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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. 




