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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.  
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Abstract 

 

Embryogenesis, one of the most important phases of life, comprises critical 

processes defining the body plan and formation of organs. The heart is the first 

organ to form and function, implicating its importance for the basic functionality of 

an organism. Heart development starts with two heart-forming regions in the 

mesodermal layer of the embryonic disc, which fold and fuse to give rise to the 

heart tube. Chambers balloon out from the heart tube at localized sites where the 

differentiation of the primary myocardium into the working myocardium occurs. 

Large regions of the heart tube remain undifferentiated, which will give rise to non-

working cardiac structures including the conduction system. For the heart to 

transform from a primitive heart tube to a developed four-chambered heart of 

higher vertebrates, it must undergo a series of morphological changes 

accompanied by complex molecular mechanisms controlled by transcriptional 

networks that are beginning to be revealed. For the heart to function as a 

coordinated pump, a well-defined conduction system is necessary. Transcriptional 

events involving orchestrated actions of key transcriptional regulators like T-box 

factors, Nkx2-5 and Gata4 are required for the specification of the conduction 

components. In this chapter we will provide an overview of the major events in the 

early development of the heart, and focus on the molecular mechanisms underlying 

the development of the cardiac conduction system. 

Non-standard Abbreviations  
AP arterial pole 
AVB atrioventricular bundle 
AVC  atrioventricular canal 
AVN atrioventricular node 
BB bundle branches 
E embryonic day 
EA embryonic atrium 
EV embryonic ventricle 
HF heart field 
IFT inflow tract 
LA left atrium 
LV left ventricle 
OFT outflow tract 
PVCS peripheral ventricular conduction system 
RA right atrium 
RV right ventricle 
SAN sinuatrial node 
SCV superior caval vein 
SV sinus venosus 
SR sarcoplasmic reticulum 
VP venous pole 
VS ventricular septum 
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Section 1 Basic Embryology 

 

In humans, fertilization marks the start of one of the most critical phases of life, 

embryogenesis, a short but extremely eventful period in terms of development. 

This proceeds until approximately the eighth week of development, after which 

point the embryo enters the fetal period. After fertilization the zygote, derived as the 

fusion product of 2 haploid, meiotic cells, undergoes several rounds of cell division, 

rapidly giving rise to a ball-like cluster of around 16 cells known as the morula (Fig. 

1a), the outermost cells of which become distinguishable from the cells at the 

center. Development has now entered the blastocyste stage, a phase which has 

been of particular interest to cellular research, providing the most very primitive, 

pluripotent form of stem cells. The blastocyste consists of a blastocyste cavity, 

which is filled with fluid, and the inner cell mass or embryoblast, which will 

eventually form the embryo itself. The blastocyste cavity and embryoblast are 

surrounded by a layer of outer cells, the trophoblast, which will give rise to the extra 

embryonic tissues of the placenta. The cells of embryoblast now undergo an early 

differentiation phase that gives rise to the germinal disc, a bilaminar layer of cells, 

each layer with its own specific function and role during further development (Fig. 

1b). 

The embryo, now completely embedded in the endometrium of its mother, 

enters approximately its third week of development, during which gastrulation 

occurs. This important phenomenon in embryology culminates in the embryonic 

disc becoming trilaminar, setting up the organizational plan for organ and tissue 

development (Fig. 2). During gastrulation, a localized movement and division of 

cells give rise to three germinal layers known as the ectoderm, mesoderm and 

endoderm. From each of these three layers specific tissues and organs will arise. 

The ectoderm mainly contributes to the structures that maintain the communication 

with the outside world like the central nervous system and epidermis. The 

mesoderm derives the fibrous tissues, skeleton and muscles, including the 

cardiovascular system that consists of the heart and major vessels, with, lastly, the 

endoderm giving rise to the epithelial linings of the intestinal tract and its 

derivatives. 

Organogenesis starts as soon as gastrulation is complete. The first phase 

of organogenesis is the period of neurulation, a process that takes place within the 

ectoderm, being characterized by the formation of the neural tube which will 

eventually give rise to the nervous system. After the formation of the neural tube, 

cells located on the lateral sides of the neural tube, the neural crest, migrate to 

other parts of the embryo to contribute to the formation of various tissues including 

some structures of the heart. 
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Fig. 1 (A) Cell divisions after fertilization. (B) The blastocyste comes into contact with the epithelium of 
the uterus (left panel). Subsequently, the blastocyste embeds itself deeper in the uterine wall. The cells 
of the embryoblast that are adjacent to the blastocyste cavity differentiate into the hypoblast, and the 
cells that have not differentiated make up the epiblast. This process gives rise to a double-layered 
germinal disc (right panel). 
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B 

embryoblast 

blastocyste cavity 

trophoblast 

epiblast 

hypoblast 

epithelium 
of the 

uterine 

Fig. 2 Gastrulation. (A) The cells of the epiblast migrate in the direction of the hypoblast, and these 
migrating cells replace the cells of the hypoblast to form the endoderm. (B) Subsequent to the 
formation of the endoderm, the migrating epiblast cells give rise to the mesoderm. Upon completion of 
gastrulation, three germinal layers - ectoderm (the remaining portion of the epiblast is called the 
ectoderm), mesoderm and endoderm - are formed.  
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Until the end of the third week, the trilaminar embryo has retained a flat 

disc like structure. However, as the embryo develops further a complex 3 

dimensional folding process ensues, which starts to give the embryo a more 

cylindrical structure (Fig. 3). The embryo bends at the cranial (head) and caudal 

(‘tail’) end by as much as 180º degrees, whilst at the same time folding laterally. 

These folding processes lead to the enclosure of the mesoderm and endoderm by 

ectoderm. Due to the head folding the mouth area bends to the lower front and the 

cardiac plate moves to the thoracic region where the heart will finally be positioned 

in the adult (Fig. 3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Section 2 From heart tube to four-chambered heart 

 

The heart is the first organ to form and function during embryonic development. It 

develops from the cardiac plate that is formed by cells from the mesoderm in the 

most anterior part of the flat embryonic disc. During the process of gastrulation, 

early cardiac progenitor cells are located in two symmetrical, bilaterally positioned 

regions on either side of the embryonic midline. These regions are often referred to 

as the heart-forming regions. The developing embryo undergoes what is perhaps 

one of the most difficult descriptive morphological transformations during 

development, that of embryonic folding. By the lateral folding of the embryo the 

heart-forming regions expand across the midline of the embryonic disc, deriving a 

horse-shoe like region of cells aptly referred to as the cardiac crescent (Fig. 4). 

Subsequently, the lateral walls of the cardiac crescent bend toward the central 

region and fuse at the midline to form the primitive heart tube. At the same time as 

the lateral folding, the head folding of the embryo drives the cardiac crescent to 

Fig. 3 Folding of the embryo. The embryo folds at both the cranial and caudal ends, and at the same 
time also folds laterally. After cranial folding is completed, the developing brain is positioned most 
cranially, followed by the facial, pharyngeal and then heart regions that have reached their final 
locations. 

amniotic 
cavity 

chorionic 
cavity 

cranial fold 

umbilical 
vesicle / 
yolk sac 

embryo 

caudal fold 
heart tube 
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move from the upper part to the central region of the embryonic disc where the 

heart takes up its position in what will become the thoracic region.  

The heart tube consists of an outer myocardial layer and an inner 

endocardial layer, and these two layers are separated by cardiac jelly produced by 

the myocardium. The linear heart tube, which is bilaterally symmetrical, has an 

inverted ‘Y’ shape, the legs of which form the venous pole of the heart, while the 

stem forms the arterial pole, respectively referred to as the inflow and outflow 

regions of the heart tube (Fig 5). Due to the process of embryonic folding, the heart 

tube becomes progressively pushed into the pericardial sac. At this stage, the 

myocardial mantel of the heart tube is not yet closed and is attached along its 

length via a tissue bridge, termed the dorsal mesocardium, to the mesoderm of the 

body. As the heart tube subsequently begins to close and looping ensues, the 

dorsal mesocardium bridge is broken, releasing the now sealed tubular heart into 

the pericardial sac. The heart will remain connected to the body, but only via its 

venous and arterial poles. 

The heart, as mentioned earlier, is one of the first organs to form and 

function. The primary myocardium of the early heart tube possesses a phenotype 

that resembles that of the nodal tissues in the adult heart, having slow contraction, 

slow transmission of electrical signals but high automaticity. These characteristics 

give initial heart pump function the form of waves of peristaltic-like, rhythmic 

contractions, generating a unidirectional blood flow from the venous to the arterial 

pole. Dominant pacemaker activity develops in the venous pole of the heart tube. 

In humans, the heart begins to contract around 22-23 days of embryonic 

development and in the mouse around 9 days of embryonic development. While 

the heart tube further lengthens, localized regions in the primary heart tube will 

differentiate into atrial and ventricular chambers, whose myocardium possesses a 

phenotype that does not resemble that of the early heart tube. The chamber 

myocardium displays rapid transmission of electrical signals and low automaticity. 

Due to the development of the chambers, the heart begins to display more 

synchronous-like, sequential contractions instead of the initial peristaltic 

contractions. 

The fully developed, adult, four-chambered heart consists of ventricular 

and atrial chambers with inflow (venous) and outflow (arterial) regions and valves 

that ensure a unidirectional blood flow. To reach this end stage, the heart tube 

must undergo a series of events which have received descriptive analogy of 

ballooning and looping. During this process, the heart tube elongates due to the 

recruitment of myocytes at both its outflow and inflow poles. At the same time, the 

heart tube bends toward the ventral side and loops rightwards, and localized areas 

of cells along the tube begin to differentiate and divide, slowly ballooning out, 

providing the first signs of atrial and ventricular chambers (Fig 5). The intervening 
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region between the two chambers, the atrioventricular canal, connects both 

developing ventricles with the atria due to its rightward expansion relative to the 

ventricles. Two blood flows, one from the right atrium draining into the forming right 

ventricle and the other from the left atrium into the left ventricle, remain separate 

laminar flows that do not mix laterally, a process guided by the developing 

endocardial cushions.  

Formation of the chambers is marked by the differentiation of localized 

regions of primary myocardium along the embryonic heart tube, which is 

characterized by a slow propagation of the cardiac impulse, into the fast-

conducting working myocardium of the chambers. The inflow, the outflow, the 

atrioventricular canal and the inner curvature retain their primary myocardial 

phenotype. The looping and chamber formation of the heart involve complex 

molecular mechanisms that are just beginning to be revealed. In the coming 

sections we will attempt to provide an overview of some of the major events that 

are driven by these processes, and provide a basic insight into the early stage of 

cardiac development. 

 

Section 3 Early cardiac growth  

 

3.1. Primary myocardium versus working myocardium 

 

Cardiac muscle cells, termed cardiomyocytes, possess a number of functional 

features that distinguish them from the non-heart related muscle cells. They display 

automaticity, meaning that they are capable of generating an intrinsic cycle of 

electrical activity which results in contraction. Cardiac progenitor cells undergo 

varying degrees of differentiation leading to the different phenotypes of working 

(chamber), nodal and ventricular conducting myocardium (Table 1). The early heart 

tube, as described earlier, consists of a primary form of myocardium, albeit the 

cardiomyocytes show a level of dissimilarity owing to a cranio-caudal polarity over 

the heart tube. Cardiomyocytes in the primary myocardium are small and have 

poorly developed sarcomeres and sarcoplasmic reticular structure, and possess 

slow conduction properties. This form of myocardium resembles the nodal 

myocardium of the sinuatrial and atrioventricular nodes in many phenotypic and 

molecular aspects. The common pacemaker channel, Hcn4, is expressed in both 

primary and nodal myocardium which coincides with the high automaticity found in 

both these types of myocardium (Satin et al., 1988;van Mierop, 1967). The 

cardiomyocytes of the chambers possess a phenotype more attuned to the high 

contractility and conductivity required of a working myocardial cell. They have well-

developed sarcomeres and sarcoplasmic reticuli, and a high abundance of fast  
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conducting gap junction proteins Cx40 and Cx43 which ensures fast electrical 

conduction and synchronous contraction of the chambers.  

 

3.2. Growth of the chambers 

 

The ballooning model of chamber formation 

During looping of the heart tube a number of compartments become visible; the 

outflow tract (arterial pole), embryonic right ventricle, embryonic left ventricle, atria 

and sinus venosus (venous pole) (Anderson et al., 1978;Moorman and Lamers, 

1994). Although these regions will continue to develop to derive their functional 

counterparts in the mature heart, the underlying process proceeds in a dynamic 

fashion. Differentiating cells that constitute part of the outflow tract at an early stage 

may finally be located in the adult right ventricle. According to the classical view of 

heart development, the heart tube already consists of all components that will 

derive the mature heart, the components being arranged in segments along the 

anteroposterior, or cranio-caudal axis, hence the term segmental model (Anderson 

et al., 1978;De la Cruz et al., 1989;Stalsberg, 1969). The segmental model of 

development was accepted for a long time until another, better fitting and accurate 

model was put forward (Christoffels et al., 2000;Moorman et al., 2000). With the 

advent of molecular biology, many of the historical descriptive anatomical 

teachings of developmental processes have been resolved to a level of better 

understanding and no more so than for the heart. Studies making use of gene 

expression patterns have provided crucial insights into the early processes of 

embryonic heart development, providing clear and evidenced views of differing 

developmental stages. These findings demonstrate that chamber formation actually 

occurs predominantly in two phases. First, the heart tube shows specification in  

Fig. 4 Ventral view of the embryonic disc showing formation of the linear heart tube. During 
embryonic folding, the heart-forming regions migrate across the embryonic midline and fuse to form the 
heart tube. Adapted from (van den Berg and Moorman, 2009). 
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gene expression and morphology not only along the anteroposterior axis as 

described in the segmental model, but also along the dorsoventral axis. Second, 

subsequent to the formation and looping of the heart tube, the atrial and ventricular 

chambers start their development locally, forming at the outer curvatures (Fig. 5). 

