. To gain further 
insight into the molecular mechanisms by which Tbx3 exerts these functions, we performed 
a yeast 2-hybrid screen with Tbx3 as bait. From an initial screen of >1 * 106 colonies, 12 
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surviving clones revealed a GAL4 fusion to a peptide (>40 aa) in a reading frame coding 
for a BLASTP genome identifiable sequence. Two of these clones encoded an N-terminal 
fragment of Sox4, a high mobility group (HMG) domain containing transcription factor 
that has been previously shown to be essential for normal outflow tract development and 
atrioventricular valve formation (Schilham et al., 1996; Ya et al., 1998; Goldsworthy et al., 
2008). The fragment encoded amino acids 3-153 of mouse Sox4, which contains the entire 
HMG domain. No other functional domains have been identified within this part of the 
protein and a database search for conserved domains using the NCBI CDD search option 
revealed no other conserved domains in this fragment (Figure 1a; (Hur et al., 2004; Dy et 
al., 2008; Marchler-Bauer et al., 2009)). The interaction could be confirmed using a direct 
yeast 2-hybrid assay (data not shown). 

Tbx3 and Sox4 interact via their DNA-binding domains
To validate and further investigate the interaction between Tbx3 and Sox4, we performed 
in-vitro binding assays using bacterially expressed Tbx3 fused to MBP and Sox4 fused to 
GST. Both full length Sox4 and the N-terminal fragment that was identified in the screen, 
are able to interact with MBP-Tbx3, but not with MBP alone (Figure 1b). We next tested 
whether binding of Tbx3 to Sox4 is unique among T-box proteins, or whether the closely 
related T-box proteins Tbx2 and Tbx5 can also bind to Sox4. In this in-vitro binding assay 
(Figure 1b) we found that the T-box of Tbx2 and Tbx5 are able to bind the N-terminal 
Sox4 fragment as well, suggesting promiscuity of binding between Sox4 and T-box proteins.

Multiple bands were observed in the binding between full length Sox4 and Tbx3 (Figure 
1b), which are likely to represent carboxy-terminal specific protein degradation by 
Escherichia coli endoproteases. Strikingly, the size of the smallest degradation product 
that is still retained by Tbx3 equals the size of the N-terminal fragment that was picked 
up in the 2-hybrid screen. Smaller protein fragments therefore are not retained by Tbx3, 
indicating that further shortening of Sox4 would disrupt the interaction domain. To test 
this hypothesis, we compared binding of three N-terminal fragments. Stepwise truncation 
of Sox4 showed that the shortest construct that still binds Tbx3 contains the full HMG 
domain and its C-terminal tail, whereas the construct that lacks the C-terminal tail does not 
bind anymore. 

In summary, our in-vitro binding assays show a strong interaction between Tbx3 and Sox4, 
which is mediated by their conserved DNA binding regions; the T-box and the HMG-
domain.
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Figure 1. The T-box of Tbx3 interacts with the HMG domain of Sox4. a) Diagram showing full length Sox4 
with conserved domains, and the clone that was identified in our screen (Sox4-N). The sequence of a fragment 
containing the 3rd α-helix (underlined) of the HMG box (bold) and its c-terminal tail (italics) is shown, with the 
positions of truncated constructs (125, 136) b) MBP pulldown assays showing that GST tagged Nkx2.5, Sox4 and 
Sox4-N bind to MBP-Tbx3 (middle panel) but not MBP alone (left). The T-box of Tbx3, but also Tbx2, Tbx3+2a 
and Tbx5 bind to the HMG domain of Sox4 (right). c) Mapping of the interaction domain of Sox4 showing that 
the construct that misses the C-terminal tail (Sox4-125) does not ineract with the T-box, whereas longer constructs 
do. Abbreviations: CD, central domain; S, serine rich region; TA, transactivation domain.

Tbx3 and Sox4 interact in a mammalian cellular context
To address whether the interaction between Tbx3 and Sox4 can also occur in-vivo, we 
analyzed the sub-cellular distribution of HA-tagged Tbx3 by immunofluorescence in 
HEK293 cells. When transfected to HEK cells, both Tbx3 isoforms (Tbx3, Tbx3+2a) are 
localized primarily in the cytoplasm, although some nuclear localization can be detected 
(Figure 2a and data not shown). However, upon co-expression of Sox4 or Nkx2.5 as a 
positive control, Tbx3 was detected nearly exclusively in nuclei, strongly suggesting that 
Sox4 and Tbx3 dimerize and are translocated to the nucleus together. The absence of nuclear 
recruitment upon co-expression of unrelated nuclear proteins confirmed the specificity of 
the interaction.
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Figure 2. Tbx3 and Sox4 interact in Hek293 cells. Cells were transfected with expression constructs for HA-
tagged Tbx3, in the presence or absence of nls-eYFP, Sox4 or Nkx2.5 (myc-tagged). Cytoplasmic Tbx3 is efficiently 
relocalized to the nucleus upon co-expression of Sox4 and Nkx2.5, whereas co-expression of the unrelated eYFP 
protein does not influence subcellular localization of Tbx3. 

Tbx3 and Sox4 are co-expressed during heart development
The observation that Tbx3 and Sox4 interact in-vitro and in mammalian cells raises the 
question whether these proteins might also interact during development. To determine 
in which tissues such a molecular interaction may occur, we compared the expression 
patterns of Sox4 and Tbx3 and the two closely related Tbx2 and Tbx5 genes using in-situ 
hybridization analysis of E11.5 wild-type mouse embryos. Sox4 is coexpressed with Tbx2, 
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Tbx3 and Tbx5 in the thoracic body wall, maxillary component of the first branchial arch, 
the developing lungs, and the midgut (Figure 3; Chapman et al., 1996; Hoogaars et al., 
2004). In the heart, Sox4 expression in the endocardium and mesenchyme of the cardiac 
cushions overlaps with Tbx2 and Tbx3. These regions are subject to extensive remodeling 
and differentiation processes, in which a protein-protein interaction between Sox and Tbx 
may play a role. We also detect Sox4 expression in the ventral aspect of the interventricular 
ring, a subpopulation of primitive myocardium at the border of the left ventricle and outflow 
tract (Figure 3b, 4; Wessels et al., 1992). While at E11.5 Tbx3 is expressed throughout the 
interventricular ring myocardium, Sox4 expression seems to co-localize with the part of the 
ring that will cease to express Tbx3 during later development and will not differentiate into 
conduction system myocardium(Moorman et al., 1997; Hoogaars et al., 2004).

Potential downstream targets of Tbx3 - Sox4 interaction
For many transcription factors, including T-box proteins, target promoter specificity may be 
achieved through interaction with other proteins (Black and Olson, 1998; Bruneau et al., 
2001; Hiroi et al., 2001; Habets et al., 2002). To identify genes that are potentially regulated 
by simultaneous binding of Sox4 and Tbx3 to their promoters, we compared data from 
ChIP experiments. A recently published Sox4 ChIP-chip experiment in prostate cancer cells 
was compared with our own Tbx3 ChIP-seq data that was obtained by performing ChIP on 
mouse hearts over-expressing Tbx3 throughout the myocardium upon tamoxifen injections 
(Tbx3 ChIP results to be published elsewhere; Scharer et al., 2009). From this experiment 
we selected peaks with high significance (p<0.0001, 1917 peaks) corresponding to 1649 
genes. 204 of these genes were also identified in the Sox4 ChIP. These genes have thus been 
shown to be bound by both Tbx3 and Sox4, and their expression may therefore be regulated 
by Tbx3 and Sox4 via a synergetic or antagonistic mechanism. Gene-ontology categories 
that were overrepresented in this list include “muscle system processes”, “communication 
and signaling” and “developmentally regulated processes”, which are in agreement with 
documented roles for Tbx3 during heart development (Table 1). To address whether Tbx3 
and Sox4 interact in the regulation of these genes, we performed qRT-PCR on transfected 
H10 cells for all genes underlined in Table 1. Although measurements within cDNA samples 
were highly reproducible, results between duplo transfections varied. Further investigation 
therefore requires an optimized method, which is currently being tested.

Figure 3 (next page). Saggital sections of E11.5 mouse embryos showing colocalization of Sox4 with T-box 
factors at multiple sites. a) Consecutive sections of mouse embryo showing colocalization of Sox4 with Tbx2 
and Tbx3 in maxillary component of the first branchial arch (m), and the midgut (mg) and with Tbx2, Tbx3 and 
Tbx5 in the developing heart, lungs and body wall. cTni marks all myocardium. b) Expression of Sox4 in the 
heart is localized in the endocardium and mesenchyme of the atrioventricular (*) outflow tract cushions (#), sites 
of abundant Tbx2 and Tbx3 expression. Tbx2 and Tbx3 are also expressed in the atrioventricular myocardium
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underlying the cushions, a region that does not express Sox4. dotted lines mark contours of the myocardium. 
Abbreviations: a, atrial lumen; v, ventricular lumen; oft, outflow tract; ift, inflow tract; end, endocardium; mes, 
cushion mesenchyme; cr, cranial; ca, caudal; ve, ventral; do, dorsal.
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When also taking into consideration available microarray data, we found that 67 out of 204 
genes are differentially regulated upon over-expression of Tbx3 or Sox4 (Figure 5; Hoogaars 
et al., 2007a; Scharer et al., 2009). To select for cardiac relevant genes we focused on the 
Tbx3 array experiment and show that 25% of the genes with promoter occupancy by Tbx3 
and Sox4 can also be regulated by Tbx3. This group of genes includes known target genes 
like Gja1, Cacna2d2, KcnJ3 and Tpm1 (Hoogaars et al., 2007a). These genes thus represent 
the most likely candidates for our future studies on the interaction between Tbx3 and Sox4.

Discussion
Members of the T-box and Sox families of transcriptional regulators control a diverse array of 
processes during vertebrate embryonic development. In this study, we present evidence that 
Tbx3 and Sox4 interact via their DNA binding domains, both in-vitro and in mammalian 
cells. Comparative expression analysis showed that this interaction may be functional at 
multiple sites during development, including the cardiac valves and conduction system. 

Tbx3 interacts with Sox4
The interaction studies presented here show that the DNA binding domains of Tbx3 and 
Sox4 interact. Since the interaction occurs through highly conserved domains, it is expected 
that other members of the T-box family will also interact with Sox4. Indeed, the related 
proteins Tbx2 and Tbx5 also bind Sox4. The lack of specificity is also evident for Nkx2.5 
and Gata4, which partner-up with multiple T-box genes (reviewed in (Boogerd et al., 
2009)). The functionality of these interactions is likely dictated by the timing and (co-) 
localization of expression and the relative expression levels of the different T-box factors.

