
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Genomic mapping of Tbx3 interactions in the heart

Wong, L.Y.E.

Publication date
2013

Link to publication

Citation for published version (APA):
Wong, L. Y. E. (2013). Genomic mapping of Tbx3 interactions in the heart. [Thesis, fully
internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/genomic-mapping-of-tbx3-interactions-in-the-heart(6eb6bae0-84e6-4081-b056-25d7b220c40c).html


 

    

 
 
 
 
 
 
 
 
 

SUMMARY 



Summary 

172 

Human embryogenesis is a short period of approximately eight weeks in which 

extremely critical processes occur, including the formation of the germ layers 

(gastrulation) that derive different tissues and organs. Complex molecular 

mechanisms are involved in these processes, mechanisms that involve localized 

and temporal expression of critical genes whose function it is to drive 

embryogenesis ensuring correct patterning of cells and the tissues and organs they 

will derive.  

The heart is the first organ to form and function, underscoring a crucial role 

not only after birth, but during the very earliest stages of development. The heart 

starts out as a tube structure with a peristaltic like pump action. To reach the 

mature stage of a four-chambered heart consisting of ventricular and atrial 

chambers with inflow and outflow regions and valves, the heart tube must undergo 

a series of crucial developmental events. While the heart tube is growing along its 

length, it starts to bend toward the ventral side and looping rightward (a process 

termed looping). At localized regions along the heart tube cellular division and 

differentiation start to occur, setting the first wheels of chamber formation in motion 

(a process termed ballooning, due to the visible bulging of the ventricles along the 

tube). The heart is composed of different cell types with specific characteristics, all 

of which are necessary to generate specific functional components including the 

working myocardium of the chambers and the electrical components of the 

conduction system. The formation of the chambers is characterized by the 

differentiation of primary myocardial cells, an early cell state possessing an intrinsic 

slow propagation of the cardiac impulse, into working myocardial cells with faster 

conduction properties. The cardiac conduction system, which comprises the 

sinuatrial node, the atrioventricular node, the atrioventricular bundle, the bundle 

branches, and the Purkinje fibers, initiates and coordinates the electrical signals 

and therefore is responsible for the correct timing of the rhythmic and synchronized 

contractions of the heart muscle. The nodal components of the conduction system 

do not differentiate into the working myocardial phenotype but instead retain the 

primary myocardial phenotype, which is of functional importance for their role in 

generating electrical impulses. The phenotypic and functional differences between 

tissues of the conduction system and those of the chamber working myocardium 

are defined by complex molecular mechanisms involving coordinated gene 

regulation by different transcription factors. 

Transcription factors are proteins that bind to regulatory DNA sequences of 

genes to induce or repress the transcription of these genes. Crucial amino acids of 

a transcription factor's DNA binding domain recognize specific DNA base pair 

sequences, or binding-sites. These binding-sites often possess a consensus that is 

specific to a transcription factor or family of factors. The consensus is typically 

composed of a strict number of bases showing little variation in sequence and a 
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number of bases showing differing degrees of variance between individual 

members of a transcription factor family. A single transcription factor itself will have 

a particular consensus preference for a naked DNA helix, representing the most 

energetically favourable. This choice of consensus, in vivo, often shows a higher 

level of divergence, a fact  brought about by the association of other transcription 

factors in a single protein complex,  each interacting member of the complex 

reducing the total 'energy' required to associate with a given site. Enhancers, which 

are regulatory DNA elements responsible for the regulation of the expression of 

genes in a tissue-specific fashion, often show binding of multiple transcription 

factors to one localized site. Although there is no strict rule to the size of an 

enhancer, they are typically found to be in the region 500-2000 bp of DNA. 

Enhancers can be found within exons and introns in genes and in non-coding 

regions surrounding genes. They can be located at great distances from the genes 

they regulate. Identification of binding-sites of transcription factors provides 

valuable information about the locations of enhancers, giving more insight into the 

mechanisms underlying transcriptional regulation.  

Chromatin immunoprecipitation sequencing (ChIP-seq) is a powerful 

method to determine the genome-wide occupation of a protein of interest. Protein-

DNA complexes are isolated by precipitating an antibody that binds specifically to 

the protein of interest. The purified DNA fragments that are co-immunoprecipitated 

with the target protein are then massively parallel sequenced and the resulting 

sequences are mapped to the genome thus identifying the binding-sites of the 

protein. Transcription factors usually form complexes with other protein-partners to 

exert synergistic gene regulation. These protein-partners can be transcription 

factors as well that possibly bind DNA in close proximity to the factors with which 

they interact. Combining ChIP-seq analyses of interacting transcription factors can 

assess putative enhancer sequences co-occupied by a transcriptional network, 

providing a tool for the prediction of functional enhancer elements.  