The observed expression patterns of transcription factors associated with chamber 

formation demonstrate that the inner curvature does not differentiate into chamber 

working myocardium, but retains a more primary phenotype. Cardiomyocytes  

Fig. 5 Ballooning and looping of the heart tube in the mouse embryo. (A,D,G) Heart tube at 
different stages captured by scanning electron microscope. (A-C) The heart tube of an E8-8.5 embryo, 
showing the inverted ‘Y’ shape with the venous pole located at the legs and arterial pole at the stem of 
the Y. The first signs of local expansion of the heart tube giving rise to the embryonic ventricle are seen 
here (blue). (A,B) Ventral view; (C) left lateral view. (D-F) At approximately stage E9.5-10.5, the heart 
tube loops rightwards and the chambers balloon out of the heart tube; the developing atria can be 
recognized. (D,E) Ventral view; (F) left lateral view. (G.H) The heart at E10.5-12.5, showing the four 
chambers and the opening of the venous inflow into the right atrium. (G,H) Ventral view, and (H) the 
ventral wall is removed to show the inside of the heart. Primary myocardium is in grey; myocardium of 
the chambers is in blue; non-myocardial components of the inflow and outflow region in yellow. 
Abbreviations: AP, arterial pole; VP, venous pole; EV, embryonic ventricle; LV, left ventricle; RV, right 
ventricle; EA, embryonic atrium; AV-canal, atrioventricular canal; OFT, outflow tract. Figures are 
reproduced from (Moorman et al., 2003).  
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Phenotypes of cardiomyocytes  

Phenotype  Type of myocardium  

 Primary  Nodal  Bundle and 

branches  

Chamber  

Automaticity  high  high  high  low  

Conduction velocity  low  low  high  high  

Contractility  low  low  low  high  

SR activity  low  low  low  high  

Proliferation  low  low  low  high  

 

 

 

 

 

located within the chamber forming area proliferate fast causing the chambers 

‘balloon’ out from the heart tube.   

Other evidence that also strengthened the developmental mechanisms 

underlying the 'ballooning' model was the discovery of what is commonly referred 

to as the second heart field. The second heart field is a cardiac precursor cell 

population that is located within the pharyngeal mesenchyme outside the bounds 

of the early heart tube (Fig. 6). The precursor cells that make up the linear heart 

tube are descriptively derived from the first heart field, and give rise to the 

embryonic ventricle and inflow tract region that go to make up the early heart tube 

as we have described (Fig. 6). Perhaps one of the surprising findings, though 

historically a process described in the 1960's (DeHaan, 1967), is that large part of 

the observed growth of the heart tube is due to the addition of cells from the 

second heart field, cells which are particularly key to the development of the right 

ventricle and outflow tract as well as making significant contributions to other 

regions of the heart (Kelly and Buckingham, 2002;Mjaatvedt et al., 2001;van den 

Berg et al., 2009;Waldo et al., 2001). This finding shows that precursor cells 

needed for the building of the heart are not already present in the heart tube. The 

characterization of heart development in terms of the spatiotemporal expression of 

key markers of cardiac development has then clearly provided some of the most 

profound insights into this anatomically complex developmental process. 

 

Proliferation of the heart tube 

 

The early heart tube of chicken embryos increases in length at a rate of 70 µm per 

hour (van den Berg et al., 2009). Quantitative reconstructions of embryonic chicken  

Table 1 Characteristics of different types of myocardium present during heart development. 
Primary and nodal myocardium have the same phenotypic and molecular features. The phenotype of 
the cells of the chamber or working myocardium is developed in such a way that these cells are 
specialized for contraction and conduction of the electrical signals. See the text section for a more 
extensive description of this table. SR, sarcoplasmic reticulum. The data are based on (Canale et al., 
1986); (Kleber et al., 2001); (Sissman, 1966); (Soufan et al., 2006); (Thompson et al., 1990). 
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hearts show that the growth of the early heart tube is due to the recruitment of 

precursor cells from a pool of precursor cells at the venous pole of the heart tube, 

which has been referred to as the caudal precursor pool (Soufan et al., 2006) (Fig. 

6). These reconstructions show that the caudal pool of precursor cells proliferates 

rapidly, while the primary cardiac precursor cells (primary myocardium) of the heart 

tube proliferate very slowly, if at all, reinforcing the idea that actual growth of the 

heart tube is mainly due to the recruitment of cells from a cardiac precursor pool 

located outside the heart tube, and not to large scale proliferation of the primary 

myocardium itself. Once the highly proliferative caudal precursor pool of cells 

enters the heart tube, it becomes less proliferative, concomitant with overt 

differentiation into cardiomyocytes. Subsequent to the quiescent phase of the cell-

cycle, proliferation becomes re-initiated at the outer curvature of the heart tube, i.e. 

the region of chamber development. In contrast to the inversely related proliferation 

and differentiation rate observed in the caudal precursor pool, the ballooning 

chambers undergo simultaneous differentiation and proliferation, as marked by the 

expression of working myocardial genes such as Nppa (Christoffels et al., 

2000;Delorme et al., 1997;Houweling et al., 2002;van Kempen et al., 1996) within 

the high proliferative zones of the ballooning chambers. Furthermore, increase in 

cell size has been shown to contribute to chamber formation (Soufan et al., 2006). 

The mechanisms underlying the growth of the heart tube and formation of the 

chambers, put forward mainly using mouse and chicken studies, have recently also 

been shown to be conserved in humans (Sizarov et al., 2011).  

A cell tracing study in chicken shows that the caudally defined precursor 

cells described above, contributing to the growth of the heart tube, also migrate 

Fig. 6 Schematic overview of the different cardiac precursor cell populations. The first heart field 
(HF), cells lying in the heart tube region prior to rupture of the mesocardium, gives rise mainly to the 
left ventricle. The right ventricle, outflow tract and a part of the atria are derived from the second heart 
field, i.e. cells that must enter the heart via either the venous pole or outflow tract regions due to 
mesocardium rupture. The sinus venosus (SV) of the venous heart pole is derived from a Tbx18-
positive progenitor cell population, distinct from the second heart field, called the caudal heart field. 
Abbreviations: EV, embryonic ventricle; IFT, inflow tract; OFT, outflow tract; RV, right ventricle; LV, left 
ventricle; RA, right atrium; LA, left atrium. 
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cranially and enter the heart via the dorsal pericardial wall into the arterial pole of 

the heart tube and subsequently differentiate into cardiomyocytes. This, although 

seeming to redefine thoughts regarding separate fields of heart cells each 

contributing to the heart, in fact ties the heart fields together in terms of their 

proliferative characteristics by simply defining one single growth center contributing 

cells to both poles of the heart. Based on all these studies then, it is clear that the 

spatiotemporal location of cardiac precursor cells during embryogenesis will 

ultimately play a chief role in determining their terminal location and functional 

differential state (Rochais et al., 2009;van den Berg et al., 2009;Xu et al., 2004).  

 

3.3. Differentiation of the chambers 

 

The heart tube initially consists of cardiomyocytes with primary myocardial features 

(Table 1). Cardiac chamber development requires the localized differentiation and 

proliferation of primary myocardial cells into working myocardial cells. The 

remaining portion of the tube, constituting the inflow tract, atrioventricular canal, 

inner curvature and outflow tract, will largely retain its primary ‘nodal’ phenotype 

and does not differentiate into the working myocardium phenotype. 

The primary and working myocardium can be distinguished from each 

other by the expression and repression patterns of numerous genes. Differentiation 

of primary myocardium into working myocardium is tightly regulated by conserved 

transcription factors, ensuring local initiation and restriction of a chamber-specific 

gene program. Natriuretic precursor peptide type A (Nppa, also known as ANF), 

Connexin 40 (Cx40) and Connexin 43 (Cx43) are genes expressed in cells of the 

working myocardium (Christoffels et al., 2004a). Expression and regulation of Nppa 

has been extensively studied, and its expression can be linked to the differentiation 

of the working myocardium of the atria and ventricles (Houweling et al., 2005), 

making it suitable and thus commonly used marker for this process. The 

transcription factors Nkx2-5, Gata4 and Tbx5 have been shown to be able to 

activate the expression of Nppa in the working myocardium of the chambers, 

thereby indicating that these factors play a role in chamber differentiation (Fig. 7a) 

(Bruneau et al., 2001;Garg et al., 2003;Hiroi et al., 2001;Small and Krieg, 2003). 

When the heart-forming regions fuse in the midline to form the cardiac crescent, 

the expression of Nkx2-5, Gata4 and Tbx5 can be detected in the cardiac 

progenitor cells, making these factors suitable as early markers for cardiogenesis.  

 

Nkx2-5, GATA4 and Tbx5 activate chamber differentiation 

Nkx2-5 belongs to the evolutionarily conserved homeodomain proteins of the 

tinman family, which is known to be an important class of transcription factors 

involved in heart development. Initial experiments making use of Drosophila  
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Fig. 7 Roles of T-box dependant networks of transcription factors in the regulation of chamber 
formation. (A) Model of a regulatory network for chamber formation. Nkx2-5, Gata4 and Tbx5 
physically interact to activate the expression of chamber-specific genes and thereby stimulating the 
differentiation of primary into chamber myocardium. In the atrioventricular canal, Tbx2 and Tbx3 
compete with Tbx5 and interact with Nkx2-5 and Gata4 in order to repress the chamber-specific genes, 
thereby maintaining the primary myocardial phenotype in the atrioventricular canal. (B) Schematic 
representation of an E10.5-12.5 four-chambered heart showing the myocardial expression patterns of 
genes important for the regulation of heart development. The ventral wall is removed to show the 
myocardial layer of the heart. The regions of expression are shown in grey. Nkx2-5 and Gata4 are 
expressed throughout the myocardium. Tbx5 shows a gradient in expression, which is higher in the 
atria, the left ventricle and the left aspect of the ventricular septum than the right ventricle, the right 
aspect of the ventricular septum and the outflow tract (light grey). Tbx2 and Tbx3 are expressed in the 
non-chamber myocardium. Nppa expression, visualized by in situ hybridization, overlaps the 
expressions of Nkx2-5, Gata4 and Tbx5 in the chamber myocardium, and is absent in the Tbx2 and 
Tbx3 expression-regions, indicating the roles of these factors in the up- and down-regulation of Nppa. 
Abbreviations: OFT, outflow tract; RA, right atrium; LA, left atrium; AVC, atrioventricular canal; LV, left 
ventricle; VS, ventricular septum; RV, right ventricle. The in situ hybridization figure is adapted from 
(Moorman and Christoffels, 2003).  
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identified a mutant phenotype lacking a heart, aptly referred to as the Tinman 

phenotype after the Wizard of Oz fairy tale. Investigations revealed this phenotype 

was caused by mutations in the gene Nkx2-5 (Bodmer, 1993). Nkx2-5 is a 

transcription factor that binds DNA through a conserved 60 amino acid DNA-

binding domain called the homeodomain. Nkx2-5 is an early marker of cardiac 

precursor cells and is expressed throughout the early heart tube and within the 

second heart field, and plays a crucial role in the early steps of heart 

development.During heart development, Nkx2-5 expression can be found in the 

outflow tract, atrioventricular canal, ventricles and atria (Fig. 7b) (Komuro and 

Izumo, 1993;Lints et al., 1993). The crucial role of Nkx2-5 in early heart 

development was evidenced by the observation that functional ablation of Nkx2-5 

in mice leads to early embryonic death (at embryonic day E9.5) mainly due to 

cardiac insufficiency caused by phenotypes including looping defects and the lack 

of chamber formation. Furthermore, the expression of several cardiac genes in 

Nkx2-5-deficient embryos, including Nppa, is reduced, suggesting the pivotal role 

of Nkx2- in the transcriptional regulation of cardiac genes that are important for 

chamber differentiation after heart looping (Lyons et al., 1995;Tanaka et al., 1999). 

NKX2-5 mutations in humans lead to congenital heart diseases including atrial and 

ventricular septal defects, which underlines that Nkx2-5 is indispensable for normal 

chamber formation (Akazawa and Komuro, 2005;Reamon-Buettner and Borlak, 

2006). In addition to chamber formation, Nkx2-5 also plays an important role in the 

formation of the conduction system as evidenced by the presence of 

atrioventricular conduction abnormalities in humans with a defective copy of NKX2-

5 (Benson et al., 1999;Schott et al., 1998). The role of Nkx2-5 in the development 

of the conduction system will be discussed in detail in section 4.  

Gata4 belongs to a large evolutionarily conserved family of zinc-finger 

transcription factors. The presence of zinc ions is a major component of their 

structure. The Gata family shares DNA-binding ability through the C-terminal 

conserved zinc-finger domain (Garg et al., 2003). Although Gata4 is not the only 

Gata member important for heart development, it is expressed in the entire heart 

throughout embryonic development (Fig. 7b) and in to adult life (Laverriere et al., 

1994). It has been identified as a causative factor of human congenital heart 

defects, most often being linked to atrial septal defects (Chen et al., 2010;Garg et 

al., 2003;Okubo et al., 2004;Rajagopal et al., 2007). Non-conditional Gata4 knock-

out mice die during the early stages of embryogenesis (between E8.5 and E10.5) 

due to defects in embryonic folding and heart tube formation (Kuo et al., 1997). 

Conditional deletion of Gata4 in the cardiomyocyte population specifically results in 

reduced proliferation of the right ventricle, leading to right ventricular hypoplasia 

(Zeisberg et al., 2005), a form of congenital heart disease observed in humans with 

GATA4 mutations (Rajagopal et al., 2007). 
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Tbx5 belongs to the evolutionarily conserved T-box family of transcription 

factors. T-box factors bind DNA through a highly conserved 180 amino acid DNA 

binding domain called the T-box. To date more than 20 T-box family members 

have been identified, all of which regulate various aspects of embryonic 

development. T-box proteins have been shown to bind consensus DNA motifs, T-

box binding elements (TBE), associated with gene promoters and enhancer 

elements, forming complexes with other transcription factors thereby regulating 

gene expression (Boogerd et al., 2009;Kispert and Herrmann, 1993;Smith, 1999). 

Tbx5 expression displays a posterior-anterior gradient along the heart tube, being 

most intense at the inflow tract of the heart. During heart development, Tbx5 

expression is found strongly up-regulated in the atria, the left ventricle and the left 

aspect of the ventricular septum, and to a lesser extent in the right ventricle and the 

outflow tract (Fig. 7b) (Bruneau et al., 1999;Christoffels et al., 2000), its presence 

coinciding with the up-regulation of markers of chamber differentiation like Nppa. In 

humans, TBX5 haploinsufficiency has been linked to Holt-Oram syndrome, 

manifest by congenital heart defects, conduction system abnormalities and upper 

limb deformities (Basson et al., 1997;Basson et al., 1999;Boogerd et al., 2010;Li et 

al., 1997). Heterozygous Tbx5 knockout mice recapitulate many of the phenotypic 

abnormalities observed in Holt-Oram syndrome patients (Bruneau et al., 2001). 