Similarly, the high degree of sequence conservation between HMG domains suggests that 
other members of the Sox family may also interact with Tbx3 (Kamachi et al., 2001). For 
instance, the very early expression of Tbx3 in the inner cell mass of the blastocyst, where 
related T-box factors are not yet expressed, coincides with Sox2 expression, thus representing 
an example of a potentially interesting interaction that might be worth to further investigate 
(Chapman et al., 1996; Avilion et al., 2003). On the other hand, the interaction between 
the HMG domain of Sox4 and the ubiquitin conjugating enzyme Ubc9 is specific for Sox4 
and not shared with other Sox proteins, the specificity of which, although less likely, may 
also count for the interaction between Tbx3 and Sox4 (Pan et al., 2006).

We show that the C-terminal part of the HMG domain is essential for the interaction 
between Tbx3 and Sox4. Protein-protein interactions of Sox2, Sox8 and Sox10 with other 
transcription factors were also shown to be mediated by the C-terminal part of the HMG 
domain, which includes helix 3 and the C-terminal tail region (Kamachi et al., 2001; 
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Remenyi et al., 2003; Wissmuller et al., 2006)). Since these regions are not involved directly 
in establishing DNA contacts, they are still available for interactions with other proteins 
while Sox proteins are bound to the DNA (Werner et al., 1995; Remenyi et al., 2003). 
The C-terminal tail region is unstructured in solution and therefore is a good candidate 
for these interactions. However, the possibility that Tbx3 and Sox4 interact independent 
of DNA binding must also be considered. This was shown to be the mechanism of action 
for the interaction between Sox17, β-catenin and LEF/TCF (Sinner et al., 2007). Thus, 
the domains through which Tbx3 and Sox4 interact are also bound by numerous other 
transcriptional modulators and these interactions can occur while bound to the DNA.

Figure 4. Sox4 is expressed in the ventral aspect of the interventricular ring. a) In situ hybridization on E11.5 
section, showing Sox4 expression in the myocardium at the border of the left ventricle and outflow tract. b) 
Projection of Sox4 expression domain (green) on the lumen of an E11.5 mouse heart (orange). In cranial view (left) 
the domain overlays the connection between left ventricle and outflow tract, whereas the interventricular septum 
does not express Sox4 (caudal view, right). Abbreviations: la, left atrium; ra, right atrium; lv, left ventricle; rv, right 
ventricle; oft, outflow tract; ivs, interventricular septum; rcv, right caval vein; lcv, left caval vein.
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The finding that Tbx3 was primarily localized in the cytoplasm in Hek239 cells was 
contrary to our expectation, and not in accordance with a previous report (Carlson et al., 
2001). Artificially high expression levels of Tbx3 may prevent its efficient import into the 
nucleus in the present study. Cytoplasmic localization has also been observed in malignant 
cells in breast cancer tissues that are associated with high Tbx3 levels (Lomnytska et al., 
2006) (Yarosh et al., 2008). On the other hand, Tbx3 can be actively translocated to the 
cytoplasm by the nuclear export machinery (Kulisz and Simon, 2008). The shift in the 
balance between import and export by co-expression of Sox4 with Tbx3 reflects either the 
nuclear recruitment of Tbx3, or its retention inside the nucleus and thereby prevention of 
nuclear export. The observation that Tbx3 is specifically translocated to the nucleus in the 
presence of Sox4 is a strong indication of a direct interaction between Sox4 and Tbx3 in 
mammalian cells, and may be of mechanistic significance in terms of normal Tbx3 function. 

Shared or overlapping functions during development
From our co-expression studies and previous reports we can conclude that Tbx3 and Sox4 
are co-expressed in a number of tissues during development. Tbx2, Tbx3 and Sox4 are co-
expressed in the outflow tract of the developing heart, which is remarkable, especially when 
considering that Tbx2, Tbx3 and Sox4 null mice develop comparable outflow tract defects 
(Schilham et al., 1996; Harrelson et al., 2004; Mesbah et al., 2008). The source of the 
various defects that occur in these knock-out mice may vary, though. Sox4 is not expressed 
in the myocardium of the outflow tract, therefore the outflow tract septation and alignment 
defects in Sox4 null mice are likely to find their origin in the endocardium-derived cushion 
mesenchyme or the neural crest cells, or communication between these (Ya et al., 1998). 
The outflow tract septation and alignment defects observed in Tbx2 and Tbx3 null mice 
may be endocardium or neural crest derived as well, and thus be indicative of a disturbed 
interaction with Sox4. However, the more broad expression of Tbx2, and to a lesser extent 
Tbx3, in the myocardium of the outflow tract, in which Sox4 is not expressed, may also 
contribute to the observed defects in outflow tract patterning in these null mice. 

Recently, it was shown that a point-mutation in Sox4 resulting in a functional null allele, 
causes dysplastic atrioventricular valves in addition to the previously described outflow 
tract defects (Goldsworthy et al., 2008). Valvulogenesis starts with the formation of the 
atrioventricular cushions, which are sites of abundant Sox4 as well as Tbx2 and Tbx3 
expression. Over-expression studies have shown potential roles for Tbx2 and Tbx3 in 
atrioventricular cushion development, which are supported by the fact that in addition to 
the outflow defects observed in the single nulls Tbx2-Tbx3 compound mutants do not 
develop atrioventricular cushions (Singh et al., 2005; Hoogaars et al., 2007a; VC, personal 
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communication). Therefore, Sox4 acts in the same processes in atrioventricular cushion 
development with Tbx2 and Tbx3, which potentially involves a cooperative interaction 
between these proteins.

We also show an additional, previously unrecognized domain of Sox4 expression in the 
myocardium at the border of the left ventricle and the outflow tract, which is the ventral 
aspect of the interventricular ring (Moorman et al., 1997). In contrast to the dorsal part, 
which will ultimately form the atrioventricular node and bundle, the ventral region will 
contribute to the septal branch and the retroaortic root bundle, part of which will loose its 
Tbx3 expression during later development and disappear (Wessels et al., 1992; Hoogaars 
et al., 2004; Yanni et al., 2009). The highly localized Sox4 expression is suggestive of a role 
in the specification of this subcomponent of the interventricular ring. Considering that 
this part will not contribute to the conduction system, Sox4 may be involved in down-
regulation of Tbx3 at later stages. On the other hand, the disappearance of this part of 
the ring during later development may be caused by apoptosis, which would fit with a 
previously documented role for Sox4 in the apoptotic pathway (van den Hoff et al., 2000; 
Hur et al., 2004). Further insight into the function of Sox4 in this area could be obtained 
using myocardial specific ablation of Sox4 (Agah et al., 1997; Penzo-Mendez et al., 2007). 

Figure 5. Comparison of ChIP and microarray results. Venn diagram showing numbers of genes that are 
identified in both the Tbx3 and Sox4 ChIP experiments (bottom circle, 204), and whether these have also been 
identified as target genes in Tbx3 (left) or Sox4 (right) over-expression micro-array experiments. 67 out of 204 
genes also occur in the arrays, of which 3 were found in all four experiments.



Chapter 592

Defining downstream targets
To gain insight into the processes that may be regulated by these factors, we defined target 
genes shared by Tbx3 and Sox4, the expression of which may thus be influenced by an 
interaction between the two. Comparison of Tbx3 and Sox4 ChIP experiments shows that 
at least 200 genes are in common. By including microarray datasets we have obtained a list 
of genes of which we know that their promoters are occupied by Tbx3 and Sox4 in-vivo, 
and these genes are differentially regulated in the myocardium upon overexpression of Tbx3. 
Within this group of genes we identify several known Tbx3 target genes including Gja1, 
Cacna2d2, KcnJ3 and Tpm1 (Hoogaars et al., 2007a). These observations indicate that by 
comparing datasets from different in-vivo ChIP and expression arrays we have obtained 
a relevant list with candidate genes that will be subject of future investigations to further 
explore the functionality of the interaction between Tbx3 and Sox4.
 
Unfortunately, a transfection based assay to study differential gene regulation by Tbx3 and 
Sox4 in H10 cells was unsuccessful. The lack of reproducible results in this assay may be 
explained by the fact that H10 cells are transformed with an SV40 temperature-sensitive 
antigen (Jahn et al., 1996). While proliferating when cultured at 33°C, cells differentiate 
to adapt a more cardiomyocyte like phenotype at 37°C. Possibly, leakyness of this system 
might explain the variation between duplo transfections. Testing the method on other, more 
stable, cell-lines in an attempt to try to identify co-regulated genes is currently in progress.

An alternative approach to identify potentially shared target genes might be to test for 
promoter co-occupancy by sequential ChIP, preferably using endogenous proteins in a 
relevant cellular context (Wang et al., 2006a; Medeiros et al., 2009). However, one has to 
bear in mind that these approaches are technically challenging, especially when considering 
that the number of cells co-expressing Tbx3 and Sox4 are relatively small. It would be worth 
considering culturing cushion mesenchyme of the outflow tract to expand the number 
of cells. These approaches may contribute to the elucidation of the functional role of the 
interaction between Sox4 and Tbx3.
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Abstract

Holt-Oram syndrome (HOS) is a heart/hand syndrome clinically characterized by upper 
limb and cardiac malformations. Mutations in T-box transcription factor 5 (TBX5) underlie 
this syndrome, the majority of which lead to premature stops. In this study we present 
our functional analyses of 4 novel missense TBX5 mutations identified in HOS patients, 
most of whom presented with severe cardiac malformations. Functional characterization 
of mutant proteins shows a dramatic loss of DNA binding capacity, as well as diminished 
binding to known cardiac interaction partners NKX2-5 and GATA4. The disturbance of 
these interactions leads to a loss of function, as measured by the reduced activation of Nppa 
and FGF10, though with variable severity. Two out of the four mutations are peculiar, as 
one, p.H220del, is associated with additional extra-cardiac defects, perhaps by interfering 
with other T-box dependant pathways. And one, p.I106V, leads to limb defects only, which 
is supported by its normal interaction with cardiac specific interaction partners. Overall, 
our data are consistent with the hypothesis that the missense mutations in TBX5 lead to 
functional haploinsufficiency and result in a reduced transcription activation of target 
genes. The accumulation of these defects is likely central to the pathogenesis of Holt-Oram 
syndrome

Introduction

Holt-Oram syndrome (HOS) is a hand-heart syndrome that segregates in an autosomal 
dominant fashion. HOS is characterized by upper limb anomalies and congenital heart 
defects (CHD) (Holt and Oram S., 1960; Basson et al., 1994). Upper limb anomalies 
involve the preaxial radial ray and is most often bilateral and asymmetric. The most 
common forms of CHD associated with HOS are atrial septum defect (ASD), usually of the 
ostium secundum variety (ASD II), and ventricular septal defects (VSD), usually occurring 
in the muscular trabeculated septum. Cardiac conduction disease and atrial fibrillation 
may also occur, regardless of the presence or absence of congenital heart defects (Basson 
et al., 1994; Bruneau et al., 1999; Postma et al., 2008). HOS patients may suffer from 
limb malformations, heart defects or both, the severity of which varies substantially, even 
within families (Lehner et al., 2003). No obvious correlation exists between the severity of 
the cardiac and skeletal abnormalities of the patient (Newbury-Ecob et al., 1996). 