The evolutionarily conserved T-box transcription factor family plays 

important roles in embryonic development. A number of T-box transcription factor 

family members are known to be expressed in specific regions of the heart during 

embryogenesis, where they are involved in regulating cardiac developmental 

processes. T-box factor Tbx5, a transcriptional activator, stimulates the chamber 

differentiation gene program by inducing the transcription of working myocardial 

genes, like Nppa and Cx40. Tbx3, a transcriptional repressor important for the 

specification and formation of the nodal conduction system, prevents chamber 

differentiation and maintains the primary myocardial phenotype in the nodal 

components of the conduction system by repressing the transcription of working 

myocardial genes. Tbx3 and Tbx5 work synergistically with other transcription 

factors, like Gata4 and Nkx2-5, in the regulation of the transcription of genes.  
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This thesis focuses on the mechanisms involved in Tbx3 mediated 

regulation of cardiac gene expression, in particular the protein-DNA interactions of 

Tbx3 at the heart of this process.  

Chapter 1 reviews the basic embryology and development of the 

vertebrate heart. This review focuses on the molecular pathways involving T-box 

factors required for the development of the cardiac conduction system.  

In Chapter 2 we describe a ChIP protocol for the isolation, 

immunoprecipitation and purification of high quality DNA fragments bound by a 

protein of interest with the intention of massively parallel DNA sequencing.  

In Chapter 3 the possible mechanism that determines the target binding 

profiles of Tbx3 and Tbx5 is investigated. Being members of the T-box factor 

family, Tbx3 and Tbx5 bind a similar DNA binding consensus in vitro. During heart 

development, the expression patterns of Tbx3 and Tbx5 overlap in many 

components of the conduction system, in which they might compete with each 

other for the binding of target sites. We perform ChIP-seq of Tbx3 in mouse heart 

with over-expression of Tbx3 to study protein-DNA interactions of Tbx3 throughout 

the mouse genome. By using a combinatorial approach of Tbx3 ChIP-seq and 

published Tbx5 ChIP-seq data, we analyze the binding-sites and potential target 

genes of these two T-box factors. The published ChIP-seq analyses of Gata4, 

Nkx2-5 and Msx1, transcriptional factors that are known to be interacting-partners 

of Tbx3 and Tbx5, are intersected with Tbx3 and Tbx5 ChIP-seq in order to 

analyze the downstream targets regulated by the interaction of Tbx3 or Tbx5 and 

these interacting-partners. We demonstrate that Tbx3 and Tbx5 bind highly similar 

DNA consensus sites in vivo, and share a large number of target genes. Therefore, 

it is very likely that Tbx3 represses and Tbx5 activates highly similar gene 

packages. Based on our findings we propose that stoichiometry, referring to the 

concentration of Tbx3 and Tbx5 in a reaction, probably plays a major role in the 

mechanism determining the target binding profiles of these factors in tissues where 

they are co-expressed. This may explain the differences in gene expression profile 

and phenotype between the slow-conducting atrioventricular node and the fast-

conducting atrioventricular bundle, regions where Tbx3 and Tbx5 are co-

expressed.  

Chapter 4 reports the identification of two enhancer elements regulated by 

Tbx3 that probably drive the expression of cardiac sodium channel genes Scn5a 

and Scn10a in the heart. By comparing the expression profile and DNA binding 

profile of Tbx3, direct targets down-regulated by Tbx3 are identified, many of which 

are related to ion channel function, including Scn5a and Scn10a. These two genes, 

which are located next to each other on chromosome 9 in mouse, belong to the 

same sodium channel family and play roles in normal cardiac conduction function. 

Many mutations in human SCN5A gene have been associated with cardiac 
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arrhythmias. To study the mechanism of Tbx3 in the regulation of Scn5a and 

Scn10a, which most probably requires the cooperative protein-interactions of 

cardiac transcription factors Gata4 and Nkx2-5, DNA sequences co-occupied by 

Tbx3 and these protein-partners were determined over the Scn5a and Scn10a 

locus. Thereby, enhancer candidates of these genes could be identified. Two DNA 

sequences bound by all these factors were further analyzed by in vitro and 

transgenic mouse enhancer assays, confirming that these sequences function as 

enhancers in the heart, the activities of which are probably regulated by a 

transcriptional network involving Tbx3 and might drive the expression of Scn5a 

and/or Scn10a.  