Expression of both Nppa and Cx40 were also found to be reduced in these mice 

during development. Complete deletion of Tbx5 in mice leads to embryonic death 

(around E10.5) due to failure of heart tube looping and under-developed atria 

(Bruneau et al., 2001). Furthermore, Tbx5 overexpression in an embryonic cell line 

was shown to result in significant upregulation of Nppa and Cx40, these cells 

displaying a premature beating phenotype, indicative of the early onset of 

myocardial differentiation (Fijnvandraat et al., 2003;Hiroi et al., 2001).  

 

Cooperation of Nkx2-5, Gata4 and Tbx5 in gene transcription 

Tbx5, Nkx2.5 and Gata4 are critical factors involved in chamber differentiation. 

Nkx2-5, Gata4 and Tbx5 have been shown to bind regulatory DNA elements 

embedded in promoters and enhancers of key cardiac genes. Genes including 

Nppa, Cx40, Cx43, Cx30.2 and Pitx2 have been shown to respond to the up-

regulation and loss of these factors (Bruneau et al., 2001;Habets et al., 

2002;Plageman, Jr. and Yutzey, 2004;Nowotschin et al., 2006;Chen et al., 

2004;Munshi et al., 2009). With the advent of modern high throughput techniques 

such as microarrays, RNA-seq and ChIP-seq (Park, 2009;Pepke et al., 

2009;Ramsay, 1998;Wang et al., 2009), new targets and gene packets of these 

factors are being identified. What is also becoming clearer is how these factors 

function at the molecular level, how they cooperate with each other and other 

proteins to ensure correct development of the heart. In vitro studies have revealed 
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a direct interaction between Nkx2-5, Gata4 and Tbx5 leading to activation of 

cardiac gene transcription. Co-transfection experiments of Nkx2-5, Gata4 and Tbx5 

in cardiomyocytes and various cell lines have demonstrated the synergistic 

activation of Nppa (Durocher et al., 1997;Hiroi et al., 2001;Lee et al., 

1998;Sepulveda et al., 1998), and interaction studies have shown the physical 

interactions of these factors (Durocher et al., 1997;Lee et al., 1998;Bruneau et al., 

2001;Hiroi et al., 2001;Garg et al., 2003). Furthermore, it has been shown that 

mutations in Tbx5 known to underlie Holt-Oram syndrome lead to a reduced ability 

of Tbx5 to bind DNA and Nkx2-5 (Basson et al., 1999;Boogerd et al., 2010;Fan et 

al., 2003;Mori and Bruneau, 2004) and even an increased ability (Postma et al., 

2008). The interaction of Gata4 and Tbx5 was discovered in a genetic linkage 

study aiming at finding gene mutations underlying isolated cardiac septal defects. A 

causal mutation in Gata4 was identified. The underlying mechanism leading to the 

associated cardiac phenotype was shown to be a loss of interaction with Tbx5 

(Garg et al., 2003).   

Physical interactions between Nkx2-5, Gata4 and Tbx5 or between 

transcription factors in general appear to be an important mechanism underlying 

gene-target specificity and the regulatory processes they induce.  

 

Tbx2 and Tbx3 repress chamber differentiation in the atrioventricular canal 

The afore-mentioned transcription factors Nkx2-5, Gata4 and Tbx5, play an 

important role in the differentiation of the working myocardial phenotype. As stated 

earlier, these factors are expressed both in working myocardial cells and the more 

nodal type primary myocardium. Therefore their presence alone cannot be 

considered as dominant, since these factors are also expressed in areas that do 

not differentiate into working myocardium. Notably, Nppa expression is absent in 

the primary myocardium. Therefore one can hypothesize that other factors must be 

present that can repress the differentiation of primary myocardium. The causal 

linkage of Tbx5 to Holt-Oram syndrome was in part responsible for the discovery of 

two of these key repressing factors, which are themselves T-box proteins. These T-

box factors, Tbx2 and Tbx3, are both expressed in primary myocardium, act as 

transcriptional repressors, and display high homology in both structure and function 

(Christoffels et al., 2004b;Habets et al., 2002;He et al., 1999;Hoogaars et al., 

2004;Paxton et al., 2002) (Fig. 7a). During heart development, Tbx2 and Tbx3 

show similar patterns of expression (Fig. 7b). Tbx2 is expressed in the myocardium 

of the atrioventricular canal, inflow tract and outflow tract in mouse (Chapman et 

al., 1996;Christoffels et al., 2004b). Tbx3 expression overlaps Tbx2 expression in 

the inflow region and atrioventricular canal (Christoffels et al., 2004b;Hoogaars et 

al., 2004). Later in development, Tbx2 expression gradually fades, whereas Tbx3 

expression persists in the heart into adult life, becoming restricted to the proximal 
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components of the cardiac conduction system: the sinus node, the atrioventricular 

node and the proximal atrioventricular bundle (Bakker et al., 2008;Christoffels et 

al., 2004b;Hoogaars et al., 2004).  

In mouse, Tbx2 expression and expression of many chamber-specific 

genes have been shown to be mutually exclusive. Markers of working myocardium 

like Cx43, Cx40 and Nppa have all been shown to be absent from the 

atrioventricular canal region and other regions expressing Tbx2. This led to the 

hypothesis that Tbx2 could function as an antagonist of myocardial differentiation, 

thus suppressing the working myocardial phenotype (Christoffels et al., 

2004b;Moorman et al., 2004). Subsequent studies indeed showed this to be the 

case. Tbx2 homozygous knock-out mice show ectopic expression of Nppa, Cx40 

and Cx43 in the primary myocardium of the atrioventricular canal, suggesting that 

Tbx2 is required to repress chamber differentiation in the atrioventricular canal. 

These mice die early in development due to severe cardiovascular defects 

(Aanhaanen et al., 2009;Harrelson et al., 2004). Perhaps the most conclusive 

observation underlying the theory of Tbx2 function comes from studies which used 

a promoter of a ubiquitously myocardial expressed protein to drive Tbx2 expression 

in the entire heart tube. This resulted in the loss of normal expression of Nppa and 

Cx40 and a loss of chamber formation (Christoffels et al., 2004b). It has now been 

firmly established that both Tbx3 and Tbx2 play important roles in the maintenance 

of the nodal like phenotype of primary myocardium that will eventually derive the 

nodal components of the cardiac conduction system.  

 

Section 4 The cardiac conduction system 

 

4.1 Components of the conduction system 

 

The cardiac conduction system is responsible for the initiation and coordination of 

the electrical signals that cause the rhythmic and synchronized contractions of the 

heart. Well-coordinated contractions of the heart are extremely important for 

efficient blood perfusion through the lungs and the systemic circulation. It is also 

crucial to point out that the cardiac conduction system is non-neuronal, being 

derived from mesodermally derived myocardial tissue and not ectodermal neural 

cells (Virágh and Challice, 1980;Virágh and Challice, 1982). The conduction 

system can be divided into two component parts: (1) the nodal conduction system 

comprising of the sinuatrial node (SAN), the atrioventricular node (AVN), the 

atrioventricular bundle (AVB), and the proximal part of the bundle branches (BBs); 

and (2) the peripheral ventricular conduction system which comprises the distal 

part of the bundle branches and Purkinje fiber network (Fig. 8). In the mature heart, 

the SAN is located at the junction of the superior caval vein and right atrium where 
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it serves as the primary pacemaker, generating paced electrical signals to activate 

the atrial myocardium (Fig. 8). The SAN is innervated by the parasympathetic as 

well as the sympathetic nervous systems, of which the stimuli can cause decrease 

or increase of the impulse-generating rate of the SAN, respectively. The electrical 

signals propagate rapidly through the myocardium of both atria and converge at 

the AVN, the only conductive bridge between the atria and ventricles. Here the 

electrical impulse is slightly delayed, a delay brought about by the different 

composition of conducting proteins such as connexins and ion channels. The delay 

in transmitting electrical signals to the ventricles is important since it gives time for 

the ventricles to be sufficiently filled with blood after atrial contraction. 

Subsequently, the electrical signal enters the fast-conducting AVB and BBs at both 

sides of the ventricular septum, moving rapidly into the Purkinje fiber network, from 

which the ventricular working myocardium is activated, ensuring contraction occurs 

from apex towards the base of the heart. The apex-to-base contraction results in 

ventricular ejection of blood into the outflow tract of the heart.  

The electrical activities of both the adult and embryonic heart can be 

registered by an electrocardiogram (ECG), in which the atrial activation shows as 

the P-wave, the atrioventricular delay as the P-Q interval, and the ventricular 

activation as the QRS complex (Fig. 9). Pacemaker activity can be detected early 

during heart development when the heart tube has just been formed. The electrical 

signals travel very slowly through the primary myocardium which results in a 

sinusoidal ECG and matching peristaltic-like, rhythmic contractions (Paff and 

Boucek, 1962;Patten and Kramer, 1933). Differentiation and ballooning of the fast-

conducting atrial and ventricular chambers gives rise to an adult-like ECG (Fig. 9), 

with the atrioventricular canal retaining its embryonic conduction phenotype, which 

is much slower than that of the chambers. Like the adult AVN the electrical signals 

that migrate from the atrial to the ventricular myocardium are effectively delayed, 

though during early embryogenesis this function is fulfilled by the atrioventricular 

canal myocardium itself and not differentiated adult nodal tissue (Paff et al., 

1968;Seidl et al., 1981). 

 

4.2 Gene markers of the developing conduction system 

 

A set of gene markers have been used to visualize the developmental processes of 

the conduction system. Among these gene markers gap-junction encoding genes 

provide functional markers for studying the development of the conduction system, 

contributing to conductivity, their isoform expression being related to the type and 

rate of conduction. The fast conducting gap-junction gene Cx40 is expressed in the 

atrial and ventricular working myocardium, and later, after E14.5, also in parts of 

the ventricular conduction system (the AVB, BBs and the Purkinje fiber network). 
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Cx43 also encodes a fast-conducting gap junction, though unlike Cx40, its 

expression is restricted to the atrial and ventricular working myocardium, making it 

an excellent marker to discriminate these structures (Coppen et al., 2003;Delorme 

et al., 1997;van Kempen et al., 1996). The nodal components of the conduction 

system, the SAN and AVN, are slow conducting, and are characterized by the 

expression of the funny current channel Hcn4 (Mangoni and Nargeot, 2008;Stieber 

et al., 2003;Garcia-Frigola et al., 2003;Mommersteeg et al., 2007;Stieber et al., 

2003), slow- conducting gap junction genes Cx30, Cx30.2 and Cx45 (Aanhaanen 

et al., 2010;Boyett et al., 2006;Kreuzberg et al., 2006b) and lack of expression of 

the chamber-specific genes Cx40, Cx43 and Nppa (Coppen et al., 2001;Gros et al., 

2009;Kreuzberg et al., 2005;Kreuzberg et al., 2006a).  

 

4.3 Tbx3 represses the working myocardial phenotype in the conduction 

system 

 

The transcriptional repressor Tbx3 plays a key role in the differentiation of the SAN 

and AVN. Tbx3 is specifically expressed in the nodal components of the conduction 

system throughout embryogenesis, making it a marker of choice for studying 

development of these elements (Hoogaars et al., 2007;Hoogaars et al., 2004). 

Tbx3 has been found to define the SAN region by repressing the atrial gene 

program in the sinuatrial nodal cells (Hoogaars et al., 2007;Mommersteeg et al., 

2007). In addition to the role of Tbx3 in the formation of the SAN, it has also been 

reported that Tbx3 defines the atrioventricular conduction system by repressing 

differentiation of the working myocardial phenotype (Bakker et al., 2008). Mutations 

in Tbx3 that result in its haploinsufficiency, are associated with the human disorder 

ulnar-mammary syndrome, characterized by malformation of the upper limbs, 

apocrine-glands, hair, genitals and teeth, indicating the importance of Tbx3 dose 

levels during development (Bamshad et al., 1997;Bamshad et al., 1999). However, 

cardiac defects associated with ulnar-mammary syndrome patients have only very 

recently been reported, with the clinical description of an ulnar-mammary patient 

with defects in TBX3 and an associated ventricular septal defect and cardiac 

conduction defects (Linden et al., 2009). Heterozygous Tbx3 mutant mice show no 

apparent phenotype, whereas homozygous Tbx3 mutant mice show phenotypes 

very similar to those of ulnar-mammary syndrome patients (Davenport et al., 2003). 

Tbx3 represses chamber formation in the conduction system of the heart and 

thereby maintaining the nodal-like phenotype in these cells. The role of Tbx3 in 

specification and formation of the nodal conduction system will be discussed in 

more detail in the next sections. 
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4.4 Formation of the SAN   

 

The SAN develops within the sinus venosus myocardium, a structure comprising 

the left and right sinus horns and venous valves. During the early stages of heart 

development (<E9.5) the entire sinus venosus, of which the phenotype closely 

resembles that of the primary myocardium, displays pacemaker activity. After E9.5, 

non-cardiac Nkx2-5 negative, but Tbx18-positive mesenchymal precursor cells 

located at the periphery of the inflow tract myocardium are recruited to form the 

myocardium of the sinus venosus (Christoffels et al., 2006) (Fig. 6). These cells are 

regarded as the caudal precursor cells, discussed in section 3. These precursor 

cells also show expression of Isl1 (Christoffels et al., 2006;Mommersteeg et al., 

2007;Moretti et al., 2006;Sun et al., 2006), a marker that has often been used to 

define the subpopulation of mesenchyme, the second heart field, which is added to 

the heart after the definitive heart tube has formed (Buckingham et al., 2005;Cai et 

Fig. 8 Schematic overview of the adult 
mammalian heart. The cardiac conduction 
system consists of the pacemaker sinuatrial node 
(SAN), the atrioventricular node (AVN), and the 
fast-conducting atrioventricular bundle (AVB), 
bundle branches (BB) at both sides of the 
ventricular septum (VS), and peripheral ventricular 
conduction system (PVCS). Abbreviation: SCV, 
superior caval vein. 