HOS is linked to single-gene mutations in the transcription factor TBX5, a member of the 
evolutionary conserved T-box family of transcription factors (Basson et al., 1997; Li et al., 
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1997). Mutations in several other T-box genes are associated with malformations such as 
cardiac septal defects and dilated cardiomyopathy (TBX20; Kirk et al., 2007), cleft palate 
(TBX22), and syndromes such as DiGeorge syndrome (TBX1) and Ulnar–Mammary 
syndrome (TBX3) (Packham and Brook, 2003). Seventy percent of the identified TBX5 
mutations lead to a premature stop codon and in these patients HOS is presumably caused 
by haploinsufficiency. Although the HOS-associated mutations are distributed across all 
exons of TBX5, the majority are found within the T-box DNA binding domain (Mori and 
Bruneau, 2004). Nevertheless, there is no evidence that either the type of mutation or the 
location of a mutation is predictive for the severity of the heart or limb malformations in 
HOS patients (Brassington et al., 2003).

The T-box is involved in DNA binding and protein-protein interactions (Bruneau et al., 
2001; Hiroi et al., 2001). Several mutations within the T-box affect DNA-binding and 
interaction with NKX2-5 and GATA4, resulting in reduced activation of downstream 
targets in cardiac development like NPPA and CX40 (Garg et al., 2003; Fan et al., 2003a; 
Fan et al., 2003b). Tbx5 also synergizes with Sall4 in the regulation of Fgf10 expression in 
the forelimbs via direct effects on the Fgf10 promoter (Koshiba-Takeuchi et al., 2006).

In this study we present five mutations in TBX5 identified in patients with HOS. Four 
of these are novel mutations, which were identified in patients with multiple cardiac 
malformations. Functional analysis shows that the novel mutations all encode proteins 
which fail to bind DNA, have reduced binding to NKX2-5 and GATA4 and are functionally 
deficit, as measured by the failure to activate the Nppa and Fgf10 genes. In addition to this, 
we identified a previously published TBX5 mutation (p.Ile106Val; McDermott et al., 2005) 
in a patient, which was also present in two family members without a history of limb or 
heart defects. Both our patient and the patient described by McDermott and coworkers 
suffer from upper limb defects only. In line with this, the interaction of this mutant protein 
with cardiac specific protein partners and binding to an essential cardiac NPPA promoter 
fragment were similar to wildtype TBX5. We propose that this mutation leads to a loss of 
limb-specific function, the expressivity of which may be very mild depending on the genetic 
background.

Methods

Patients and molecular analysis
Patients were referred to the Department of Clinical Genetics of either the Erasmus MC, 
Rotterdam or the AMC Amsterdam, the Netherlands, for confirmation of a molecular 
diagnosis of HOS. Family studies were initiated for all TBX5 mutation patients and 
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included genetic counselling, physical and cardiologic evaluation and molecular testing of 
first and second-degree relatives when appropriate.

Genetic testing
Genomic DNA was isolated from peripheral blood samples using standard procedures. All 
coding regions and intron-exon boundaries of the TBX5 gene were analysed using direct 
sequence analysis (reference sequence NM_000192.3). Analysis of M13-tagged PCR 
products was carried out on an ABI3730xl capillary sequencer using Big-Dye Terminator 
v 3.1 chemistry (Applied Biosystems; details of methods and primer sequences are available 
upon request.) Analysis of sequence data was performed using SeqScape analysis software 
(v2.5, Applied Biosystems). To detect possible genomic rearrangements in TBX5, MLPA 
analysis was performed (MRC Holland kit P180). Identified mutations were absent from 
600 chromosomes of ethnically matched control individuals.

Plasmid constructs and transfections
Construct encoding TBX5 fused to maltose binding protein (MBP; pMAL2C-TBX5-T-
box) and NKX2-5 fused to GST (pRP265nb-NKX2.5) have been described before (Boogerd 
et al., 2008). Constructs encoding MBP-TBX5-mutants were constructed by PCR 
using the pcDNA-based expression plasmids mentioned below as a template. Eukaryotic 
expression vectors pcDNA-flag-TBX5, pcDNA-flag-NKX2-5, pcDNA-myc-NKX2-5 and 
pcDNA-myc-GATA4, as well as the Nppa luciferase reporter construct have been described 
before (Habets et al., 2002; Garg et al., 2003; Postma et al., 2008). pcDNA-Flag-TBX5-
mutants were constructed using site directed mutagenesis (primer sequences available upon 
request). Reading frames from PCR generated constructs were fully verified by sequencing. 
Transfections were performed using polyethylenimine (25 kDa, linear, Brunschwick) as a 
carrier, in a DNA:PEI ratio 1:3.

Nuclear localization
COS7 cells were seeded on cover slips and transfected with wildtype (WT) or mutant 
pcDNA-flag-TBX5. Immunodetection was performed using mouse anti-flag (stratagene) and 
Alexa488-conjugated goat anti-mouse antibodies (Molecular Probes), as described before 
(Postma et al., 2008). 

EMSA
Non-radioactive electrophoretic mobility shift assay was performed using bacterially 
expressed, purified WT and mutant MBP-TBX5-Tbox, as described before (Boogerd 
et al., 2008), with an oligonucleotide containing the T-box binding element (TBE) at 
position -250 of the Nppa promoter (5’-TCTGCTCTTCTCACACCTTTGAAGTG 
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GGGGCCTCTTG).

Binding assays
E. coli BL21 cells were transformed with bacterial expression constructs. Cells were induced 
with 1 mM isopropyl-ß-D-thiogalactopyranoside (IPTG) (Gibco-BRL) and after 2 h growth 
at 30°C, harvested by centrifugation and resuspended in 5 ml of ice-cold phosphate-buffered 

saline containing 0.05% v/v Triton X-100 (Sigma) (PBS-Tr). Cell suspensions were lysed 
by sonication and centrifuged to pellet cell debris. GST containing fusion constructs were 
purified on glutathione 4B-Sepharose following the manufacturer’s instructions (Pharmacia). 
Binding assays were set-up as described previously (Barnett et al., 2000) except that a total 
2 μg of target GST-fusion was passed over the MBP-fusion bound amylose column in 1 ml 
PBS-Tr.

Co-immuno-precipitation, gel electrophoresis and western blotting
HEK cells were transfected with the appropriate combination of pcDNA-based expression 
vectors, using empty pcDNA3.1 vector as input correction or negative control. Cells were 
harvested 48 hours post transfection and lysed in lysis buffer (150 mM NaCl, 10 mM 
NaPO4, pH 7.4, 0,2% Triton X-100, 1mM EDTA, 10% glycerol) for 30 minutes followed 
by two 5 second sonification pulses at 20% power. After clearance by centrifugation at 
16000 x g for 15 minutes, cell lysates were incubated for 2h with M2-anti-flag-beads (Sigma) 
and subsequently washed 3 times with lysis buffer. Proteins were eluted by the addition 
of 2x Laemmli sample buffer (120 mM Tris-HCl pH 6.8, 4% SDS, 20% glycerol, 10% 
2-mercaptoethanol, bromophenol blue). Proteins were typically run on a 12% denaturing 
polyacrylamide gel (PAGE) and blotted onto 0.45 μm polyvinylidene fluoride membrane 
(PVDF; Immobilon P, Millipore) on a Trans-Blot SD semi dry blotting apparatus (Biorad) 
for 20 min at 15V using TBE (90 mM Tris, 90 mM Boric Acid, 2 mM EDTA) as transfer 
buffer. Blocking and antibody incubations were performed in 2% (w/v) protifar plus 
(Nutricia) in TBS-Tween (50 mM Tris pH7.5, 150 mM NaCl, 0,1% Tween-20 [Sigma]). 
Immunodetection was performed using mouse anti-FLAG (M2, stratagene), rabbit anti-
myc (sigma) or goat anti-Gata4 (E-20; Santa-Cruz) and the appropriate secondary antibody 
conjugated to horse-radish peroxidase (GAM-HRP, DAR-HRP or DAG-HRP). Blots were 
visualized using enhanced chemiluminescence (Amersham), recorded with a LAS-3000 
imaging system (FujiFilm) and subsequently analyzed using Advanced Image Data Analysis 
software (AIDA v3.44, Raytest). Results of three independent experiments were subjected to 
statistical analysis using two tailed T-test. 

Luciferase assay
Neonatal rat heart myocytes, immortalized with a temperature-sensitive SV40 T antigen, 
(H10 cells (Jahn et al., 1996)) were grown in standard 12-wells plates in Dulbeccos Modified 
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Eagles Medium supplemented with 10% fetal calf serum (Gibco-BRL) and glutamine, were 
transfected in triplicate. Standard 700 ng Nppa-luciferase construct was co-transfected with 
3 ng of phRG-TK vector, as normalization control (Promega), together with appropriate 
combinations of pcDNA3.1 expression constructs. Measurements were performed on 
a Glomax 20/20 or Glomax E9031 luminometer. Duplo transfection experiments were 
repeated at least three times for each condition, data was corrected for intersession variation 
as described (Ruijter et al., 2006). Statistical analysis was performed using two tailed T-test, 
P<0.05 was considered significant. 

RNA isolation, cDNA synthesis and quantitative PCR
H10 and H9C2 (Kimes and Brandt, 1976) cells were plated on standard 6-well plate the 
day prior to transfection with 5 μg of expression construct. 48 h post transfection total-
RNA was isolated using Nucleospin RNA II kit (Clontech) following the manufacturer’s 
recommendations. Isolated RNA was reverse transcribed using oligo(dT) primer and 
Superscript II RT-PCR kit (Invitrogen) following the manufacturer’s protocol. Expression 
of target genes was quantified using quantitative PCR (qPCR) on a LightCycler480 
(Roche). Samples were measured in triplicate, experiments were repeated at least 3 times. 
Quantification was performed using LinReg software (Ruijter et al., 2009) and factor 
correction for intersession variation (Ruijter et al., 2006) followed by statistical analysis 
using two tailed T-test.