In Chapter 5 we investigate the possible effects of human genetic 

variations on the enhancing activity of one of the enhancers identified in Chapter 4. 

Genome-wide association studies (GWASs), in general, make use of single 

nucleotide polymorphisms (SNPs) and certain traits, e.g. diseases, to localize 

regions of the genome linked between individuals displaying a particular trait. Using 

this approach, SNPs within SCN10A have been linked to electrocardiogram (ECG) 

parameters that reflect cardiac conduction function. One of the reported human 

SNPs, rs6801957, located in an intron of SCN10A, has been associated with 

prolonged QRS duration, an ECG parameter reflecting the ventricular 

depolarization. We find that this SNP is positioned in the human DNA counterpart 

of one of the mouse sequences identified as a functional cardiac enhancer in the 

previous chapter. We demonstrate that the human DNA orthologue of the enhancer 

sequence also exerts similar enhancing activity as the mouse equivalent sequence. 

Further, we show that the GWAS associated SNP itself affects the enhancing 

activity probably by diminishing the binding of a T-box factor. Thereby, we 

hypothesize that the expression level of SCN5A and/or SCN10A can be altered, 

leading to the differences observed in ECG parameters. Taken together, we offer 

the first evidence of a plausible mechanism of how a SNP within an intragenic 

SCN10A positioned enhancer element can affect the cardiac conduction function. 

Identification of the genomic locations of enhancer regions regulating cardiac 

conduction function and the molecular network responsible for the activities of 

these enhancers provide insights into the mechanisms how they affect conduction 

function. This in turn can contribute to the prediction of disease susceptibility and 

the development of therapies for conduction system diseases.  

Chapter 6 and Chapter 7 report the identification of Sox4, and Msx1 and 

Msx2 as novel protein-partners of Tbx3 in the regulation of Cx43. Cx43 encodes a 

fast-conducting gap junction protein repressed by Tbx3 in the nodal components of 

the conduction system. Identification of functional protein complexes of Tbx3 and 

other factors is necessary for understanding how Tbx3 interacts with its target 

genes to regulate transcription, since it is known that Tbx3 cooperates with other 
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factors to exert its transcriptional function. Sox4, Msx1 and Msx2 are transcription 

factors that have previously been reported to play roles in heart development. We 

show that Sox4, Msx1 and Msx2 bind Tbx3 through their DNA-binding domains. In 

Chapter 6 by combining ChIP data, we find that the DNA binding-sites of Tbx3 and 

Sox4 overlap in a region in intron 1 of Cx43, and by subsequent ChIP analysis in 

the embryonic heart this region is verified, in vivo, to be associated with both 

factors. This region functions as a cardiac enhancer demonstrated by an in vivo 

enhancer reporter assay in zebrafish. Using in vitro luciferase reporter assay this 

putative Cx43 enhancer shows synergistic antagonistic response to Tbx3 and 

Sox4. In the developing mouse heart, the expression patterns of Tbx3 and Sox4 

overlap in the endocardium and mesenchyme of the cardiac cushions and a small 

area of interventricular myocardium. Taken together, we identify the interaction of 

Tbx3 and Sox4, and the function of this interaction seems to be the facilitation of 

Sox4 in the transcriptional regulation of Tbx3 at the Cx43 enhancer location, which 

may occur in the developing heart regions where Tbx3 and Sox4 are co-expressed. 

In Chapter 7 using ChIP analysis Msx1 is shown to bind Cx43 promoter at a site 

located in close proximity to a previously defined Tbx3 binding-site. We 

demonstrate that Tbx3 and Msx proteins work synergistically in the suppression of 

Cx43 expression in a rat heart-derived cell line. During heart development, the 

expression of Tbx3, and Msx1 and Msx2 overlap in the atrioventricular canal, the 

region between the atria and ventricles that retains its primary myocardial 

phenotype and will derive central parts of the conduction system including the 

atrioventricular node. Taken together, Tbx3 and Msx proteins can repress the 

expression of Cx43 in a cooperative fashion during heart development. 