 

Fig. 9 Schematic overview of an E9.5 mouse 
embryo showing how the segments of an ECG 
correlate with the different components of the 
heart. An adult-like ECG can be recorded upon 
chamber differentiation. Blue line depicts the 
contour of the atria, red line the ventricles. The 
arrow indicates the direction of the action potential. 
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al., 2003). Logically then, the first heart field represents the myocardial population 

that gives rise to the definitive heart tube. After the dorsal mesocardium breaks 

along its length, the entry of additional cells is physically restricted to the outflow 

and inflow poles only. At E10, the Tbx18-positive precursor cells form a subdomain 

of the sinus venosus that will differentiate into a Tbx3/Hcn4-positive SAN 

primordium (Christoffels et al., 2006), located in the right sinus horn at the junction 

with the atrium (van Mierop and Gessner, 1970;Virágh and Challice, 1980). The 

remainder of the sinus venosus initiates the expression of working myocardial 

genes (Mommersteeg et al., 2007). In the SAN, the expression of Hcn4 is retained 

and the initiation of working myocardial genes is prevented by Tbx3, thereby 

confining pacemaker activity to the definitive SAN structure (Hoogaars et al., 

2007;Hoogaars et al., 2004). 

The SAN consists of a ‘head’ region located within the right caval vein 

myocardium and a “tail” that runs along the right venous valve. These individual 

structures are to as degree structurally and functionally different from each other. 

The SAN ‘head’ displays expression of Tbx3 and Tbx18 whereas the SAN ‘tail’ 

loses its Tbx18 expression (Mommersteeg et al., 2007;Wiese et al., 2009). Tbx18-

deficient mice fail to develop the Tbx3-positive SAN ‘head’ region, suggesting that 

Tbx18 plays a primary role in the formation of this region from mesenchymal 

precursors (Christoffels et al., 2006;Wiese et al., 2009).   

 

4.5 The molecular pathways of SAN development 

 

The SAN has a gene program that is distinct from that of the bordering atrial 

myocardial cells. A strict coordinated network of molecular pathways is involved in 

the restriction of the specific SAN gene program to the SAN. The SAN displays 

expression of Hcn4 and Tbx3, and lacks expression of working myocardial genes 

like Cx40, Cx43 and Nppa.  

As discussed in section 3, SAN myocardial cells show phenotypic 

resemblance to cells of the primary myocardium. Recently, Tbx3 has been shown 

to be a key factor in establishing the SAN gene program by inhibiting the working 

atrial phenotype in the SAN region. Tbx3 is expressed in the SAN from E9.5 

onward in the mouse (Hoogaars et al., 2004;Mommersteeg et al., 2007). Although 

Tbx3-deficient mice show expansion of expression of working myocardial genes 

like Cx40 and Scn5a into the SAN (Hoogaars et al., 2007;Hoogaars et al., 

2004;Wiese et al., 2009) the morphology of the SAN remains normal, indicating 

that Tbx3 is not required per se for the formation of the SAN (Wiese et al., 2009). 

Mice over-expressing Tbx3 in the atrial working myocardium display ectopic 

pacemaking activity in the atria and develop arrhythmias. This would seem to 

indicate that the major function of Tbx3 is in the regulation of the electrical 
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components of nodal cell. In line with this, ectopic expression of Tbx3 leads to 

reduced expression of working myocardial genes Cx40, Cx43 and Scn5a in the 

right atrium (Hoogaars et al., 2007).  

Hcn4 is initially expressed at the caudal end of the Nkx2-5 positive heart 

tube (Garcia-Frigola et al., 2003;Stieber et al., 2003), where its expression will 

subsequently be inhibited (Mommersteeg et al., 2007). In the SAN domain, the 

expression of Hcn4 and Tbx3 is initiated in the newly added Tbx18-positive/Nkx2-

5-negative cells (Mommersteeg et al., 2007). Disruption of Nkx2-5 in mouse 

embryos results in ectopic expression of Hcn4 and Tbx3 in heart (Mommersteeg et 

al., 2007), suggesting the requirement of Nkx2-5 for the repression of these genes 

and their presence in the Nkx2-5-negative SAN. However, the expression of Tbx3 

overlaps that of Nkx2-5 in many areas including the AV conduction system, which 

indicates that Nkx2-5 does not work alone to repress Tbx3. Other factors, involved 

in the repression of Tbx3, through acting as down-stream targets of Nkx2-5 and/or 

through interaction with Nkx2-5 are most likely essential to this end. In this respect, 

Nkx2-5 is also required for the activation of working myocardial genes in the atrium 

(Stennard and Harvey, 2005). The molecular pathways required for maintaining a 

gene expression border between the SAN and the atrium is depicted in Fig. 10a. 

 

4.6 Formation of the AVN and the AV junction 

 

The atrioventricular junction, which includes the atrioventricular node (AVN), has 

properties that could allow one to call it a secondary pacemaker of the heart. The 

phenotype of the AVN cells is similar to that of the SAN, resembling primary 

myocardium. Different studies support the hypothesis that the atrioventricular canal 

(AVC) will derive the AVN, the AV ring bundles, the myocardium that supports the 

AV valves, and the lower rim of the atrium (Davis et al., 2001;Virágh and Challice, 

1982;Wessels et al., 1996). Arguably one of the most convincing lines of evidence 

to this fact made use of a Tbx2
Cre

-mediated lineage tracing experiment. In this 

study the Tbx2
+
 cell population was followed during development, showed that 

Tbx2
+
 primary myocardial cells could be detected in the cardiac crescent as early 

as E7.5, which at E9, could be traced to the myocardium of the AVC (Aanhaanen 

et al., 2009). As development progressed to E17.5, the Tbx2
+ 

cell population was 

detected in the AVN and AV ring bundles, suggesting that these structures are 

derived from the Tbx2
+ 

AVC myocardium (Aanhaanen et al., 2009). Interestingly, 

the Tbx2
+ 

derived cell population could not be detected in the AVB and bundle 

branches (BBs), indicating that these structures are not derived from the Tbx2
+ 

AVC (Aanhaanen et al., 2009). The origin of the AVB and BBs will be discussed 

further in section 4.8. 
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4.7 The molecular pathways of AVC formation  

 

Since the AVC myocardium gives rise to the AVN, insight into the molecular 

pathways underlying the specification of the AVC is necessary in order to 

understand how the AVN is formed. Activation of the AVC gene program and 

repression of the chamber gene program are required for the specification and 

morphological patterning of the AVC. A molecular network of transcription factors, 

in which T-box transcription factors have an important role, is required in order to 

retain a boundary between the fast-conducting chambers and the slow-conducting 

AVC. Tbx2 and Tbx3 have both been shown to have a similar functional capacity in 

their ability to repress the chamber-specific gene program in the AVC (Habets et 

al., 2002;Hoogaars et al., 2004). Tbx2 is expressed in all primary myocardium 

(Chapman et al., 1996;Christoffels et al., 2004b;Habets et al., 2002;Yamada et al., 

2000), a feature shared, though to a more restrictive degree, with Tbx3. In mouse, 

Tbx2 is expressed in the inflow tract, AVC and outflow tract (Chapman et al., 

1996;Christoffels et al., 2004b). Expression of Tbx3 initially overlaps with that of 

Tbx2 particularly in the inflow tract and AVC (Christoffels et al., 2004b;Hoogaars et 

al., 2004), though unlike Tbx2 whose expression fades and disappears as the 

heart develops, Tbx3 expression, although becoming restricted to the nodal tissues 

and the proximal AVB, persists into adulthood. The probable redundancy that one 

may expect between Tbx2 and Tbx3, based on their function and expression, is 

demonstrated by the limited AVC defect observed in Tbx2 knockout mice (Dupays 

et al., 2009). These mice display ectopic expression of chamber-specific genes 

only in the left-side of AVC, the right-side remaining unaffected (Aanhaanen et al., 

2009). This is in line with the observation that Tbx3 expression is higher in the 

right-side of the AVC (Harrelson et al., 2004;Hoogaars et al., 2004), suggesting 

that the higher levels of Tbx3 compensate for loss of Tbx2. Further, Tbx3-

deficiency in the heart does not affect AV-conduction velocity, also suggesting a 

level of Tbx3 redundancy in the AVC (Bakker et al., 2008), a redundancy which 

may go some way to explaining that, to date, no congenital heart disease patients 

have been identified with a single allelic Tbx2 mutation.  

In contrast to the chamber myocardial transcriptional repressors Tbx2 and 

Tbx3, Tbx5 is an important activator of chamber-specific genes and thereby 

essential for working myocardial differentiation (Bruneau et al., 2001;Munshi et al., 

2009). Interestingly, its expression also overlaps that of Tbx2 and Tbx3 in the AVC 

and Tbx5 haploinsufficiency has been shown to underlie Holt-Oram syndrome, 

these patients often displaying AV conduction defects (Basson et al., 1997;Li et al., 

1997). Interestingly, mice with one functional copy of the Tbx5 allele show 

morphological and functional defects in the AV conduction system (Moskowitz et 

al., 2004), a feature not observed in Tbx2 or Tbx3 heterozygous knockout mice.  
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Fig. 10 (A) Model depicting genetic interactions of factors involved in the formation of the 
sinuatrial node (SAN) and working myocardium. The thick dashed line in the middle represents the 
border between the right atrium and the SAN. The scheme on the left side depicts the molecular 
pathway regulating the chamber formation of the right atrium. The scheme on the right side represents 
the molecular pathway underlying the formation of the SAN. The sinus venosus myocardium, which will 
derive the SAN, is formed by recruitment of Nkx2-5 negative/Tbx18-positive mesenchymal precursor 
cells from the periphery of the inflow tract myocardium. Although not dealt with here, transcription 
factors regulating development are themselves regulated by a complex interaction of signal molecules 
and their downstream receptors. In the atria and sinus venosus, Tbx5 expression is regulated by the 
retinoic acid signaling pathway (Niederreither et al., 2001). (B) A model displaying the network of 
transcription factors required to form the atrioventricular canal (AVC) and retain a border 
between the chambers and the AVC. The thick dashed line in the middle represents the border 
between the chamber and AVC myocardium.  Note that the atrioventricular node is developed within 
the AVC myocardium. Although not dealt in the text, Bmp2 and Tbx20, both play key roles in chamber 
formation, regulate Tbx2 expression (Cai et al., 2005;Ma et al., 2005;Singh et al., 2009;Yamada et al., 
2000). For a review on these aspects we refer the reader to (van Wijk et al., 2007). Cx30.2 has been 
demonstrated to be activated by Gata4 and Tbx5 (Munshi et al., 2009). Green arrows depict 
‘activation’; red lines, ‘repression’; blue double-arrows, protein-protein interaction; dashed arrow, 
‘regulation might not be direct’. 
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Clearly then, Tbx5 is required, alongside Tbx2 and Tbx3, for the formation and 

normal function of the AV conduction system.  

Tbx2, Tbx3 and Tbx5 have been shown, in vitro¸ to recognize a similar T-

box binding element DNA consensus (Kispert and Herrmann, 1993;Smith, 1999). 

Since Tbx2 and Tbx3 are co-expressed with Tbx5 in the AVC, it is very plausible 

that Tbx2 and Tbx3 must compete with Tbx5 for DNA binding site occupation 

(Habets et al., 2002) (Fig. 7a). Although the exact mechanism that governs this 

seemingly competitive process has not been elucidated yet, stoichiometry may play 

a chief role (see Chapter 3), suggested in part by the redundancy of Tbx2 and 

Tbx3 and the dose dependence of Tbx5. In fact, the dosage of Tbx5 also seems 

itself to directly influence the expression of Tbx3 in the AVC region. Mouse 

embryos with only one functional allelic copy of Tbx5, show a loss of Tbx3 

expression (Munshi et al., 2009), consistent with the observed defects in the AV 

conduction system (Moskowitz et al., 2004).  

A level of functional similarity between Tbx2, Tbx3 and Tbx5 is 

demonstrated by their interaction with and apparent dependence on the presence 

of Nkx2-5. Nkx2-5 interacts with Tbx5 to activate chamber-specific genes (Bruneau 

et al., 2001;Hiroi et al., 2001), while also interacting with Tbx2 and Tbx3 to repress 

these genes in the AVC (Habets et al., 2002). Similarly, Tbx2, 3 and 5 have been 

shown to complex with several other transcription factors, for example Gata4 (Garg 

et al., 2003) and the muscle segment homeobox proteins Msx1 and Msx2 

(Boogerd et al., 2008), that perhaps in some way either recruit or direct T-box 

proteins to specific sets of gene targets thereby playing a role in securing the 

correct terminal differentiation status. The discovery of functional interacting protein 

partners of T-box factors thus reveals that co-operation of T-box factors with other 

factors is also a key factor involved in proper activation or repression of gene 

expression. De novo discovery of such factors will thus assist in unraveling 

mechanistic issues surrounding the transcriptional regulation of AVC patterning. 

Figure 10b summarizes T-box function during AVC development. 

 

4.8 Formation of the atrioventricular bundle and proximal bundle branches 

 

The atrioventricular bundle (AVB) and bundle branches (BBs) are fast-conducting 

components of the cardiac conduction system that rapidly transfer the electrical 

signals from the AVN to the apex and the remainder of the ventricle. In the mouse, 

the Cx43-negative/Tbx3-positive AVB originates from cells located in the top of the 

ventricular septum where the onset of AVB specification is first observed at E10-11 

(Virágh and Challice, 1977). As the ventricular septum further develops, its 

subendocardial myocytes give rise to the Cx43-negative/Tbx3-positive BBs (Chuck 

and Watanabe, 1997). Tbx3 expression eventually becomes restricted to the nodal 
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tissues and proximal AVB, Cx43 expression remaining absent in these regions 

(Bakker et al., 2008). Cx40 is absent in the Tbx3-positive AVB until E14.5 after 

which time its expression becomes upregulated (Bakker et al., 2008;Delorme et al., 

1995). In Tbx3 knock-out embryos, Cx40 is up-regulated in the AVB at earlier 

stages of development, suggesting that Tbx3 is, at least in part, responsible for the 

down-regulation of Cx40 in the AVB and that Tbx3 plays an important role in the 

specification of the AVB (Bakker et al., 2008). From E14.5 onwards, Cx40 

expression increases in the AVB, interestingly, overlapping with Tbx3 in this region, 

a feature not observed in nodal tissues (Bakker et al., 2008). This suggests that a 

mechanism must exist to specifically reduce the repression of some chamber 

myocardial genes in the presence of Tbx3, something which could in part, perhaps, 

be brought about by the presence of Tbx5. The observation that Tbx5 exerts 

dominant effects on the activation of Cx40 in the AVB suggests a direct role for 

Tbx5 in the specification of the fast-conducting component of the AV conduction 

system (Munshi et al., 2009). As discussed in the previous section, the balance of 

the levels of Tbx3 and Tbx5 in the AV conduction system might shift in such a way 

that Tbx5 can enforce the activation of Cx40. 