Results
Molecular analysis of TBX5 in suspected Holt-Oram syndrome patients resulted in the 
identification of five missense mutations, leading to p.Met74Ile, p.Leu94Arg, p.Ile106Val, 
p.His220del and p.Arg237Pro mutant proteins. Genomic rearragements were investigated 
using MLPA, however none were found. The clinical features in the probands and their 
affected relatives are consistent with previous descriptions of HOS (Table 1) (Holt and 
Oram S., 1960) (Basson et al., 1994). All had upper limb malformations, and, apart 
from the p.Ile106Val mutation, also congenital cardiac anomalies. However, significant 
differences were observed in the expression of limb and cardiac phenotypes resulting from 
distinct TBX5 mutations. 

M74I. This patient presented with a small ventricular septal defect (VSD), left ventricular 
hypertrophy, and symptomatic ventricular tachycardia for which an implantable cardioverter 
defribillator was implanted at the age of 60. Congenital defects of upper extremities were 
present. On the right side the index finger and thumb were fused and bones were absent 
from the thumb. On both hands the patient is unable to flex his fingers. Supination of both 
the forearms is limited and the patient has sloping shoulders. The mutation was absent in 
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L94R. The index presented with classical clinical signs of Holt-Oram syndrome. The patient 
has an atrial septal defect (ASD) and a small VSD. On both hands she has a tri-phalangeal 
thumb. The mutation was absent in DNA from both parents.
H220del. The index presented with an aplasia of the radius on the right side, a shortened 
radius and ulna on the left side, bilateral tri-phalangeal thumbs and 11 pairs of ribs. Cardiac 
defects were severe including a complete atrioventricular septal defect (AVSD), multiple 
muscular VSD’s, hypoplastic right ventricle and an atrioventricular valve insufficiency. 
Additional vascular defects included pulmonary artery stenosis and hypoplasia of pulmonary 
veins. The cardiac malformations were inoperable and the patient died at the age of 11 
months. She had a normal female karyotype (46, XX). The mutation was absent in both 
parental DNA samples.
R237P. Index presented prenatally with a suspected ASD. Postnatal an ASD II and 
multiple VSDs were confirmed for which patient was operated at the age of 4.5 months. 
After surgery there was a complete AV-block requiring an external pace-maker. Her hand 
phenotype was very mild with somewhat longer thumbs, X-rays of the upper limbs showed 
no additional abnormalities. The father of the patient also shows characteristics of HOS and 
carries the mutation. He has a large ASD II and persistent left superior vena cava ending in 
coronary sinus. The ASD was surgically closed at the age of 7 years and the left caval vein 
was reconstructed. Subsequently he developed tachycardias and an atrium flutter. At the 
age of 11, he presented with sinusnode dysfunction for which an epicardial pacemaker was 
implanted. Upper limb abnormalities were limited to sloping shoulders. The mutation was 
absent in DNA samples from both parents of the father of the index patient.
I106V, The index presented with severe upper limb malformations. Genetic testing 
included screening of TBX3, however no mutations were found. On the left side there 
was monodactyly and an absent ulna and radius. On the right side there was a short 
radius and ulna, with three digits. Mother and grandfather did not show limb defects or 
congenital heart defects, although they both carry the I106V mutation. The same mutation 
(c.316A>G, I106V) was described as pathogenic in literature, in a HOS patient with upper 
limb deformities without cardiac anomalies (McDermott et al., 2005). 

Mutations affect the T-box of TBX5
All the identified TBX5 mutations reside within the highly conserved T-box, the DNA 
binding domain that is present in all T-box proteins (Figure 1). Furthermore, the M74 
and R237 residues are highly conserved between orthologues and paralogues (Figure 
1). Interestingly, arginine residue 237 mutations have been described before in patients 
suffering from HOS (R237W and R237Q), indicating this area as a mutational hotspot 
(Basson et al., 1999; Brassington et al., 2003). The L94 and H220 residues are conserved 
between orthologues, but paralogues show substitutions at these positions. The I106 residue 
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(mutated to a valine), is the least conserved residue of the mutations. In zebrafish Tbx5 a 
valine residue is located at this position, indicating that an isoleucine to valine change in 
this location is likely to be tolerated in the T-box structure and function. The positions of 
the mutations are shown in a protein model of the T-Box bound to the DNA in figure 1 
From this figure it can be appreciated that amino acid residues M74, R237 and H220 are 
located in close proximity to the DNA, whereas L94 and I106 are located at the surface of 
the T-box, and are more exposed. 

Figure 1. Conservation and location of mutated residues in the T-box of Tbx5. (A) Three dimensional structure 
of the T-box of TBX5 bound to DNA indicating the location of amino acid residues M74, L94, I106, H220 
and R237, mutated in the missense mutations identified in this study. Alpha helices shown in red, beta-sheets in 
orange. (B) Alignment of protein regions flanking the sites of mutation in TBX5. In the upper part of the table, 
human TBX5 is aligned with orthologous proteins in multiple species. In the lower part, TBX5 is aligned with 
paralogous human proteins, from the Tbox-1 (TBX1, TBX20) and Tbox-2 subfamily (TBX 2, TBX3 and TBX4).
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Functional defects in DNA binding of TBX5 mutations
The transcription factor TBX5 activates its target genes by binding to the DNA via its DNA 
binding domain, the T-box. The mutations discussed in this article are all located within 
the T-box. Consequently we tested the DNA binding capacity of the mutant proteins, 
using electrophoretic mobility shift assay (EMSA). A fragment of the Nppa promoter was 
used, containing a well characterized functional T-box binding element (TBE; Bruneau et 
al., 2001; Hiroi et al., 2001). The T-box of TBX5 can strongly bind to the DNA, whereas 
the M74I, L94R, R237P and H220del mutant proteins fail to bind DNA (Figure 2). In 
contrast, the I106V mutation does not interfere with DNA binding. 

Normal subcellular distribution of TBX5 mutations
To be able to regulate transcription and exert its function, TBX5 needs to be present in 
the nucleus. The localization of the mutant TBX5 proteins was assessed by transfecting 
a flag-tagged version of the mutant proteins into a rat heart-derived cell line (H10). The 
localization of mutant and wildtype proteins was visualized with an anti-flag antibody using 
immunostaining. Figure 3 shows that wildtype TBX5 protein localizes exclusively inside 
the nucleus and all mutant TBX5 proteins show a remarkably similar distribution pattern, 
indicating that the process of nuclear import is not affected by the mutations.

Figure 2. Electrophoretic mobility shift assay (EMSA) showing binding of TBX5-Tbox to an Nppa -promoter 
fragment. WT TBX5 Tbox binds to the DNA, as does the I106V mutant. The mutant Tbx5 proteins M74I, 
L94R, R237P and H220del do not bind DNA. Lower panel shows a total protein staining (coomassie) for the 
input proteins, showing that comparable amounts of protein have been loaded in this assay.
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Figure 3. Nuclear localization of wildtype and mutant TBX5 as shown by immunofluorescence. In green, all 
nuclei (sybr green); in red, TBX5 (anti-flag). 

TBX5 mutations impair interaction with NKX2.5 in vitro
TBX5 cooperates and physically interacts with the homeodomain transcription factor 
NKX2-5, an interaction that is essential for proper heart development (Bruneau et 
al., 2001; Hiroi et al., 2001). This interaction depends upon the T-box of TBX5 and 
the homeodomain of NKX2-5. To test the effect of the mutant TBX5 proteins on the 
interaction with NKX2-5 we used an MBP pull down assay. Using this approach we show 
that the wildtype T-box of TBX5 binds to the homeodomain of NKX2-5 as expected 
(Figure 4a). However, the interaction is severely diminished in the case of the M74I, L94R, 
H220del and R237P mutations, whereas the binding of the I106V mutant to NKX2-5 is 
not significantly changed and similar to wildtype. 

Differential disturbance of protein-protein interactions between TBX5 and 
NKX2-5 and GATA4 in a cellular context
To get more insight into the binding of TBX5 to NKX2-5, we tested the interaction 
between full length TBX5 and NKX2-5 in the context of mammalian cells using co-
immuno precipitation (CoIP). As shown in figure 4b, NKX2-5 is precipitated specifically 
when co-expressed with wildtype TBX5 (lane1-2). The M74I, L94R, H220del and R237P 
mutant proteins show a drastic reduction of NKX2-5 binding capacity. NKX2-5 binding 
of the previously published R237W mutant protein was also affected, although some 
residual binding can be observed. However, this effect is not significantly different from the 
R237P mutant protein. The I106V mutant retains the capacity to bind NKX2-5, though 
results varied between experiments, which is reflected by relatively large error bars (figure 
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4c). This variation was also observed for the G125R gain-of-function mutant (Postma et 
al., 2008), which, in line with the previous study, behaves similar to the wildtype protein 
with respect to NKX2-5 binding. GATA4, another essential partner of TBX5 during heart 
development, can also bind to TBX5 (Garg et al., 2003). Therefore we subsequently tested 
the ability of the mutant forms of TBX5 to bind GATA4 using CoIP. As shown in figure 4d, 
GATA4 and wildtype TBX5 interact in this human cell-line. Mutant proteins M74I, L94R, 
H220del and R237P have largely lost their capacity to interact with GATA4. Strikingly, the 
R237W mutant shows only mild reduction of its GATA4 interacting capacity, to an extent 
that it is not significantly different from the wildtype protein in our assay. The I106V and 
G125R mutants both show a tendency to enhanced binding of GATA4, though this is not 
significant.  

Functional defects in target gene activation
To test the functional consequences of the mutations in a mammalian cellular context, we 
used a reporter assay in which the proximal ANF promoter (-270 to +1) was fused to the 
luciferase gene. This promoter contains functional T-box binding elements (TBEs) that are 
essential for regulation of its expression during development and adult life (Hiroi et al., 
2001). TBX5 synergizes with NKX2-5 in the activation of this promoter, and therefore we 
tested the synergetic effect between NKX2-5 and the mutant TBX5 proteins. As shown in 
figure 5a, wildtype TBX5 and NKX2-5 synergistically activate the reporter construct. The 
M74I, L94R, H220del and R237P mutants all show a decreased activation of the reporter in 
the presence of NKX2-5. The I106V mutant activates this promoter construct in a manner 
similar to the wildtype protein, whereas the gain of function mutant G125R significantly 
enhanced activation. Interestingly, the replacement of arginine 237 by a proline has a more 
drastic effect on the activation of this promoter than when replaced with a tryptophan.

