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For the heart to develop from a simple tube to a divided four-chambered muscular 

pump, localized differentiation and proliferation of primary myocardial cells into 

working myocardial cells is required. The non-chamber area of the heart tube, 

including the nodal components of the conduction system, does not attain a 

working myocardial phenotype but instead retains a more primary phenotype. The 

processes of chamber differentiation and chamber repression are strictly regulated 

by conserved transcription factors, including T-box transcription factors. In this 

thesis, Chapter 1 reviews basic embryology and heart development, in particular 

the development of the conduction system and the roles of T-box factors in it.  

A well-defined cardiac conduction system is very important for the proper 

function of the heart. Gene regulation networks involving coordinated interactions 

of different transcription factors are required for the development of the conduction 

system. One of these factors, Tbx3, a transcriptional repressor belonging to the T-

box family, represses working myocardial genes in the nodal components of the 

conduction system and thereby prevents chamber differentiation thus preserving 

the nodal phenotype in these components. To try and gain a better understanding 

of the mechanisms involved in Tbx3 mediated regulation of cardiac gene programs, 

this thesis focuses on the interactions of Tbx3 with its target genes to regulate 

transcription in the context of different protein complexes. 

Before the start of the work set out here, only several direct down-stream 

target genes of Tbx3 had been revealed. In order to map genome-wide protein-

DNA interaction profile and target genes of Tbx3 we performed chromatin 

immunoprecipitation coupled to massively parallel sequencing (ChIP-seq) of Tbx3 

in mouse heart. In Chapter 2 we provide a ChIP protocol for gaining high quality 

immunoprecipitated DNA fragments bound by a transcription factor of interest, 

which are ready to be applied to sequencing.  

Transcription factors typically regulate gene transcription through binding to 

DNA in a sequence-specific fashion. Tbx3 and its family member Tbx5, being a 

repressor and activator, respectively, both play important roles in the development 

of the cardiac conduction system. Since they share a similar DNA-binding 

consensus, they probably have to compete with each other in binding gene targets 

in the regions where they are co-expressed. In Chapter 3 we investigate the 

possible mechanism underlying this competitive process by analyzing the target 

binding profiles of Tbx3 and Tbx5 by intersecting their ChIP-seq data. Since these 

T-box factors are known to interact and work synergistically with protein-partners, 

we also study the target binding profiles of several protein-partners in relation to 

those of Tbx3 and Tbx5 in order to analyze the synergistic regulated down-stream 

targets.   

Tbx3 is expressed in the atrioventricular canal (AVC), a region that will 

derive the atrioventricular node. In Chapter 4 we determine genes down-regulated 
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by Tbx3 in the AVC, and find that many of these genes are related to ion channels, 

including Scn5a and Scn10a. Both genes are associated as modulators of cardiac 

electrophysiology and encode cardiac sodium channels that are responsible for the 

fast conduction. As afore mentioned, T-box factors work together with other factors, 

thus Tbx3 represses Scn5a and Scn10a with cooperation of its interacting-

partners. A combinatorial approach of DNA binding-site profiles of Tbx3 and 

several cardiac factors that are known to cooperate with Tbx3 is used to study the 

transcriptional network involving Tbx3 in the regulation of Scn5a and Scn10a. In 

addition, since enhancer sequences, responsible for the spatial and temporal 

expression patterns of genes, are often bound by multiple transcription factors to 

one localized site, this combinatorial approach provides us a tool to identify these 

regions. In so doing we accurately identify two fragments exerting cardiac 

enhancing activities, which are potentially responsible for the expression of Scn5a 

and/or Scn10a.  

SCN10A has been implicated by genome-wide association studies 

(GWASs) to be linked to electrocardiogram (ECG) parameters and cardiac 

arrhythmias. One of the reported human single nucleotide polymorphisms (SNP) 

rs6801957 positioned in an intron of SCN10A, has been identified to be linked to 

prolonged QRS duration. In Chapter 5 we investigate whether SNP rs6801957, 

which is found to be located within an enhancer region we identified in Chapter 4, 

affects the enhancing activity, thereby providing a possible mechanism underlying 

the effect of this SNP in cardiac conduction. Finding SCN5A and SCN10A 

enhancer elements regulated by Tbx3 not only provides valuable insights into the 

downstream functions of Tbx3, but also into the effects of trait- and disease-

associated variants located within enhancer elements in these genes.  

Tbx3 works synergistically with other co-factors for the regulation of 

transcription. Thus, to have a better understanding of the mechanism how Tbx3 

regulates gene expressions, we have to identify functional interacting protein-

partners of Tbx3. In Chapter 6 and Chapter 7 Sox4 and Msx1/2 are identified as 

novel protein-partners of Tbx3 for the regulation of the gap junction protein Cx43. 

The binding-sites of Tbx3 in Cx43 are in close proximity to those of Sox4 and 

Msx1, strongly indicating their synergistic interactions. Tbx3 is shown to be co-

expressed with Sox4 and Msx1/2 in the developing heart, implicating the biological 

significance of their interactions.  

It has been a decade since the first draft of the human genome was 

finished. The logical following challenge is to unravel the functions of our genome. 

In addition to revealing protein encoding sequences, an extremely important task is 

the identification of regulatory non-coding sequences that also comprise a major 

component of our functional genome, since they play crucial roles in the cell- and 

tissue type specific gene regulation. ChIP-seq analysis not only provides the 
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opportunity to investigate on a genome-wide scale how genes are regulated by 

sequence-specific DNA-binding transcription factors, but also an useful tool for the 

prediction of potential DNA regulatory elements such as enhancers. In addition, 

significant epigenetic differences between cell types are often found in enhancer 

regions. Thus, enhancer sequences together with epigenetics play a crucial role in 

cell-type specific gene expression. Epigenetics refers to mechanisms that regulate 

gene expression independently of the underlying DNA sequences and can be 

altered by the environment, e.g. DNA methylation and histone modification. It 

brings interface between genetic and environmental factors and is crucial for 

normal development. Epigenetic abnormalities are found to be associated with 

various diseases including heart failure and cancers.  

Following our research presented in this thesis, the next challenge can be 

identifying more functional enhancers regulated by Tbx3 in genes that are 

important for cardiac function. Trait-associated genetic variants identified by 

GWASs provide clues for the locations of DNA regulatory elements. Combinatorial 

approach of ChIP-seq analyses of epigenetic marks, Tbx3 and other cardiac 

factors together with GWASs can increase the chances in identifying functional 

cardiac enhancers. These findings can be long-term beneficial to the investigation 

of underlying mechanisms of cardiac disease- or trait-associated genetic variants, 

thereby contributing to the knowledge of the cause of a disease and the 

development of therapies, and providing a tool for the prediction of disease trait 

susceptibility.  