In summary, the atrioventricular conduction axis comprises multiple 

components of the cardiac conduction system, including the AVN and the AVB, 

which have different origins; the AVN being derived from the AVC myocardium, 

whereas the AVB is derived from the ventricular septum. Although these 

components have distinctive phenotypic features, both require Tbx3 for their 

specification. Differentiation of the AVN and AVB requires repression of the 

chamber gene program by Tbx3, a factor which also seems required for the 

persistence of these structures during adulthood. To what extent Tbx3 plays a role 

in the exact specification of a nodal gene program remains to be resolved but 

clearly in addition to Tbx3, a complex molecular network involving multiple factors, 

including Tbx5 and Nkx2-5, is required for the formation of the AV conduction 

system.  

 

Section 5 Summary and Perspectives 

 

Animal life starts with fertilization. In a short but key period of development, the 

germ layers are formed by the fundamental process of gastrulation that lays down 

the blue print defining an organism's body plan. The heart, derived from the 

mesodermal germ layer, is the first organ to form and function. Heart development 

involves a series of evolutionarily conserved events, including the recruitment and 

differentiation of cardiac progenitor cells, events that are subject to an orchestrated 

control by transcriptional networks that will eventually define the terminally 

differentiated function of each cell (Moorman and Christoffels, 2003;Olson, 2006). 
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Cardiogenesis starts with the specification of heart-forming regions, which, due to 

embryonic folding, fuse at the midline of the embryonic disc to give rise to the early 

heart tube. During the subsequent stage of looping, chambers will balloon out from 

this tube at localized sites of myocardial differentiation. At the same time, large 

regions of this early tube will remain undifferentiated, retaining a so-called primary 

myocardial phenotype that is extremely comparable to the nodal tissues of the 

cardiac conduction system. Key transcriptional factors involved in both the 

processes of chamber differentiation and chamber repression have been identified. 

The non-chamber area of the heart tube will give rise to non-working cardiac 

structures, including the cardiac conduction system. A well-defined conduction 

system is responsible for proper, coordinated, function of the heart as a pump. 

Tbx2 and Tbx3, which are expressed in the sinus venosus and AVC, regions that 

will give rise to the nodal tissues of the heart, repress the chamber formation in 

these regions, a process that is of tremendous importance for the correct 

specification of the nodal tissues. The fact that Tbx2 expression fades during 

development while Tbx3 expression persists into adulthood may indicate that Tbx3 

plays a more prominent role than Tbx2 in the development of the cardiac 

conduction system.  

Congenital heart disease, the most common of all human birth defects, 

occurs in nearly 1% of live births (Hoffman, 1995). It is frequently caused by 

heterozygous mutations in genes that regulate heart development during the 

embryonic period. Further, many mutations that affect heart development may also 

affect other developmental processes not only directly via impaired gene function 

but also by insufficient early heart function. These aspects of development are only 

just beginning to be understood. With the advent of modern high through-put 

techniques such as deep sequencing and microarrays, we will soon be able to 

identify all genes involved in not only heart development, but all developmental 

processes. Although this will mark the end of a key discovery phase, only by 

understanding how all these factors work together to drive development will one 

then be able to truly tackle the mechanisms underlying what happens when a 

component of this system is faulty. A future goal of medical science is to finally 

integrate such knowledge to permit not only mechanical surgical intervention, but 

also make use of molecular techniques such as cellular repair therapy along with 

molecularly tailored drugs to ease and perhaps even repair diseased and damaged 

organs. 
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Abstract 

 

ChIP-seq is rapidly becoming a routine technique for the determination of the 

genome wide association of DNA binding proteins and histone modifications. Here 

we provide a protocol for the isolation, purification and immunoprecipitation of DNA 

fragments associated with a target transcription factor of interest. Although the 

method makes use of adult mouse hearts, it can, with relative ease, be adapted for 

the in vivo ChIP isolation of DNA from other cell and tissue sources with the 

intention of massive parallel sequencing. 

 

1. Introduction 

 

Chromatin Immunoprecipitation (ChIP) is a method commonly used to determine 

the location of DNA binding sites on the genome for a particular protein of interest 

(1-2). This technique provides a temporal view of the protein-DNA interactions that 

occur inside the nucleus of living cells or tissues. Insights at this level of protein-

DNA interaction can provide crucial information about the position of regulatory 

elements, such as enhancers, and their occupation and function during 

development and disease progression. 

ChIP-Sequencing, also known as ChIP-seq, combines chromatin 

immunoprecipitation (ChIP) with massive parallel DNA sequencing to identify the 

cistrome of DNA-associated proteins (3). In this way, protein-DNA interactions can 

be studied on a genome-wide level. ChIP-qPCR provides a confirmation of the 

presence of a given protein at a known, fixed position within the genome. Prior 

knowledge of a confirmed or suspected binding site is required to assess the 

quality of the ChIP. This binding site can either be compared to a site known not to 

be bound by the protein or to a reference ChIP carried out using a control antibody.

 Since it is an acceptable hypothesis that two spatiotemporally co-

expressed interacting transcription factors may share a set of gene targets and that 

the function of such an interaction may be the coordinated regulation of shared 

targets (4-6), we recently made use of chromatin immunoprecipitation (ChIP) 

coupled to genome wide sequencing technology to assist in the identification of 

regulatory elements across the genome bound by the transcription factor Tbx3 (7) 

(see Fig. 1). Although our initial study made use of an over expression system in 

mouse hearts, we have since applied the same approach to endogenous 

transcription factors of interest in the heart, with similar success. With the 

increasing application of this technology (ChIP-seq, (8)) to different transcription 

factors, available data resources can be mined and compared to help shed light on 

not only gene regulation in general, but provide new insights into transcription 

factor complexes and their in vivo function. The protocol we present here was 
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designed to perform ChIP on adult mouse hearts. However, with minimal 

adjustments it can be applied to most tissues and cells, delivering DNA fragments 

which can either be submitted for sequencing on a suitable platform or used in 

focussed single/multi target quantitative PCR (qPCR) experiments. The latter is 

particularly applicable if the tissue resources are limited. Following this approach 

we were able to verify our results with qPCR during early development using 

relatively small numbers of embryos. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
2. Materials 

 

Ultrapure water is defined as purified de-ionized water with a resistivity of 

approximately 18 M Ω at 25
o
C. Sterilization, unless otherwise stated, is by 

autoclaving at 15 psi (121
o
C) for 15 minutes. 

 

2.1 Materials and chemicals 

1. Protein G plus agarose beads (Pierce) 

2. Specific antibody to target protein of interest (see Note 1) 

3. Complete Protease Inhibitor Cocktail (Roche) 

4. 37% Formaldehyde (P.A. grade) (Merck). Bottle should be as fresh as possible 

(unopened <6 months) 

5. PBS (Phosphate buffered saline) tablets (Invitrogen). Solubilise and sterilize by 

autoclaving 

6. RNase A (Sigma) 

7. Proteinase K (Invitrogen). Stock 10 mg/mL in ultra-pure sterile water 

8. Glycine 

9. NaCl 

10. HEPES 

Fig. 1. ChIP-seq of 3 transcription factors in the adult mouse heart. The figure shows the ChIP-seq 
genome peak alignment to chromosome 1 of the mouse. The 3 transcription factors are key proteins 
with key roles in heart development; Tbx3, Nkx2-5 and Gata4. The control sample was carried using 
the Tbx3 antibody in hearts lacking induced Tbx3 expression. Nkx2-5 and Gata4 represent normal 
endogenous expression experiments. 
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11. Tris-HCl 

12. EDTA 

13. EGTA 

14. LiCl 

15. NaHCO3 

16. Sodium dodecyl sulphate (SDS) 

17. Triton X100 

18. NP-40 

19. Deoxycholic acid 

20. Phenol (Tris-buffered biophenol pH 8.0(Biosolve)) 

21. Chloroform 

22. Glycogen (Roche) 

23. Absolute Ethanol (100% and 70% solution made with sterile ultra pure water) 

24. Sterile ultra pure water 

 

2.2 General equipment 

5.0mL Stopper Tubes (Sterile) 

2.0mL Eppendorf tubes (Sterile) 

1.5mL LoBind Eppendorf tubes (Sterile) 

Lab-bench Rotator 

Centrifuge with cooling 

Dounce homogenizer (2 mL) 

IKA Ultra Turrax T5 FU (Or equivalent macerator) 

Sonics VCX-130 (Or equivalent ultra-sonication device) 

 

2.3 Working solutions 

Working from stock solutions (see Note 2). 

1. X-link buffer (freshly prepared): 100 mM NaCl, 50 mM HEPES (pH 7.9), 0.5 mM 

EGTA, 1 mM EDTA (see Note 3). Add glycine to a final concentration of 125 mM.  

2. Lysis Buffer: 50 mM Tris-HCl (pH 8.1), 10 mM EDTA (pH 8.0), 1% SDS. Add 1x 

Complete Protease Inhibitor Cocktail tablet just before use. 

3. Dilution Buffer: 20 mM Tris-HCl (pH 8.1), 150 mM NaCl, 2 mM EDTA (pH 8.0), 

1% Triton X-100.  

4. TSE I (Low Salt Washing Buffer): 20 mM Tris-HCl (pH 8.1), 150 mM NaCl, 2 mM 

EDTA (pH 8.0), 0.1% SDS, 1% Triton X-100 

5. TSE II (High Salt Washing Buffer): 20 mM Tris-HCl (pH 8.1), 500 mM NaCl, 2 

mM EDTA (pH 8.0), 0.1% SDS, 1% Triton X-100  

6. LiCl/detergent: 10 mM Tris-HCl (pH 8.1), 1 mM EDTA (pH 8.0), 250 mM LiCl, 

0.5% NP-40, 0.5% [w/v] Deoxycholic acid 

7. TE buffer: 10 mM Tris-HCl (pH 8.1), 1 mM EDTA (pH 8.0) 
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8. Elution Buffer: 100 mM NaHCO3, 1% SDS (This solution should be made fresh 

just before use and kept at room temperature) 

9. Proteinase K. Make a stock solution of 20 mg/mL in ultra-pure sterile water. 

Store at -20 °C 

 

3. Methods 

 

The following protocol is based on a single adult mouse heart sample. A single 

adult mouse heart contains approximately 1x10
7
 cells. Although sufficient 

chromatin can be obtained from smaller sample sizes, we recommend starting with 

an equivalent of this number before optimizing for smaller numbers of cells. 

 

3.1 Tissue fixation 

1. Isolate the tissue/cells in sterile 1xPBS. Good fixation will require that the fixative 

can enter the material (e.g. for adult mouse heart, cut it into small pieces). Once 

the sample has been sliced in to small pieces, transfer to a 5 mL stoppered tube. 

2. Fix the material with 1% formaldehyde in X-link buffer (see Note 4) for 30 

minutes (this has been optimized for adult mouse heart (see Note 5)) at room 

temperature (RT) with constant steep rocking/tilting.  

3. Remove formaldehyde by pipetting off the supernatant. 

4. Add fresh X-link buffer containing 125 mM glycine. 

5. Remove the X-link buffer and rinse 2x with sterile, ice cold PBS.  

6. Transfer tissue to a 2mL Eppendorf Tube.  

Note: At this stage the sample may be snap frozen and stored at -80 
o
C. 

 

3.2 Lysis and sample shearing  

1. Add 1 mL of sterile PBS to the material. The ratio of PBS to sample is 

approximately 10:1. 

2. Make an even suspension of the material. If the sample is a tissue this can best 

be done by physically chopping via maceration (see Note 6).  

3. Centrifuge at 5000rpm for 5 minutes at 4°C and discard the supernatant 

4. Resuspend in 1mL of Lysis Buffer containing 1x Protease Inhibitor Cocktail and 

incubate for 1h at 4 °C with rotation (see Note 7). 

5. Physically grind the cells with a pre-cooled Dounce homogenizer 20x (see Note 

8).  

At this stage the sample may be snap frozen and stored at -80 
o
C.  

 

3.3 Chromatin isolation and shearing 

The use of LoBind (Eppendorf) or similar reaction tubes with a low attractive 

surface is strongly recommended in all subsequent steps. 
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1. Transfer material to a 1.5 mL tube (see comment above) prior to sonication (see 

Note 9) 

2. Adjust the settings of the sonicator to medium power. For the sonicator used 

here we use an amplitude of 40%, though for other instruments this stage may 

need optimization.  

Pulse using successive rounds of 30s ON / 45s OFF 

Depending on the type of tissue being used, the number of rounds may need 

optimization (see Note 10)  

3. Centrifuge at full speed for 15 minutes at 4 
o
C and collect the supernatant (see 

Note 11). 

4. Save 2.5% (=25 μl) supernatant sample to determine shearing efficiency, 

continuing with the protocol for this test sample listed under section 3.5 (see Note 

12) 

5. Add 1mL PBS and 1mL Dilution Buffer, both containing 1x Protease Inhibitor 

Cocktail and mix well. (see Note 7) 

6. Aliquot in 1.5mL tubes. We recommend using 1mL of sample per experiment; 

this can be adjusted depending on the estimated expression of the protein of 

interest.  

At this stage the sample may be snap frozen in liquid nitrogen and stored at -80 
o
C 

before continuing. 

 

3.4 Immunoprecipitation 

1. Gently resuspend Protein A or G beads (see Note 13) and then wash 30ul of 

beads in an eppendorf tube 3x with TSE I (without protease inhibitor cocktail). 

Washing definition: add 500ul of TSE I to beads, gently resuspend (see Note 14), 

and centrifuge at low speed (2800 rpm), 2 min, 4°C. Carefully pipette supernatant 

away (see Note 15), but avoid disturbing the beads. Repeat. 