The I106V protein does not show any functional defects in these assays. To further 
characterize the functionality of this protein we performed qPCR for known target genes in 
H10 and H9C2 cells. Expression of Nppa was not affected by the I106V mutation, whereas 
the G125R gain-of-function mutant shows the expected increase in Nppa expression (Figure 
5c). Since the patient carrying the I106V mutation only shows limb defects, we also tested 
the functionality of the mutant protein in the activation of FGF10, a TBX5 target gene 
essential for limb development (Ng et al., 2002). In contrast to the M74I mutant protein, 
which acts as a loss of function mutant in this assay, the I106V mutant protein activates the 
FGF10 promoter construct in a manner similar to wildtype TBX5 (Figure 5b).
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Figure 4. Mutant proteins show reduced binding to NKX2-5 and GATA4. (A) In-vitro protein interaction assay. 
(A) Coomassie stained protein gel showing that equivalent amounts of WT and mutant TBX5 has been loaded on 
the columns for this pulldown assay. Western blot (lower panel) shows that the amount of Nkx.5 that is retained on 
the column depends on the form of TBX5. (B-E) Co-immunoprecipitation (CoIP) of TBX5 mutants with NKX2-
5 and GATA4. (B,D) Western blot showing equivalent inputs of NKX2-5 or GATA4 (anti-myc, top), equivalent 
IP of the flag tagged TBX5 (wt & mutants, anti-flag, middle panel) and different levels of CoIP of NKX2-5 or 
GATA4 (anti-myc/anti-Gata4, bottom panel). G125R is a previously described gain of function mutation that 
has retained its capacity to interact with NKX2-5 (Postma et al., 2008), R237W is known to have lost (part of ) 
its interaction with NKX2-5 and GATA4. (C,E) Graph showing quantification of co-immunoprecipitation results 
from 3 separate experiments, error bars represent standard errors, * P<0.01, # p<0.1.
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Discussion
Holt-Oram Syndrome is a developmental disorder characterized by upper limb 
abnormalities and cardiac defects, which is linked to single gene mutations in TBX5. In 
this study we present four novel mutations which are associated with HOS in patients 
with multiple cardiac malformations. In order to investigate the effect of the mutations on 
the proteins function during heart development, the mutant proteins were biochemically 
characterized using in vitro assays and tested for functionality in a mammalian cellular 
context. 

Most of the TBX5 mutations found in HOS patients result in a premature stop, and encode 
a non-functional abrogated protein. Missense mutation and small deletions may be more 
informative on the role of specific residues or active domains within the protein, or uncover

Figure 5. Functional consequences of mutations on activation of Nppa and FGF10 promoters. (A) Graph 
showing the relative activation of the ANF reporter construct by wildtype TBX5 and the mutants, without (open 
bars) and with (filled bars) NKX2-5. (B) Relative activation of FGF10 promoter construct by M74I and I106V 
mutants. (C) Quantification of endogenous Nppa activation in mammalian cells using qRT-PCR. *, p<0.05. Error 
bars represent standard error (SEM). Each condition was tested at least in 3 independent triplicate experiments.
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novel functions of the protein. In this study, we present the novel missense mutations M74I, 
L94R and R237P, a small deletion H220del and a previously published I106V missense 
mutation. All mutations reside inside the T-box and all patients carrying novel mutations 
suffer from severe cardiac defects.

The M74 residue is located in the second helix of the T-box, which is in close proximity to 
the DNA. In line with this, mutation of this residue, as seen in the M74I patient, leads to a 
complete loss of DNA binding. Furthermore, the mutant protein can not bind to NKX2-
5 and GATA4 and consequently, this protein acts like a functional null when tested in the 
Nppa promoter activation assay. Haploinsufficiency of TBX5 is therefore likely to underlie 
the defects seen in this patient. 

In contrast to the M74 residue, the L94 residue is located relatively distant from the DNA, 
but mutation of this residue also leads to a complete loss of DNA binding. Similarly, a 
mutation of this conserved leucine residue in TBX3 (L143P) has been shown to underlie 
Ulnar Mammary Syndrome (Bamshad et al., 1999). The Tbx3-L143P mutant does not 
bind to the consensus T-box binding site (Hoogaars et al., 2008) and encodes a non-
functional protein when expressed in the mouse heart (Mommersteeg et al., 2007). The 
overall phenotype of this L94R patient is relatively mild, which may indicate that this 
protein retains some of its function. This was also noted in the luciferase assay, in which 
activation of the Nppa promoter is reduced, but not completely abolished. 

The small deletion H220del mutant was found in a patient with severe cardiac malformations 
including complete AVSD with additional multiple pulmonary venous and arterial stenoses. 
The H220del protein behaves like a functional null in our assays, and the deletion likely 
disrupts the third alpha-helix of the T-box, which is essential for DNA binding. To the 
best of our knowledge, a complete AVSD in a HOS patient has only been described once 
before (Borozdin et al., 2006), describing a frame-shift mutation near the H220 residue 
(V214fsX225). In parallel, pulmonary venous stenoses are not a typical feature of HOS, 
though have been described before in HOS patients (Kullmann et al., 1993; Newbury-Ecob 
et al., 1996; Smets et al., 2005). Whereas a mutation in TBX5 (c.1390delC) leading to an 
extended protein was associated with right lung agenesis previously (Tseng et al., 2007) , we 
report on the first case of HOS associated with pulmonary venous stenoses confirmed by 
a de novo mutation in the TBX5 gene. Tbx5 is expressed during normal lung development 
in mice and chicken(Chapman et al., 1996; Gibson-Brown et al., 1998). In mice lacking 
the transcription factor FoxF1, transcript levels of Tbx4 and Tbx5 are diminished, and 
pulmonary vasculature development is disturbed (Kalinichenko et al., 2001). In addition, 
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knock-down of both Tbx4 and Tbx5 completely abrogates lung outgrowth (Cebra-Thomas 
et al., 2003). Therefore, absence of defects in the lungs in most Holt-Oram patients, or 
Tbx5 null mice, may well correlate with the redundant action of the related factor Tbx4 in 
the lungs (Sakiyama et al., 2003). The fact that two a-typical features are observed in a HOS 
patient with a small deletion in TBX5 may suggest that the mutant protein has not only 
lost its cardiac functionality, but also interferes with pathways in other organs depending 
on the interaction with additional T-box proteins. Still, we cannot rule out that the genetic 
background contributes to these defects.

Adding to the list of mutations of amino acid residue 237 is the R237P mutation. 
Whereas previous studies report that other mutations of this amino acid residue (R237Q 
and R237W) mainly induce mild cardiac defects (Basson et al., 1999; Brassington et 
al., 2003), the R237P mutant protein is found in patients with more complex cardiac 
malformations. The coding sequence in this area of the gene is highly GC rich and this may 
have contributed to the numerous independent mutations in this location, i.e. a mutation 
hotspot. Each of these mutations is predicted to perturb binding of TBX5 to the minor 
groove of target DNA (Basson et al., 1999), and the replacement of an arginine to a proline 
residue is certainly expected to be disruptive. In line with this, the R237P mutation causes 
a more severe loss of Nppa activation when compared with R237W (Figure 5; Hiroi et al., 
2001), and it’s interaction with GATA4 is also more severely disrupted (Garg et al., 2003; 
and this study figure 4).

The expressivity of HOS is remarkably variable; even within families the same mutation 
gives rise to malformations of variable severity (Lehner et al., 2003). However, although 
the defects range from very mild to severe, carriers of a mutation are always affected. A 
special case is represented by the mutation causing the replacement of isoleucine 106 by a 
valine. Although this genotype has previously been presented as a disease causing mutation 
(McDermott et al., 2005), in our study, two out of three carriers shown no signs of HOS, 
as both limb and cardiac development were normal. In contrast, the index patient presented 
with limb defects typical of HOS, but without signs of heart defects. This is in line with the 
findings of McDermott et al., whose I106V patient meets the strict criteria for diagnosis 
of HOS, although no cardiac anomalies were detected, however the family history of that 
patient was not described. Our biochemical and functional studies show no signs of loss 
of interaction with cardiac specific interaction partners, nor misregulation of established 
cardiac target gene Nppa, which is consistent with the absence of cardiac defects in all 
carriers.
The I106 residue is conserved to some extent, although the presence of a valine residue in 
zebrafish Tbx5 indicates that an isoleucine to valine change in this location is likely to be 
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tolerated in the T-box structure and function. Since affected carriers of the I106V mutation 
suffer only from upper limb malformations, this may suggest that the interaction with limb-
specific partner proteins is affected. The expressivity of the limb defects in our study does 
not seem to be fully penetrant, however they also may be too mild to be diagnosed, perhaps 
depending on the genetic background. Based on its position in the T-box, this residue is 
available for interaction with other proteins and, importantly, the neighboring V107 residue 
is essential for interaction with histone modifying complexes (Miller et al., 2008). Taken 
together, the I106V protein seems to represent a unique mutation that causes solely a 
loss of limb specific function. Though, we cannot rule out that this mutation leads to the 
observed limb defects because of co-segregation with additional (unknown) polymorphisms 
or mutations. 

In summary, we have shown that the four novel missense mutations in TBX5 investigated 
in this study are functional mutations that cause a spectrum of biochemical and cellular 
defects. Our results indicate that the observed loss of DNA binding and loss of interaction 
with known protein partners leads to reduced transcription activation of known TBX5 
target genes. The accumulation of these defects are likely central to the pathogenesis of Holt-
Oram syndrome. Our data are consistent with the hypothesis that the missense mutations 
in TBX5 result in a functional haploinsufficiency, although the H220del mutation seems 
to induce additional defects perhaps by interfering with other T-box dependant pathways. 
In addition, we have shown that the I106V mutant, which has been associated with HOS 
before, is also present in seemingly unaffected relatives. The I106V protein retains its DNA 
binding capacity and interacts with known cardiac protein partners. Future research will 
have to show the exact nature of this variation. 
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The T-box transcription factors Tbx2 and Tbx3 are essential regulators of mammalian 
heart development. Their repressive action prevents the activation of a gene program 
that is specific for the working myocardium of the cardiac chambers. As a consequence, 
myocardium that expresses Tbx2 and/or Tbx3 retains an embryonic phenotype and can 
be induced to differentiate towards conduction system myocardium (Hoogaars et al., 
2007b). Whereas a lot of progress has been made in our understanding of their roles during 
cardiogenesis, the underlying mechanisms remain largely unknown. The goal of the work 
presented in this thesis was to uncover the molecular mechanisms by which Tbx2 and Tbx3 
regulate the formation of the cardiac conduction system.

Protein interactions determine the outcome of most cellular processes. The high degree in 
sequence similarity and the large overlap of their expression domains led us to hypothesize 
that Tbx2 and Tbx3 depend on interacting proteins that provide function and specificity. 
Therefore, identifying and characterizing protein-protein interactions and their networks 
would contribute to our understanding of the mechanisms by which Tbx2 and Tbx3 exert 
their functions during heart development on a molecular level. With the current status of 
protein technology, it is not possible to simply isolate endogenous protein complexes from 
conduction system cells and identify components. As a consequence, the identification of 
novel Tbx2 and Tbx3 interacting proteins requires the use of other, artificial systems. In 
this study, we screened for binary protein interactions in a yeast system and in parallel, tried 
to isolate entire protein complexes from cultured mammalian cells (chapter 2). The well 
established yeast 2-hybrid systems employed to this end yielded valuable information on 
novel interacting proteins. In contrast to this, the efforts we undertook to isolate Tbx2 and 
Tbx3 containing protein complexes, although straight forward in design, proved technically 
very challenging in practice.

Novel Tbx2 and Tbx3 interacting proteins
In this thesis, we describe several novel Tbx2 and Tbx3 interacting proteins, including 
transcription factors and interactions with splicing related proteins (chapter 2). After their 
initial discovery, protein interactions identified in any screen require validation in a system 
independent to that in which they were identified. The novel interactions we discovered 
between T-box proteins and Sox4, as well as the T-box - Msx interactions were validated 
and further characterized at the biochemical level, using in vitro binding assays, co-immuno 
precipitation and cellular recruitment assays (chapter 3 and 5). In this way we were able to 
demonstrate that both represent true direct interactions, which are supported by their DNA 
binding domains: the T-boxes of Tbx2 and Tbx3 interact with the HMG domain of Sox4 
and the homeodomains of Msx1 and Msx2. Whereas a T-box – homeodomain interaction 
has been described before (Tbx5 - Nkx2.5, (Hiroi et al., 2001), this study is the first to 
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provide evidence of an interaction between the T-box and the HMG domain. 

We have identified several novel protein interactions from a whole-embryo expression 
library. Several of these interacting proteins are coexpressed with T-box factors in the 
developing heart, thus representing interactions that may be functional during heart 
development. However, our validation experiments revealed that the interactions are usually 
not specific to one protein, but is shared with other proteins carrying related conserved 
protein domains. The idea that interactions across protein domains can be conserved means 
that finding an interaction is merely the start of a long path which is often driven by a 
constantly adaptive hypothesis to find the underlying nature and function of what you have 
found. Therefore, although we have put forward evidence showing that Sox4 and Msx1 
and Msx2 interact with Tbx2 and Tbx3, the translation of these results to the functionality 
of these interactions during conduction system development proved to be difficult. This 
general issue will be discussed in the following section.

Functionality of interactions between Msx and T-box factors
If two proteins operate in the same pathway, their functional interaction might be revealed by 
compound mouse studies. Since our results strongly indicated that the interaction between 
Msx proteins and T-box factors might be functional for atrioventricular canal development, 
we pursued the relevance of this interaction in vivo, in compound mutant mice (chapter 
4). We have shown that Msx2 is the only Msx gene to be expressed in the developing 
myocardium, and that its absence does not induce ectopic expression of the related factor 
Msx1. It has been shown previously that the mouse heart develops normally in the absence 
of Msx2, indicating that the atrioventricular canal myocardium does not need to express 
Msx genes for its proper development. We and others have shown that T-box factors and 
Msx proteins are potent repressors of chamber specific gene expression (chapter 3) (Habets 
et al., 2002; Christoffels et al., 2004; Harrelson et al., 2004). In addition, Tbx2, Tbx3 
and Msx2 are co-expressed in the atrioventricular canal myocardium, in a complementary 
fashion to genes specific for the cardiac chambers, indicating important functions in their 
regulation. The absence of gross myocardial patterning defects in single knock-out mice 
(Satokata et al., 2000; Harrelson et al., 2004; Bakker et al., 2008; Aanhaanen et al., 2009), 
might indicate that the absence of one factor is masked by the redundant action of the 
other. If Msx2 were to support T-box factors in the downregulation of chamber specific gene 
expression, or masks the absence of T-box factors by acting redundantly, one could expect 
to see more severe patterning defects in Tbx2-Msx2 or Tbx3-Msx2 compound null mice. 
However, our analysis of embryonic mouse hearts missing Msx2 and Tbx2 or Msx2 and 
Tbx3 did not reveal defects additional to those observed in Tbx2 or Tbx3 single null mice. 
Although we have not been able to determine the functionality of Msx2 or its interaction 
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with T-box factors in conduction system development, the absence of a confirmative result 
cannot be considered as a proof that the opposite is true. In other words, Msx2 may well 
play an important role in the complex regulation of the atrioventricular canal myocardium 
phenotype, but the tool we used has not uncovered this role. Speculating on this role, one 
might consider that Msx2 is involved in fine-tuning of expression levels of for instance 
BMP’s (Chen et al., 1996), thereby assisting in the definition of borders of expression 
domains (Hu et al., 2008), or is involved in the maintenance or establishment of epigenetic 
marks (Lee et al., 2004). Finally, it must be taken into consideration that interactions 
between T-box and Msx proteins may be functional outside the heart. 

Conserved nature of interacting domains complicates functional studies.
The T-box, homeodomain and HMG box are highly conserved domains which are present 
in multiple related proteins. The high degree of sequence conservation between family 
members, likely translates into a functional conservation of the interaction with their 
cofactors. As a consequence, when assessing the functionality of interactions between T-box 
and HMG domains for the development of the atrioventricular canal, one has to consider 
all the HMG-box proteins and T-box proteins that are simultaneously expressed in these 
cells as potential interaction partners. In the atrioventricular canal multiple T-box proteins 
and Sox proteins are coexpressed throughout development (figure 1). This would require 
testing interactions between all possible combinations of T-box and Sox transcription 
factors. Although this is feasable using systems like in vitro interaction assays or co-immuno-
precipitations, such an approach shows an interactive capacity but isn’t rather informative 
on its functionality. On the other hand, the techniques commonly used to study the in 
vivo relevance of protein-protein interactions, like compound mutant mice, in vivo Förster 
resonance energy transfer (FRET), or protein complex isolation, are not quite applicable 
for screening for the functionality of a large number of potential interactions. Moreover, 
the issue of functional redundancy might obscure results from loss of function studies. 
In theory, a blocking agent which disturbs interactions between two protein domains, 
like the ones available for intracellular signaling pathways would greatly facilitate future 
investigations into the functionality of this kind of protein-protein interactions. 

Are dual functions of protein domains separable?
Another issue that we have come across is the fact that we have not been able to separate 
DNA binding activity from protein-protein interaction activities. Mutations within 
these T-box, HMG and homeobox domains often disturb both functionalities, or none. 
Perturbations of the structure of such a domain may thus have such drastic effects that 
theentire domain is destabilized. This is illustrated by our functional studies on mutations 
in TBX5 found in patients (chapter 6). Most of these mutations lead to a loss of DNA 
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Figure 1. Many sox proteins are expressed in the atrioventricular canal region at substantially higher levels 
than the surrounding myocardium of the chambers. Data derived from Horsthuis et al., who compared 
transcriptomes between Tbx3-GFP expressing cells of the AVC and Nppa-GFP expressing cells of the cardiac 
chambers (Horsthuis et al., 2009). 

binding, as well as a loss of interaction with several partners, although with differing 
severity. The loss of function that is caused by the accumulation of these defects then 
provokes the observed phenotype. Future studies involving crystallization of transcription 
factor complexes are likely to provide valuable data that will enable us to identify the amino 
acid residues necessary for DNA binding and interactions with other proteins. Being able 
to separate DNA binding activity from protein-interacting activity would allow for a more 
detailed study into the functions or mechanisms of protein-protein interactions. Therefore, 
it is surprising that the Tbx5-Nkx2.5 interaction, which was discovered over a decade ago, 
and maybe considered one of the best examples of a protein-protein interaction that is 
essential for heart development and function, still awaits the resolution of its structure.

Differential regulation of functionally redundant proteins
In the 2-hybrid screens, we did not detect protein interactions that were specific to either 
Tbx2 or Tbx3 (or the splice variant Tbx3 +2a). In addition, we observed a high level of 
functional equivalence in the assays we and others performed. This is in line with the 
observations that the heart defects that have been described in loss of function models with 
Tbx2 or Tbx3 seem to be limited to regions which only express one of these factors, but not 
both (Harrelson et al., 2004; Bakker et al., 2008; Aanhaanen et al., 2009). An exception to 
this may be the developing outflow tract which is affected in both Tbx2 and Tbx3 knock-
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out mice (Harrelson et al., 2004; Bakker et al., 2008; Mesbah et al., 2008). However, the 
source of these various defects is likely to reside in the neural crest cells or pharyngeal tissue, 
in which the spatiotemporal expression patterns of Tbx2 and Tbx3 still need to be resolved 
at the cellular level. To determine to what extent Tbx2 and Tbx3 are functionally redundant 
it would be an interesting experiment to test whether loss of Tbx2 can be completely 
rescued by Tbx3 and vice versa. Set aside their functional equivalence, the potential to 
independently regulate their expression may be a key advantage of the co-existence of 
Tbx2 and Tbx3. Recently it was shown that the mouse Tbx4 and Tbx5 genes could be 
functionally replaced by the amphioxus Tbx4/5 gene, a gene most related to the common 
ancester of vertebrate Tbx4 and Tbx5, indicating that their regulation rather than acquired 
protein functionality underlies their respective roles in limb development (Minguillon et al., 
2009). Indeed, in addition to areas of coexpression, both Tbx2 and Tbx3 have their specific 
expression domains (Hoogaars et al., 2007b). 