2. Add 1 mL of isolated chromatin to washed beads for pre-clearing. 

3. Incubate for 1 hour with rotation at 4°C. 

4. Centrifuge at low speed (2800 rpm) for 2 minutes at 4 °C. 

5. Remove a 2.5% (=25 μl) supernatant sample. This sample will function as a 

future input reference (see Note 16). 

6. Transfer the remaining supernatant to new tube and add 2ug of antibody against 

the protein of interest. 

7. Incubate from a minimum of 2h to overnight with rotation at 4 °C. (See Note 17). 

8. Wash 30 μl protein A or G beads and wash them 3x with TSE I (without protease 

inhibitor cocktail) as in step 1 above. 

9. Add antibody/chromatin mix from step 6-7 to washed beads. 

10. Incubate for 1 hour with rotation at 4 °C. 
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11. Centrifuge at low speed (2800 rpm) for 2 minutes at 4 °C. Carefully pipette 

away the supernatant. 

12. Wash the beads 2x with 1mL TSE I (containing protease inhibitor cocktail). 

Centrifuge at low speed (2800 rpm) for 2 minutes at 4 °C. Carefully pipette away 

the supernatant. 

13. Wash the beads 1x with 1mL TSE II (containing protease inhibitor cocktail). 

Centrifuge at low speed (2800 rpm) for 2 minutes at 4 °C. Carefully pipette away 

the supernatant. 

14. Wash the beads 1x with 1mL LiCl/detergent. Centrifuge at low speed (2800 

rpm) for 2 minutes at 4 °C. Carefully pipette away the supernatant. 

15. Wash the beads 1x with 1mL TE buffer. This is the last wash. Remove as much 

buffer as possible (see Note 18) without disturbing the beads.  

16. Add 200 μl freshly prepared Elution Buffer to the beads. 

17. Incubate for 15 minutes with rotation at room temperature (see Note 19). 

18. Centrifuge, at room temperature, at low speed (2800 rpm) for 2 minutes. 

19. Collect the supernatant in a new tube. 

20. Perform elution again, repeat steps 16-18. Pool eluates in one tube (total 

volume will be approximately 400 μl). 

 

3.5 Cross-link reversal and proteinaseK treatment 

The input reference sample should also be processed in the following manner. 

1. Add 16 μl 5 M NaCl (end concentration will be 200 mM) to the 400 μl sample. 

For input: add 75 μl sterile ultrapure water to the 25 μl input sample and then add 4 

μl of 5 M NaCl. 

2. Incubate from a minimum of 4 hours to overnight at 65°C. 

3. Add 2 μl RNase A to ChIP sample (add 1 μl to input sample) and incubate for 30 

minutes at 42 °C. 

4. Add 8 μl 0.5 M EDTA, 8 μl 1 M Tris-HCl (pH 6.5) and 8 μl Proteinase K solution 

(20 μg/μl). 

For input use 2 μl 0.5 M EDTA, 2 μl 1 M Tris-HCl (pH 6.5) and 2 μl Proteinase K 

solution (20 μg/μl). (See Note 20). 

5. Incubate for 2h at 42 °C. 

 

3.6 DNA purification 

(See Note 21) 

1. Add 1 volume of biophenol, mix by vortexing and centrifuge at 4°C for 10 

minutes at full speed in a microfuge. 

2. Collect top aqueous phase in a sterile microfuge tube. 

3. Add 1 volume of freshly prepared, settled, 50:50 phenol:chloroform, mix by 

vortexing and centrifuge at 4°C for 10 minutes at full speed in a microfuge. 
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4. Collect top aqueous phase in a sterile microfuge tube. 

5. Add 1 volume of chloroform, mix by vortexing and centrifuge at 4°C for 10 

minutes at full speed in a microfuge. 

6. Collect top aqueous phase in a sterile microfuge tube and add 0.5ul Glycogen, 

0.1x volumes of 3M NaAc pH 5.2, mix and then add 3 volumes of ice cold absolute 

ethanol. 

7. Leave in -20°C freezer for 30 minutes (see Note 22). 

8. Centrifuge at 4°C for 30 minutes at full speed. 

9. Wash with 500ul of cold 70% ethanol. 

10. Centrifuge at 4°C for 5 minutes at full speed. 

11. Remove all traces of ethanol from the pelleted DNA and air dry until all 

moisture droplets have gone. 

12. Resuspend pellet in 30-50 ul sterile utlra-pure water. A typical ChIP-experiment 

yields about 5-10 ng DNA. This is sufficient for quantitative PCR and sequencing.  

 

3.7 Sample concentration determination and further applications 

The sample concentration can be accurately measured by fluorometric quantitation 

(e.g. Qubit Quant-iT). This is especially important for downstream applications such 

as ChIP-sequencing, where it is vital to know that the protocol is entered with 

sufficient DNA for ligation of adapters and amplification of the material.  

Another application for which the material can be used is quantitative PCR. The 

enrichment of a DNA-fragment can be measured compared to the input sample, a 

sample treated with a control antibody or a control DNA-fragment that is not bound 

by the protein of interest. ChIP-qPCR can be used as a final result or to determine 

the quality of a ChIP experiment for other downstream applications. The quality can 

best be assessed by checking DNA fragments that are known to bind the protein of 

interest over DNA fragments that are not binding. We find an enrichment of at least 

10-fold over a control region to be a reasonable standard for ChIP-sequencing 

quality.  

 

4. Notes 

 

1. Our experience with choosing an antibody for ChIP-seq is that polyclonal 

antibodies raised against goat work very well with this protocol. However, 

antibodies raised against rabbit and other species have been commonly used for 

ChIP-seq throughout literature as well. When using an IgG control antibody, 

consider matching this to your antibody against the protein of interest (i.e. both 

raised against the same species).  

2. We usually make 5-10x stock solutions of all components for the working 

solutions. These are then autoclaved for longer term storage (typically for up to one 
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month). We typically then make solutions in either sterile glassware or pre-

sterilized tube (eg. Greiner). Adequate sterile ultrapure water must be available for 

diluting the components to make up the final working concentrations. Additionally, 

all working solutions used after the immunoprecipitation should be filter-sterilized. 

3. The amount of X-link buffer required will depend on the number samples. We 

recommend making at least 5 mL per sample. We also recommend using a stock 

solution of 0.5 M EDTA pH 8.0 for the addition of EDTA to the X-link buffer. 

4. We typically use 5 mL of X-link buffer per extraction when using adult mouse 

heart.    

5. The time required for fixation will vary between samples and will probably require 

optimization. As a general rule, the younger or softer the tissue, the less time 

required. For example, early embryonic samples (ED10.5) use a reduced fixing 

time (15 minutes at RT). Optimization of this step can be done in two ways; fixation 

can be varied by changing the percentage of the fixative or by changing the time of 

fixation. We recommend choosing one of the two, make a range around the 

standard protocol and compare the shearing efficiency and qRT-PCR outcome to 

the standard protocol (for adult or embryo) in one experiment. 

6. We make use of an IKA Ultra Turrax T5 FU with the power set to 40000/min, 

keeping the sample on ice during the maceration process. 

7. For some tissue types cell lysis can be a problem. It is recommended to check 

the lysis of the cells under a microscope when optimizing the protocol for a new 

tissue type. When lysis is insufficient, the volume of lysis buffer can be increased. 

The volume of other buffers throughout the protocol should then also be equally 

adjusted. When doing this, it should be noted that the immunoprecipitation in this 

protocol is performed in 1/3 of the total sample, based on the amount of chromatin 

that can be isolated from one sample.  

8. The dounce tube should have a well fitted pestle. 

9. Shearing is more efficient in a conical shaped tube compared to a round-

bottomed tube. 

10. An adult mouse heart requires 25 rounds of sonication. For embryonic tissue 

15 rounds are sufficient. The objective is to shear the chromatin (DNA) into pieces 

of approximately 150-500 bp in length. During optimization, samples may be 

withdrawn, reverse cross-linked (see section 3.5) and the DNA purified for gel 

analysis see Fig. 2. During sonication it is advisable to keep the sample on ice to 

prevent over-heating. However, SDS will precipitate if left on ice reducing the 

efficiency of DNA shearing. During sonication, the heat generated keeps the SDS 

in solution. Therefore care should be taken to ensure that just prior to sonication 

the sample is warmed between finger and thumb to ensure SDS is in solution.  

11. At this stage only a small pellet should be visible, possessing a white/grey 

colour. A black pellet may be a sign of 'burnt' cellular debris and as a rule we do  
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not continue with these samples. A large pellet may mean incomplete lysis which 

can result in reduced shearing efficiency. A small sample can be checked on gel 

(see note 7, 10 and 12). In this case the sample may be resuspended in fresh lysis 

buffer and sheared again before proceeding. 

12. We recommend checking the shearing efficiency before continuing with the 

immunoprecipitation. The remaining sample can be frozen at -80 °C. When 

shearing is insufficient, the sample can be subjected to an additional round of 

sonication. After this, the step needs to be repeated after which the chromatin 

sample may be refrozen at -80 °C.  

13. Choice of antigen bead (A or G) may depend on the primary antibody. See 

Table 1. 

14. Resuspend Protein A or G beads by gently flicking the tube until there is no 

visible pellet anymore. 

15. Pipet using a tip with a large opening or cut the end of a 200ul tip off. 

16. This sample may be snap frozen and stored at -80 °C. 

17. A 2h incubation period works well for most proteins. 

18. Use of a needle and syringe is an option. 

19. The buffer will precipitate at 4°C. 

20. Making a mastermix is an option when treating a large number of samples. 

Fig. 2. Chromatin shearing using sonication. Optimization of the 
number of rounds of sonication may be required. A typical average 
fragment bp length for efficient ChIP sequencing is around 200-300 
bp. 
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21. DNA purification may also be carried out using a commercial DNA purification 

kit and following the manufacturer’s instructions. 

22. Incubations at -20°C will increase DNA yield. The period of incubation may be 

extended to overnight. 
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Ig Origin Protein-A binding Protein-G binding 

Goat IgG1 Weak Strong 

Goat IgG2 Strong Strong 

Human IgG1, 2 and 4 Strong Strong 

Human IgG3 No Binding Strong 

Mouse IgG1 Weak Strong 

Mouse IgG2a, 2b and 3 Strong Strong 

Rat IgG1 Weak Weak 

Rat IgG2a No Binding Strong 

Rat IgG2b No Binding Weak 

Rabbit IgG Strong Strong 

Sheep IgG1 Weak Strong 

Sheep IgG2 Strong Strong 

Table 1 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Boogerd%20CJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wong%20LY%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22van%20den%20Boogaard%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bakker%20ML%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tessadori%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bakkers%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22't%20Hoen%20PA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22't%20Hoen%20PA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Moorman%20AF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Christoffels%20VM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Barnett%20P%22%5BAuthor%5D


 

58 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 

    

 
 
 
 
 
 
 

 

 

 

Stoichiometry is Potentially the Driving 
Mechanism Underlying Tbx3 and Tbx5 
Target Gene Expression 
 
 
L.Y. Elaine Wong and Phil Barnett 

CHAPTER 3 



Chapter 3 

60 

Abstract  

 

Tbx3 and Tbx5, both belonging to the T-box transcription factor family, play major 

roles in the development of cardiac conduction system. Although sharing many 

similarities in structure and target binding, they are opposite to each other in 

transcriptional properties as Tbx3 functions as a repressor and Tbx5 as an 

activator. Tbx3 suppresses working myocardial genes in the primary myocardium 

and thereby inhibits chamber differentiation. In contrast, Tbx5 activates working 

myocardial genes in the chamber myocardium to stimulate chamber differentiation. 

During heart development, the expression pattern of Tbx3 and Tbx5 overlap in the 

central components of the cardiac conduction system. Based on the knowledge 

that they are able to bind the same DNA consensus in vitro and appear to share 

many protein interacting-partners for transcriptional regulation, they probably have 

to compete with each other for the binding of DNA and protein-partners in the 

regions where they are co-expressed. To shed light on the possible mechanism 

determining the outcome of this competitive process, we investigate whether Tbx3 

and Tbx5 share binding-motif, gene targets and protein partners in vivo by 

analyzing the overlapping binding-sites of Tbx3, Tbx5 and their interacting-partners 

from their chromatin immunoprecipitation sequencing (ChIP-seq) data sets. Our 

results demonstrate that Tbx3 and Tbx5 bind a highly similar DNA binding-motif, 

largely the same target sites and genes, and the same protein-partners, and we 

thus propose that stoichiometry, the quantitative relationship between Tbx3 and 

Tbx5, is probably the determinant in this competitive target binding process.  

 

Introduction 

 

Tbx3 and Tbx5 belong to the T-box transcription factor gene family that possess a 

highly conserved DNA binding ‘T-box’ domain of 180 amino acids located in the 

amino-terminal portion of the protein 
1
. The T-box domain is required for DNA-

binding, protein-protein interaction and nuclear localization 
2, 3

. Several key T-box 

factors have been shown, in vitro, to bind a similar DNA binding consensus 
4, 5

. 

Tbx3 and Tbx5 belong to the Tbx2 subfamily with known orthologues in chick, 

mouse and human. Mutations in TBX3 and TBX5 have been found to be 

associated with cardiac conduction defects 
6-8

, indicating their important role in the 

development of the cardiac conduction system. Working as a transcriptional 

repressor, Tbx3 represses the expression of working myocardial genes, such as 

Cx40, Cx43, Nppa and Scn5a and in general functions to suppress chamber 

differentiation and maintain a nodal-like phenotype in the primary myocardium that 

will derive the nodal components of the conduction system 
9-11

. Tbx5, in contrast, 

acts as a transcriptional activator during heart development in which it activates 
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working myocardial genes in chamber myocardium and thereby stimulates 

chamber differentiation 
6, 12, 13

.  

During heart development, Tbx3 and Tbx5 expression patterns overlap in 

the central  components of the conduction system, including the sinuatrial node 

(SAN), the atrioventricular node (AVN), the atrioventricular bundle (AVB), the 

bundle branches (BB) and Purkinje fibers 
9, 11

. In the early forming AVB, Cx40 

expression is suppressed by Tbx3, but from E14.5 onwards its expression is 

initiated 
9
, in someway overriding the repression by Tbx3 which remains present. 