Figure 2. Schematic drawings of the developing and adult atrioventricular conduction tissues. (A) Drawing 
of the heart showing the place and orientation of part of the AV conduction tissue, (B) drawing of the isolated 
atrioventricular conduction tissues during development. (C) drawing of components of the conduction system of 
the adult mammalian heart (Yanni et al., 2009). Arrows indicate the region of Sox4 expression in the developing 
heart (B) and the discontinuity of conduction tissue in the adult heart (C). Abbreviations: AV, atrioventricular; 
AVN, AV-node; RAVR, right AV ring; RARB, retroaortic root branch; SB, septal branch; His, bundle of His; 
RBB, right bundle branch. Pictures reproduced from (Wessels et al., 2003; A,B) and (Yanni et al., 2009) (C) with 
modifications.
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The evolution of Tbx2 and Tbx3 from a common ancestor gene likely explains both their 
functional redundancy and overlap in spatiotemporal expression (Agulnik et al., 1996). 
A function of their co-expression in the atrioventricular canal myocardium may be that it 
allows the developing conduction system to maintain its function despite internal or external 
perturbations. This is illustrated by the relatively subtle AVC defects in mice lacking Tbx2 
or Tbx3 (Harrelson et al., 2004; Bakker et al., 2008; Aanhaanen et al., 2009). Moreover, 
despite its importance for cardiac development, mutations in TBX3 rarely provoke heart 
defects in patients. To date, only two studies report of TBX3 mutations associated with 
ventricular septal defects, one of which also reported conduction abnormalities (Meneghini 
et al., 2006; Linden et al., 2009). In contrast, development of other structures, like the 
limbs, are more frequently disturbed by TBX3 mutations or haploinsufficiency (Meneghini 
et al., 2006). This shows that the mechanisms by which Tbx3 directs heart development 
can withstand at least some degree of perturbation. In order to gain more insight into the 
specific functions of Tbx2 and Tbx3, a comparison of their in vivo DNA binding sites, 
defined by genome wide chromatin immuno-precipitation analysis might give more insight 
into specific target genes. The prediction of transcription factor binding sites in the vicinity 
of these T-box binding regions could be very informative on potential interacting proteins 
and thus lead to the identification of novel protein partners. In addition, compound 
Tbx2-Tbx3 knock-out mice might be informative on both their overlapping and specific 
functions. 

A novel Sox4 expression domain suggests roles during conduction system 
development.
The identification of Sox4 as a potential partner of Tbx3 prompted us to investigate in 
detail the regions where these factors are co-expressed. In addition to previously recognized 
expression domains in the cardiac cushions, we identified a small but distinct region of 
myocardial cells that express Sox4 (chapter 5). These cells at the ventral border between 
the left ventricle and outflow tract are part of the developing specialized atrioventricular 
ring tissue, and probably represent part of the septal branch or retroaortic root bundle 
(figure 2a,b) reviewed in (Moorman et al., 2005). Remarkably, Tbx3 is expressed initially 
throughout the atrioventricular ring tissue, but fades during subsequent development in 
a region remarkably similar to the Sox4 expression domain and is absent there at E17.5 
(Hoogaars et al., 2004). It is tempting to speculate that there is a functional relationship 
between the expression of Sox4 and the disappearance of Tbx3 expression. The region 
of Sox4 expression also seems to overlap with a particular part of the atrioventricular 
conduction tissues which, in contrast to other parts, has disappeared in the adult 
mammalian heart (figure 2c; Yanni et al., 2009). Instead, a fibrous tissue is present at the 
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base of the aorta, creating an electrical discontinuity between the retroaortic root bundle 
(or aortic ring) and the bundles of the left AV ring. Further research is essential to establish 
how this fibrous insulation is formed and whether the expression of Sox4 attributes to the 
loss of conduction system identity of this part of the developing atrioventricular conduction 
tissues. Since the base of the aorta is a region that is prone to develop arrythmias, it is of 
great clinical interest to understand the role of Sox4 during patterning of this region. 

Concluding remarks
The development of the cardiac conduction system has attracted the attention of researchers 
for over a century. Its structure has been extensively studied, and a number of key regulators 
have been identified using knock-out studies. However, how these key players interact and 
how their interplay results in the coordinated regulation of conduction system development 
remains largely unknown. The identification and characterization of novel Tbx2 and Tbx3 
interacting proteins described in this thesis is a step towards our understanding of the 
underlying mechanisms. Further unraveling of these mechanisms is crucial to understand 
how the conduction system develops and how congenital heart defects develop, may be 
diagnosed and eventually treated. 
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Summary

During mammalian development, the heart is the first organ to form and its proper function 
is essential to further development of the embryo. In humans, three weeks after conception, 
a beating tubular heart can be observed. This tube is composed of an inner endocardial 
layer and an outer muscular layer, the myocardium. As development proceeds, localized 
proliferation and differentiation of embryonic myocardial cells marks the development of 
the cardiac chambers. At the dorsal side near the inflow of the tube, the atria develop and 
at the ventral side, the ventricles start to appear. The region of myocardium in between the 
atria and the ventricles, the atrioventricular canal, does not undergo this process. Instead, 
the atrioventricular canal myocardium retains its embryonic features and will contribute to 
the cardiac conduction system.

The T-box transcription factors Tbx2, Tbx3 and Tbx5 are important regulators of cardiac 
development. Tbx5 is a transcriptional activator, which is essential for cardiac chamber 
formation. In contrast, Tbx2 and Tbx3 are transcriptional repressors and are associated with 
the developing cardiac conduction system. Whereas a lot of knowledge has been gained on 
the roles of these factors during cardiac development, the underlying molecular mechanisms 
remain poorly understood. This thesis focuses on the molecular mechanisms by which T-box 
factors govern heart development.

A general introduction to the development of the vertebrate heart is provided in chapter 1. 
The development of different myocardial components of the heart is discussed and recent 
insights into the transcription factors driving cardiogenesis and their interactions have been 
summarized. Although a number of protein-protein interactions have been discovered 
and shown to be functional during heart development, we still lack a concise picture of 
the mechanisms by which heart development is guided. To gain insight into the molecular 
mechanisms by which Tbx2 and Tbx3 function, several approaches were applied to identify 
novel protein-protein interactions (chapter 2). Tbx2 and Tbx3 were found to interact with 
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other transcription factors and with a number of proteins associated with RNA splicing. 
In contrast to the results obtained with yeast 2-hyrbid screens, the attempts to purify Tbx2 
and Tbx3 containing protein complexes from rat heart derived cells proved difficult, but has 
provided valuable insights for our future studies involving protein complex isolation. 

Tbx2 and Tbx3 were found to specifically interact with the homeodomain transcription 
factors Msx1 and Msx2 (chapter 3). The interactions were shown to depend on the 
homeodomain of Msx proteins and the T-box of Tbx2 and Tbx3. Additionally, Tbx5 was 
found to be able to interact with Msx1 and Msx2. Remarkably, Msx2 is co-expressed with 
Tbx2 and Tbx3 in the developing atrioventricular canal of developing chicken and mouse 
hearts, in a pattern complementary to chamber myocardial specific genes, like Gja1, Gja5 
and Nppa. The functionality of this protein-protein interaction is further supported by 
the observation that Msx2 can cooperate with Tbx3 in the regulation of a Gja1 promoter 
fragment. 

To further establish the role of Msx2, and the functionality of its interaction with T-box 
factors during development of the cardiac conduction system, the effects of combined 
loss-of function were studied in vivo (chapter 4). First, it was shown that the abrogation of 
Msx2 expression does not lead to the ectopic expression of Msx1 in the myocardium of the 
atrioventricular canal. However, Msx2 null mice do not display cardiac anomalies. Therefore, 
Msx protein function in the myocardium seems to be dispensable for conduction system 
development. Msx1 and Msx2 are coexpressed in the cardiac cushions of the atrioventricular 
canal. Compound Msx1-Msx2 mice have previously been shown to develop a range of heart 
defects, including mispatterning of the conduction system myocardium. The role of Msx 
proteins in patterning conduction system myocardium therefore seems to be dependent 
on a non cell autonomous signal originating from the mesenchyme or endocardium of the 
cardiac cushions. The interaction of Msx2 with T-box factors was further explored using 
compound Tbx2-Msx2 and Tbx3-Msx2 knock-out mice. Whereas single Tbx2 and Tbx3 
null mice display a range of patterning defects, especially regarding the ectopic expression 
of chamber specific genes, these defects are not enhanced nor reduced when Msx2 is also 
knocked out. Therefore, we cannot draw any real conclusions as to the role of Msx2, or its 
interaction with Tbx2 or Tbx3 in conduction system development.

The interaction between T-box factors and the high mobility group box protein Sox4 is 
described in chapter 5. Again, the interaction is supported by the DNA binding domains 
of Tbx3 and Sox4 and the proteins are shown to interact in the context of cultured human 
cells. Microarray and chromatinIP data reveal that Tbx3 and Sox4 share a number of 
potential target genes, which might be subject to their cooperative or antagonistic effects 
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in its regulation. The significance for cardiac development of this interaction is underscored 
by the co-expression of Sox4 and Tbx3 in the mesenchyme and endocardium of the cardiac 
cushions. Moreover, a novel expression domain of Sox4 is described in part of the Tbx3-
expressing myocardium of the developing conduction system. However, during subsequent 
development, Tbx3 expression in this region fades. The area of sox4 expression in the 
developing heart seems to correspond to a region in the adult heart where the continuity 
of atrioventricular conduction tissue is disrupted. Further studies will be essential to 
understand the role of Sox4 in this region, as well as the functionality of interactions 
between T-box and HMG box proteins. 

Mutations in Tbx5 are associated with development of Holt-Oram syndrome (HOS), an 
autosomal dominant disorder characterized by congenital limb and heart defects. Chapter 
6 describes four novel mutations in the T-box of TBX5, identified in HOS patients. The 
mutations disrupt binding of Tbx5 to DNA. Moreover, the mutations disturb interactions 
of TBX5 with cardiac protein partners NKX2-5 and GATA4. In addition, a previously 
described mutation in the T-box is presented, which stands out because this protein can 
still bind to DNA, is capable of interacting with NKX2-5 and GATA4, and could function 
as a potent transcriptional activator in reporter assays. Although the patient carrying this 
mutation, and the previously reported patient, both suffer from severe limb anomalies, 
other carriers of the mutation described here show no defects, despite accurate clinical 
evaluation. The absence of observed defects in two carriers of the mutation indicates either 
a genetic background dependent effect, or may be due to the variability of expression of the 
phenotype that is typical of HOS. 

The results of these studies are collectively discussed in the final chapter (chapter 7). 
Aiming to gain understanding of the molecular mechanisms governing cardiac design, we 
identified and characterized several novel proteins interacting with Tbx2 and Tbx3. These 
interactions provide valuable novel insights into the potential mechanisms by which Tbx2 
and Tbx3 function. In addition, it raises questions with regard to the functionality of these 
interactions for heart development, and the specificity of interactions between transcription 
factors in general. Future research on the factors driving cardiogenesis will be necessary for a 
more in depth understanding of the molecular mechanisms that sculpt the heart. 
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Tijdens de embryonale ontwikkeling van zoogdieren, is het hart het eerste orgaan dat 
gevormd wordt. Een functionerend hart is noodzakelijk voor de verdere ontwikkeling van 
het embryo. Bij mensen is al 3 weken na de bevruchting een kloppend buisvormig hart 
waarneembaar. De binnenkant van deze buis is bekleed met endotheelcellen, het endocard, 
daar omheen liggen de spiercellen, het myocard. Na de vorming van de hartbuis zijn lokaal 
de eerste tekenen waarneembaar van de vorming van de  hartkamers. Op de plaats waar de 
toekomstige hartkamers zich gaan vormen gaan de cellen sneller delen, en differentiëren de 
cellen om ze in staat te stellen sneller en krachtiger samen te trekken. Aan de rugzijde zullen 
de atria (boezems) gevormd worden, aan de buikzijde vormen de ventrikels (kamers). Het 
gebied tussen de atria en de ventrikels, het atrioventriculaire kanaal, doet niet mee aan dit 
proces en behoudt zijn primitieve karakteristieken. Daardoor kan in dit gebied de aanleg 
van het geleidingssysteem geïnitieerd worden. 

De T-box transcriptiefactoren Tbx2, Tbx3 en Tbx5 zijn belangrijke regulatoren van de 
ontwikkeling van hartspiercellen. Tbx5 is een transcriptionele activator die essentieel is voor 
de ontwikkeling van hartkamers. Tbx2 en Tbx3 zijn geassocieerd met de ontwikkeling van 
de spiercellen van het geleidingssysteem en staan bekend als onderdrukkers van genexpressie. 
Onderzoek van de laatste jaren heeft veel nieuwe kennis opgeleverd over de rollen die deze 
eiwitten spelen tijdens de ontwikkeling van het hart, maar er is nog maar weinig  kennis 
over de manier waarop ze dit doen, i.e. het onderliggende mechanisme. Dit proefschrift 
beschrijft de studie naar de moleculaire mechanismes waardoor T-box factoren de vorming 
van het hart besturen. 

Hoofdstuk 1 geeft een algemene inleiding op de ontwikkeling van het hart bij zoogdieren. 
Hierin wordt uiteengezet hoe verschillende componenten van het hart gevormd worden, 
met name de spiercellen van het geledingssysteem en van de gespierde wand van de 
kamers. Vervolgens worden de transcriptiefactoren die deze ontwikkeling aansturen en hun 
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onderlinge interacties bediscussieerd. Om meer inzicht te krijgen in de mechanismes waarop 
Tbx2 en Tbx3 functioneren, hebben we verschillende technieken toegepast om onbekende 
cofactoren van deze eiwitten te identificeren (hoofdstuk 2). Een screen in gistcellen naar 
eiwitten die aan Tbx2 en Tbx3 kunnen binden heeft geleid tot de identificatie van een 
aantal nieuwe eiwitinteracties. Tbx2 en Tbx3 bleken te binden aan een aantal andere 
transcriptiefactoren (o.a. Msx1, Sox4) en een aantal eiwitten die een rol spelen bij RNA 
splicing. In parallel hebben we gepoogd om complete eiwit complexen met Tbx2 of Tbx3 
uit gekweekte zoogdiercellen te isoleren. Dit bleek technisch niet haalbaar, maar heeft 
nieuwe inzichten opgeleverd over de methode zelf die voor de toekomst bruikbaar kunnen 
zijn bij eiwitcomplex isolaties. 

Vanwege eerdere associaties met geleidingssysteem ontwikkeling zijn Msx1, en het 
gerelateerde eiwit Msx2, als eerste kandidaat partner van T-box factoren in meer detail 
bestudeerd (hoofdstuk 3). Zowel Msx1 als Msx2 kan specifiek binden aan Tbx2, Tbx3 
en Tbx5. De binding tussen deze groepen eiwitten is afhankelijk van het homeodomain 
van Msx en de T-box van Tbx-factoren, de domeinen die ook verantwoordelijk zijn voor 
binding aan het DNA. In het ontwikkelende hart van muis en kip komen Msx2, Tbx2 en 
Tbx3 samen tot expressie in de spiercellen van het atrioventriculaire kanaal. Hun expressie 
is complementair aan dat van genen specifiek voor de spierwand van de hartkamers, zoals 
Gja1, Gja5 en Nppa, hetgeen een rol voor Msx2 en Tbx2/Tbx3 in de regulatie van deze 
genen suggereert. In gekweekte cellen blijkt Msx2 te kunnen samenwerken met Tbx3 in de 
regulatie (onderdrukking) van een Gja1 promoter fragment.  

In hoofdstuk 4 wordt de functionaliteit van interacties tussen Msx2 en Tbx2 of Tbx3 
bestudeerd. De ontwikkeling van het hart in muizen waarbij tegelijkertijd 2 genen (Msx2 en 
Tbx2 of Msx2 en Tbx3) zijn uitgeschakeld is hier beschreven. Uit eerdere studies is gebleken 
dat het uitschakelen van Tbx2 of Tbx3 een veelvoud aan defecten veroorzaakt in de vorming 
van het hart. In tegenstelling tot het wegnemen van Msx2, hetgeen geen invloed lijkt te 
hebben op de hartontwikkeling. Het uitschakelen van Msx2 en Tbx2 of Msx2 en Tbx3 lijkt 
de defecten die zijn gevonden in enkele knock-outs niet te verergeren of te verminderen. Dit 
zou verklaard kunnen worden als in de afwezigheid van Msx2, zijn functie overgenomen 
zou worden door Msx1. Dat blijkt niet het geval, waardoor geconcludeerd kan worden 
dat de expressie van Msx genen in het myocard niet noodzakelijk is voor de normale 
hartontwikkeling. Er is eerder aangetoond dat het wegnemen van zowel Msx1 als Msx2 een 
desastreus effect heeft op de hartontwikkeling, waarbij ook de vorming van het AV kanaal 
myocard is aangedaan. Aangezien we hebben aangetoond dat er in de Msx2 knock-out muis 
geen Msx genen tot expressie komen in het myocard, lijkt de meest logische verklaring dat 
het effect op de AV kanaal myocard ontwikkeling in de Msx1-Msx2 dubbel knock-outs 
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secundair is aan een ander defect in de signalering vanuit het kussen (voorloper van een 
hartklep) of een ander weefsel naar het myocard. 

In hoofdstuk 5 wordt de interactie tussen de transcriptiefactor Sox4 en T-box factoren 
verder gekarakteriseerd. Net zoals eerder werd aangetoond voor de Msx-Tbox interacite, zijn 
het de DNA bindende domeinen die de interactie met elkaar aangaan, en is de interactie 
niet specifiek voor een bepaalde T-box factor. Er wordt aangetoond dat de factoren ook 
in humane cellen een interactie aangaan. Om meer inzicht te krijgen in de processen die 
mogelijk gereguleerd worden door deze factoren is op basis van microarray en chromatin 
IP data een voorspelling gedaan van genen die gereguleerd zouden kunnen worden door 
de ze factoren. Sox4 en Tbx3 komen beide tot expressie in de kussens. Bovendien wordt 
aangetoond dat er in een specifiek gedeelte van het myocard Sox4-Tbx3 coexpressie is. Dit 
domein lijkt tijdens de vroege ontwikkeling het meest op geleidingssysteem myocard, maar 
zal geen deel gaan uitmaken van het geleidingssysteem. Vervolg onderzoek is noodzakelijk 
om uit te wijzen wat de rol van sox4 is in dit gebied. 

Mutaties in Tbx5 veroorzaken Holt-Oram syndroom, een afwijking die gekenmerkt wordt 
door defecten in de aanleg van de armen en het hart. Hoofdstuk 6 beschrijft 4 nieuwe 
mutaties in Tbx5 die zijn gevonden bij patiënten met dit syndroom. De mutaties verstoren 
allemaal de binding van Tbx5 aan het DNA. Bovendien kunnen de mutante eiwitten 
niet meer binden aan belangrijke cofactoren tijdens hartontwikkeling, Nkx2.5 en Gata4. 
Daarnaast is er bij een patient met afwijkingen aan de bovenarmen een mutatie gevonden, 
waarvan niet vastgesteld kon worden dat deze mutatie de functie van Tbx5 verstoord. 
Hoewel de mutatie eerder beschreven is bij patient met soortgelijke armafwijkingen, zijn de 
moeder en grootvader van de huidige patient niet aangedaan. Verder onderzoek zal moeten 
uitwijzen of dit een ziekte veroorzakende mutatie is, of dat het een vorm van het eiwit is die 
de werking ervan niet verstoord (polymorfisme).

In de algemene discussie (hoofdstuk 7) worden de resultaten van dit onderzoek 
bediscussieerd. Met als doel een beter begrip te verkrijgen van de moleculaire mechanismen 
die de ontwikkeling van het hart besturen hebben we aan aantal eiwitten gevonden die 
mogelijk samenwerken met Tbx2 en Tbx3 in de vorming van het geleidingssysteem. Deze 
nieuwe interacties geven waardevolle nieuwe inzichten over de manier waarop Tbx2 en 
Tbx3 hun functie uitvoeren. Daarnaast roept het ook vragen op over het bestuderen van 
de functionaliteit van eiwit interacties voor de hartontwikkeling, en de specificiteit van 
interacties tussen transcriptiefactoren in het algemeen. Vervolgonderzoek naar de factoren 
die hartontwikkeling aansturen zijn belangrijk voor een beter begrip van de moleculaire 
mechanismes die het hart zijn vorm geven.



144



Dankwoord 145

 

Dankwoord / Acknowledgements
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brownies die je me hebt laten winnen. Carol bedankt voor de celkweek, je hebt een enorme 
berg werk verzet de afgelopen jaren. Corry, bedankt voor je hulp bij de in-situ’s, of beter 
gezegd, voor de vele in-situ’s die je gedaan hebt waarbij ik dan kwam kijken op het moment 
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Bram en Gert (mooie jongens), tegenwoordig roomies van ’t sterfkamertje. Het was een 
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M’n “nieuwe collega’s” van de Christoffels groep: Vincent (2x), Malou, Ileana (hoe spel jij 
dat?), Irina, Martijn, Zafara, Bas (je DVD-tje met ’t complete werk van Elvis = grijs), Tilly 
en Sameer, het waren 4 fantastische maanden. Nog meer gezelligheid dankzij Marc (sinds 
wanneer moeten we ook alweer verbruik van labalcohol registreren?), Quinn (ook bedankt 
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