Since Tbx5 is co-expressed in this region, and has been shown to drive Cx40 

expression 
6, 14

, one hypothesis could be that Tbx5 directly competes with Tbx3 for 

DNA regulatory sequences governing expression of Cx40, this being based in part 

on their highly similar DNA binding domains. This mechanistic switch, therefore, 

may simply be driven by stoichiometry of Tbx3 and Tbx5.   

T-box factors exert their function by binding of specific DNA regulatory 

sequences and synergistic interaction with other transcription factors 
15-18

. A 

number of transcription factors like zinc finger-containing Gata4, and homeobox-

containing Nkx2-5 and Msx1 have been shown to have functional physical 

interactions with Tbx3 and Tbx5 in the regulation of gene transcription 
16, 17, 19-21

. 

Here, we offer evidence further validating these protein-protein interactions by 

analyzing overlapping chromatin immunoprecipitation sequencing (ChIP-seq) data 

sets of Tbx3, Tbx5 and their interacting-partners. We investigated the in vivo DNA 

binding-motifs, the binding-sites and target genes of Tbx3 and Tbx5 in order to 

shed light on whether stoichiometry could be a factor in target gene expression. 

 

Results 

 

ChIP-peak calling 

For all analyses, we used our own Tbx3 ChIP-seq data derived from adult mouse 

heart with Tbx3 ectopic expression in cardiomyocytes. This Tbx3 expression 

system makes use of a Cre-inducible TBX3 expression cassette (CT3) and a 

cardiomyocyte-specific tamoxifen inducible Cre expression cassette (Myh6-mER-

Cre-mER) (Chapter 4). Tbx3 ChIP-seq data were deposited in NCBI’s Gene 

Expression Omnibus (GEO) under accession number GSM862695. The ChIP-seq 

data sets of Tbx5, Gata4, Nkx2-5, Msx1 and Sox11 used were obtained from 

literature and NCBI’s Gene Expression Omnibus (GEO). ChIP-seq of Tbx5 (GEO 

accession GSM558908), Gata4 (GEO accession GSM558904) and Nkx2-5 (GEO 

accession GSM558906) was carried out in HL-1 mouse cardiac muscle cells 
22

; 

ChIP-seq of Msx1 (GEO accession GSM818942) was performed in C2C12 mouse 

myoblast cells 
23

; ChIP-seq of Sox11 (GEO accession GSM818942) was 

performed in early formed neurons 
24

.  
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After sequencing of the immunoprecipitated protein-DNA complexes from 

the ChIP and base-calling, 48 bp reads were aligned to the mouse reference 

genome. Subsequently, the genomic coverage of these aligned tags was called 

using MACS in wig format. In our study, an in-house algorithm was used to call 

BED-based ChIP-peaks. Our criteria for a peak was that the minimum peak width 

was 15 bp and the minimum gap between two peaks was 50 bp, meaning that if 

two peaks were separated by a distance shorter than 50 bp then these two peaks 

were considered to be one peak. To distinguish false-positive (background) regions 

from the genuine binding-regions, the minimum peak height (tags per peak) that 

reflects the border between them had to be determined with the same calculation  

A 

Figure 1 Assessment of genuine and background binding-peaks. (A) Tbx3 ChIP-seq is used here 
as an example. Tag count (x-axis) is plotted against peak count (y-axis in log scale). The graph is a 
biphasic curve. First tangent lines (white solid lines) were drawn at two points on the curve; the first 
point represents the point of the linear part of the first phase and the second point the linear part of the 
second phase. The intersection of these two tangent lines represents the point of the tag count of 
which the second derivative is maximal. In this example maximum second derivative was estimated at 
tag count around 5 (white dashed line). As an estimate of robust binding-sites for further analysis the 
peak height with maximal second derivative was rounded up and multiplied by 2, and this tag count 
point is than applied as the threshold value. Therefore, tag count of 10 was set as the threshold for 
Tbx3 ChIP-seq in further analysis (black dashed line). All peaks with tag counts lower than 10 were 
determined as either background or near background (dark grey plot area) and higher than 10 as true 
Tbx3 bindings (light grey plot area). (B) In this example, one of the Tbx3 peaks possesses a tag count 
higher than 10 (dashed line) and is therefore counted as a genuine peak.  
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for each transcription factor. This was done by plotting the tag count against the log 

of the total peak count. This typically derives a biphasic curve of which the maximal 

second derivative can be considered as the point of the transition from largely 

background random sequence to genuine peaks. Therefore, the genuine binding-

regions were assessed from the point where the second derivative was maximal 

(Fig. 1). Subsequently, to identify the most robust binding-sites used in the analysis 

throughout the chapter, we set as criterion that two times the peak height found at 

the point of maximum second derivative was used as the threshold value. Thus, all 

peaks with heights above the threshold value were determined as binding-peaks 

and used in further analysis.  

Furthermore, the control ChIP-seq was performed in adult mouse heart 

without ectopic Tbx3 expression that only possessed the Myh6-mER-Cre-mER 

cassette (GEO accession GSM862696). This control ChIP-seq data possessed a 

total of 155 peaks, and most of these peaks were represented in all used ChIP-seq  

data sets. The overlapping peaks of the control and other ChIP-seqs were 

subtracted from all used ChIP-seq data sets. 42177 Tbx3, 73876 Tbx5, 24696 

Gata4, 38723 Nkx2-5 and 2970 Msx1 ChIP-peaks remained after the subtraction. 

Note that to exclude differences in approach to genome alignment, sequences of 

the previously published datasets for Tbx5, Gata4, Nkx2-5 
22

 and Msx1 
23

, were 

realigned to the mouse genome using the same settings as for the Tbx3 data.  
 

Tbx3 and Tbx5 share similar binding-motif in vivo 

We investigated whether there is a difference in binding consensus between Tbx3 

and Tbx5 in vivo that might represent specific gene programs. De novo motif 

discovery analysis using MEME 
25

 was performed to find enriched motifs in 

individual and combined ChIP-seq datasets. Since 55% (23318 out of 42177) of 

the Tbx3 binding-peaks overlap the binding-peaks of closely related Tbx5, the 

overlapping Tbx3 and Tbx5 peaks were subtracted from the Tbx3 and Tbx5 data 

set in order to discriminate the peaks unique to peak datasets of both factors. The 

resulted peaks were named Tbx3minusTbx5 and Tbx5minusTbx3 peaks (Table 1). 

Subsequently, random peaks from this intersecting data were used for the de novo 

motif discovery approach. Although Tbx3minusTbx5 showed more variation in the 

binding-motif, Tbx3minusTbx5 or Tbx5minusTbx3 peaks were found to be enriched 

for a motif that resembles the previously published in vitro binding consensus in the 

TRANSFAC and JASPAR database 
26-28

 (Fig. 2). The binding-motif enriched for the 

overlapping peaks of Tbx3 and Tbx5 also showed more variation than the Tbx5 

binding-motif, but was in good agreement with the published binding consensus. 

These results are also an indication of the quality of the ChIP-seq data. We 

compared the de novo binding-motifs of Tbx3minusTbx5 and Tbx5minusTbx3 with 

the published de novo motif of another T-box family member, Tbx20 
29

. Tbx5 and  
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Tbx20 are co-expressed in the early heart tube but become differentially expressed 

during chamber formation, indicating that they contribute to chamber formation 

independently 
13

. Interestingly, Tbx3minusTbx5 and Tbx5minusTbx3 binding-motifs 

differed from the Tbx20 de novo binding-motif (Fig. 2), possibly reflecting that 

Tbx20 differs from Tbx3 and Tbx5 in transcriptional function, and in the subfamily 

they belong 
13, 17

. The similarity of Tbx3 and Tbx5 in binding-motifs suggests that 

they probably recognize the same gene targets in vivo.  
 

Chromatin occupancy of known Tbx3/5-interacting partners with regard to 

Tbx3/5 

To find out whether co-occupancy is a predictor of protein-protein interaction and 

can it be used to investigate downstream targets of an interaction, we focused on 

the relationship between Tbx3 or Tbx5 and their interacting-partners. We assessed 

the binding-site distribution of known interacting-partners with regard to the  

 

Peak 

number   

Peak 

number 

Tbx3 total 42177   Tbx5 total 73876 

Tbx3/Tbx5 overlap 23318   Tbx5/Tbx3 overlap 19455 

Tbx3minusTbx5 18859   Tbx5minusTbx3 54421 

Table 1 Overview of the numbers of 
Tbx3 and Tbx5 ChIP-peaks. The total 
peaks refer the number of total peaks 
before subtracting Tbx3/5 and Tbx5/3 
overlapping peaks from Tbx3 and Tbx5 
ChIP-peaks, relatively. Tbx3/Tbx5 
overlap refers to Tbx3 peaks that 
overlap Tbx5 peaks; Tbx5/Tbx3 
overlap refers to Tbx5 peaks that 
overlap Tbx3 peaks. Tbx3minusTbx5 
indicates the number of Tbx3 peaks 
after subtracting Tbx3/Tbx5 
overlapping peaks from Tbx3 peaks 
and Tbx5minusTbx3 means vice versa. 

Figure 2 De novo motif discovery analysis for 
ChIP-seq data. MEME motif discovery analysis for 
Tbx3minusTbx5 and Tbx5minusTbx3 ChIP-peaks 
(thus after subtraction of overlapping peaks of Tbx3 
and Tbx5), and for Tbx3 and Tbx5 overlapping ChIP-
peaks compared to published consensus sequences 
available from TRANSFAC 

26
, JASPAR 

27, 28
 and the 

published Tbx20 de novo binding-motif 
29

. The de 
novo binding-motifs of Tbx3minusTbx5 and 
Tbx5minusTbx3 resemble the consensus sequences 
from TRANSFAC and JASPAR for five bases 
(framed by black dashed line), while differ from 
Tbx20 de novo binding-motif.  

 

Tbx3minusTbx5 

Tbx5minusTbx3 

Tbx3 and Tbx5  
overlap 

Tbx5 

TRANSFAC 

T 
JASPAR 

Tbx20 
Shen et al. 2011 



Stoichiometry: Potential Driving Mechanism underlying Tbx3/5 Target Expression 

   65 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

binding-sites of Tbx3 or Tbx5. The ChIP-peaks of known interacting-partners 

Gata4, Nkx2-5 and Msx1 were intersected with the ChIP-peaks of Tbx3 and Tbx5. 

Unique Tbx3 and Tbx5 peaks obtained after subtracting the overlapping Tbx3 and 

Tbx5 peaks were used. The ChIP-seq peaks of each factor with a minimal width of 

15 bp were extended artificially with increments of 0 to 1000 bp at the start and 

end. The number of Tbx3minusTbx5 or Tbx5minusTbx3 peaks overlapping the 

peaks of these interacting-partners was determined at each peak extension (the 

peak numbers at peak extensions 0, 50 and 1000 bp are represented in Fig. 3a). In 

order to compare data sets with different peak numbers, the number of overlapping 

peaks at peak extension of 0 bp was set to 1. The fold of Tbx3minusTbx5 (or 

 

Peak 
number 

Number Tbx3 
peaks 

overlapping 
these factors 

0 bp peak extension 
  

Tbx3minusTbx5 18859 
 

Gata4 24696 1383 

Nkx2-5 38723 1275 

Msx1 2970 287 

Sox11 116193 219 

50 bp peak extension 
  

Tbx3minusTbx5 17403 
 

Gata4 24696 1506 

Nkx2-5 38723 1424 

Msx1 2970 352 

Sox11 116193 475 

1000 bp peak extension 
  

Tbx3minusTbx5 11756 
 

Gata4 24696 1420 

Nkx2-5 38723 1819 

Msx1 2970 419 

Sox11 116193 2547 

 
Peak 

number 

Number 
Tbx3 peaks 
overlapping 

Tbx5 

0 bp peak extension 
  

Tbx3 total 42177 
 

Tbx5 total 73876 23318 

50 bp peak extension 
  

Tbx3 total 42177 
 

Tbx5 total 73876 24682 

1000 bp peak extension 
  

Tbx3 total 42177 
 

Tbx5 total 73876 30190 

Figure 3 Chromatin distributions of the 
binding-sites of T-box interacting-
partners regarding to the binding-sites of 
Tbx3. The ChIP-peaks of each factor with a 
minimal width of 15 bp (= 0 bp peak 
extension) are extended artificially with 0 to 
1000 bp at the start and end of the peaks. 
(A) Table showing the ChIP-peak numbers 
of Tbx3minusTbx5 (thus after subtraction of 
the overlapping Tbx3/5 peaks), Gata4, 
Nkx2-5, Msx1 and Sox11 and the peak 
numbers of Tbx3minusTbx5 overlapping 
these factors at peak extension of 0, 50 and 
1000 bp. (B) Table showing the numbers of 
total Tbx3 and Tbx5 peaks (before 
subtraction of the overlapping Tbx3/5 
peaks), and Tbx3/Tbx5 overlapping peaks at 
peak extension of 0, 50 and 1000 bp. (C) 
Graph showing the fold of Tbx3minusTbx5 
overlaps with other factors regarding to peak 
extension of 0 bp (y-axis) plotted against 
peak extension (x-axis). Note Sox11 as a 
non-interacting control of Tbx3.  
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Tbx5minusTbx3) overlaps with other factors with regard to peak extension of 0 bp 

is plotted against peak extension (Fig. 3c).  In so doing it was possible to broadly 

determine how the binding-sites of the interacting-partners are distributed 

regarding those of Tbx3 or Tbx5.  

As a positive control Tbx3/Tbx5 overlapping peaks were used since Tbx3 

and Tbx5 largely share the same binding-sites. The numbers of total Tbx3 and 

Tbx5 peaks (before the subtraction of the overlapping Tbx3 and Tbx5 peaks) and 

Tbx3/Tbx5 overlapping peaks at 0, 50 and 1000 bp peak extensions are listed in 

Figure 3b. We expected that functional interacting-partners bind to localized 

regulatory elements in a protein complex, sharing a close DNA binding relationship. 

This was indeed observed for the Tbx3/Tbx5 overlaps and intersection with Gata4, 

Nkx2-5 and Msx1 all noted as being known interacting-partners of Tbx3 and Tbx5 
16, 17, 19-21

 (Fig. 3c).  

Next, we tested how the binding-sites of Sox11, a transcription factor that 

probably functions independently of Tbx3 and Tbx5, are distributed with regard to 

Tbx3 and Tbx5. Sox11, which plays a role in the neuronal differentiation, is 

expressed mainly in the neuronal and mesenchymal tissues during development 
24, 

30, 31
. It belongs to the same subgroup as Sox4 in the Sox family, and is highly 

similar to Sox4 in structure and function. Sox4 has been demonstrated to be an 

interacting protein-partner of Tbx3 probably mainly in the developing heart 

endocardial cushions where they co-expressed (Chapter 6). The expression of 

Sox11 in the heart, appearing to be transient 
30, 32

, seems not to overlap with that of 

Sox4 in the endocardial cushions 
30, 32

. We used the ChIP-peaks of Sox11 to test 

our hypothesis of how the occupied binding-sites from two functionally non-related 

datasets will be distributed when compared to each other (published Sox11 ChIP-

seq 
24

, GEO accession GSM818942). Transcription factors not working in concert 

in gene regulation, should, show a lower degree of localized overlap in terms of the 

ChIP-seq data profiles. One would expect this to be represented in a more 

extensive increase in the fold of overlapping peak number as the overlap window 

widths were extended. As shown in Figure 3c, the fold of overlapping peaks of 

Tbx3minusTbx5 with Sox11 indeed increases in a much more extensive way than 

the other factors as the peak widths increased. The intersection of Tbx5minusTbx3 

with these factors (not shown) showed comparable result as Tbx3minusTbx5. 

These results indicated that target-sites shared by Tbx3/5 and Gata4, Nkx2-5 and 

Msx1 are closely located to those of Tbx3 and Tbx5, showing that co-occupancy 

could be used as a predictor of protein-protein interaction. 

 

Genomic distribution of overlapping ChIP-peaks 

After determining the number of peak regions of each ChIP-seq data set, we 

characterized the distribution of the binding-peaks throughout the mouse genome 



Stoichiometry: Potential Driving Mechanism underlying Tbx3/5 Target Expression 

   67 

(Table 2). The genomic distribution of the peaks was defined in terms of promoter, 

intragenic and intergenic location. For this, we chose to define a promoter region 

as the 0-1 kb upstream region of a known gene (mouse refGene; 30480 genes). 

First we compared the genomic distribution of Tbx3minusTbx5 and 

Tbx5minusTbx3 peaks (thus after the subtraction of overlapping Tbx3 and Tbx5 

peaks from the Tbx3 and Tbx5 data set). Table 2 shows that their distributions 

appear similar in characteristic. This is the same for the Tbx3 peaks that overlap 

Tbx5 peaks (Tbx3/Tbx5), and for the Tbx5 peaks that overlap Tbx3 peaks 

(Tbx5/Tbx3), except that the portion found in the promoter regions (32.7% and 

37.4%, respectively) was much higher compared to Tbx3minusTbx5 and 

Tbx5minusTbx3 peaks (10.1% and 7.7 %, respectively). Note that the total number 

of promoter regions defined in this analysis comprises 30480 kb of the genome 

(approximately 1% of the genome), therefore it can be concluded that there is a 

significant enrichment of overlapping Tbx3/Tbx5 and Tbx5/Tbx3 peaks located in 

promoter regions.   

Subsequently, we investigated the genomic distribution of the co-

occupancy of Tbx3 and Tbx5 with Gata4, Nkx2-5 and Msx1. The previous 

assessment showed that the binding-sites of these interacting-partners are in close 

proximity to those of Tbx3 and Tbx5. Tbx3, Tbx5, Gata4, Nkx2-5 and Msx1 peaks 

with a minimum width of 15 bp were extended with 50 bp at the start and end for 

the assessment of the overlapping peaks of Tbx3 and Tbx5 with these factors. 

Tbx3minusTbx5 and Tbx5minusTbx3 peaks (thus after the subtraction of 

overlapping Tbx3 and Tbx5 peaks) were used. The numbers of the overlapping 

peaks are depicted in Table 2. The majority of the overlapping peaks concerning 

Gata4 and Nkx2-5 were found in the intragenic regions. However, the percentage 

Tbx5minusTbx3 / Gata4 overlapping peaks in the promoter region (15.8%) is three 

times higher than Tbx3minusTbx5 / Gata4 peaks in the promoter region (5.3%). 

The Tbx3minusTbx5 / Msx1 overlapping peaks were found largely in the intergenic 

regions (52.8%) whereas the majority of the Tbx5minusTbx3 / Msx1 overlapping 

peaks was located in the intragenic regions (51.4%). Taken together, the peak-

overlaps of Tbx5minusTbx3 with Gata4 and Msx1 are distributed in the genome 

slightly differently than those of the Tbx3minusTbx5 overlap.  

 

Distribution of overlapping ChIP-peaks with regard to transcription start site 

We assessed the distribution pattern of Tbx3minusTbx5 or Tbx5minusTbx3 peaks 

that overlap with Gata4, Nkx2-5 and Msx1 peaks with respect to the transcription 

start site (TSS). For this analysis, the TSS was defined as the start of the 5’UTR of  

each gene (mouse refGene; 30480 genes), covering regions of 0.5 kb up- and 0.5 

kb downstream of the start. As shown in the graphs in Figure 4, the numbers of 

overlapping ChIP-peaks (y-axis) distributed across a distance of 50 kb up- and  
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Overlapping factors 
Total 

overlapping 
ChIP-peaks 

Distribution of overlapping peaks (%) 

Promoter Intragenic Intergenic Total 

Tbx3minusTbx5 18859 10.1 58.1 31.8 

  

Tbx5minusTbx3 54421 7.7 64.3 28.1   

Tbx3/Tbx5 23318 32.7 48.3 19.0   

Tbx5/Tbx3 19455 37.4 41.7 20.9 

  

Tbx3minusTbx5 / 
Gata4 

1506 5.3 56.2 38.4 

  

Tbx5minusTbx3 / 
Gata4 

4220 15.8 51.9 32.1   

Tbx3minusTbx5 / 
Nkx2-5 

1424 6.2 65.9 27.9   

Tbx5minusTbx3 / 
Nkx2-5 

4980 8.9 61.5 29.5   

Tbx3minusTbx5 / 
Msx1 

352 6.0 41.2 52.8   

Tbx5minusTbx3 / 
Msx1 

276 5.1 51.4 43.5   

 

 

 

 

downstream from the TSS (x-axis) were assessed. The peaks in the graphs 

indicate enrichment of overlapping ChIP-peaks. Tbx3minusTbx5 / Gata4, 

Tbx3minusTbx5 / Nkx2-5 and Tbx3minusTbx5 / Msx1 overlapping peaks were 

found enriched in the vicinity of the transcription start sites (result of Tbx3 in Fig. 4; 

result of Tbx5 not shown). Since the DNA co-occupancy of transcription factors 

probably represents association of regulatory complexes, localized enrichment of 

overlapping peaks could be an indication of enhancer presence. Periodicity of peak 

enrichment at approximately 10, 25 and 40 kb (thus approximately every 15 kb) up- 

and downstream of the TSS was observed in the tested area (Fig. 4, right graphs), 

which might be reflective of a distance optima for enhancer locations. Regarding 

Table 2 Distribution of overlapping ChIP-peaks across the mouse genome. Assessment of the 
percentages of ChIP-peaks located in the promoter, intragenic and intergenic regions. ChIP-peaks of 
Tbx3minusTbx5 and Tbx5minusTbx3 are intersected with those of Gata4, Nkx2-5 and Msx1 and these 
peaks have length extension of 50 bp at both ends. 
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repetition of peak enrichment, Tbx3minusTbx5 / Gata4 and Tbx3minusTbx5 / 

Nkx2-5 overlapping peaks are more prominently enriched at 10 kb downstream of 

the TSS (red arrow in Fig. 4). This clustering of enhancer elements might associate 

with first introns, a region that has often been found to display enhancing 

properties relating to gene expression 
33, 34

. The distribution of Tbx5minusTbx3 

peaks with regard to the TSS showed similar in characteristic as that of 

Tbx3minusTbx5 peaks. 

 
 
 

Figure 4 Distribution of overlapping ChIP-peaks regarding to the transcription start site (TSS). 
Left: Graphs showing the number of Tbx3minusTbx5 peaks overlapping Gata4, Nkx2-5 or Msx1 peaks 
(y-axis) plotted against the genomic distance with regard to the TSS (x-axis). The numbers of peaks 
distributed in a distance of 50 kb up- and downstream from the TSS are assessed. Right: Enlargement 
of the graphs depicting periodicity of peak enrichment in approximately every 15 kb. More prominent 
peak enrichment at 10 kb downstream of the TSS is found for Tbx3minusTbx5 / Gata4 and 
Tbx3minusTbx5 / Nkx2-5 (red arrow).    
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GO term analysis of genes regulated by Tbx3 and/or Tbx5  

Genes that are probably regulated by Tbx3, Tbx5 or co-regulated by Tbx3 and 

Tbx5 were analyzed. The intragenic plus the promoter (defined as 1 kb upstream of 

each gene) portions of Tbx3minusTbx5 and Tbx5minusTbx3 peaks (thus after 

subtraction of the overlapping Tbx3 and Tbx5 peaks), and overlapping Tbx3 and 

Tbx5 peaks were assessed. Subsequently, target gene lists consisting of genes 

possessing peaks from each of these conditions were generated (see ‘Method’ 

section). Genes in these lists were defined with GenBank accession numbers that 

were also translated to gene names using DAVID bioinformatics resource 
35, 36

. 

Using an in-house script, the three gene lists consisting of genes with 

Tbx3minusTbx5, Tbx5minusTbx3, and overlapping Tbx3 and Tbx5 peaks were 

crossed by GenBank accession numbers in order to distinguish genes bound by 

Tbx3 only, Tbx5 only, and Tbx3 and Tbx5 (Fig. 5). Genes bound by Tbx3 and Tbx5 

can have the following binding-conditions: genes with solely overlapping bindings, 

genes with overlapping AND unique bindings from either or both, but non-

overlapping, or genes with solely non-overlapping bindings (Fig. 5). Note that it is 

technically difficult to distinguish unique genes from isoforms of the same gene. 

Therefore, in order to determine the numbers of unique genes excluding gene 

isoforms we could only count in genes of which GenBank accession numbers can 

be translated to gene names. The calculation of gene numbers resulted in 737 

genes occupied by Tbx3 only, 3514 genes by Tbx5 only, and 9193 genes by both 

Tbx3 and Tbx5. In total, 4686 genes contain Tbx3 peaks, of which 84% also 

contain at least one Tbx5 binding. This result shows that the major portion of Tbx3 

target genes is shared by Tbx5.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Determination of the target genes of Tbx3 and/or Tbx5. Draft depicting the binding 
conditions of gene groups bound by Tbx3 only, by Tbx5 only and by both Tbx3 and Tbx5. Tbx3 (black) 
and Tbx5 (grey) binding-peaks are presented as triangles. GO-term analysis for each gene group is 
presented in Table 3 and Table 4. 
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To analyze the group of genes solely bound by Tbx3, the group of genes 

solely bound by Tbx5 and the group of genes bound by both Tbx3 and Tbx5 

identified above (Figure 5), Gene Ontology (GO) term analysis was performed for 

these groups of genes. The top 5 list of biological process GO-terms by P-value 

are shown in Table 3. Among the top 5 of GO-terms, genes solely bound by Tbx3 

and thus probably regulated by Tbx3 are enriched for GO-terms including striated 

muscle tissue development and neuron differentiation, which is consistent with the 

knowledge that Tbx3 plays roles in these processes 
37, 38

. Genes uniquely bound 

by Tbx5 are concentrated for GO-terms related to translation and transcription 

processes, and cell cycle that has been suggested to require Tbx5 
39

. Genes 

bound by both Tbx3 and Tbx5 are enriched for GO-terms related to phosphate 

metabolic process, and protein localization and transport. Further, these genes are 

enriched for many GO-terms for heart development and heart function (Table 4), 

suggesting the requirement of co-regulation of Tbx3 and Tbx5 in the modulation of 

genes that are functional in the heart. 

 

GO term analysis of genes co-regulated by Tbx3/5 and their interacting-

partners 

To analyze down-stream target genes that could be regulated by the interaction of 

Tbx3 or Tbx5 and their protein-partners, GO-term analysis for the intragenic plus 

promoter portions of the overlapping peaks of Tbx3minusTbx5 or Tbx5minusTbx3 

with Gata4, Nkx2-5 and Msx1 was performed. Except for the group of 

Tbx3minusTbx5 / Msx1 overlapping bindings, all other groups of overlapping 

bindings were found enriched for GO-terms for heart development and heart 

contraction (Table 5). We searched for whether there were groups of genes co-

occupied by Tbx3 and interacting-partners and not by Tbx5 and interacting-

partners, or vice versa. Since Tbx3 is functionally classed as a repressor and Tbx5 

as an activator, we chose a number of terms related to both features for the 

comparison between Tbx3 and Tbx5, such as positive/negative regulation of gene 

expression and histone acetylation/deacetylation (Table 6). Except for the group of 

Tbx3minusTbx5 / Msx1 overlapping peaks, all other groups of overlapping peaks 

were enriched for GO-terms related to positive as well as negative regulation of 

gene expression. Interestingly, we discovered that in the case of Gata4 

overlapping, genes related to histone acetylation were found for Tbx5minusTbx3 / 

Gata4 genes but not for Tbx3minusTbx5 / Gata4 genes (Table 6).  
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Term Count % PValue 
Fold 

enrichm. 

Genes bound by Tbx3 and NOT by Tbx5 
    enzyme linked receptor protein signaling pathway 23 3.1 2.9E-04 2.4 

amine transport 12 1.6 3.9E-04 3.7 

neuron differentiation 29 3.9 4.6E-04 2 

transmembrane receptor protein tyrosine kinase signaling pathway 18 2.4 4.8E-04 2.6 

striated muscle tissue development 14 1.9 5.6E-04 3.1 

Genes bound by Tbx5 and NOT by Tbx3 
    translation 88 2.5 1.4E-06 1.6 

ncRNA metabolic process 55 1.6 2.3E-04 1.6 

RNA processing 100 2.8 8.3E-04 1.4 

M phase 69 2 1.1E-03 1.4 

transcription 345 9.8 1.1E-03 1.2 

Genes bound by Tbx3 AND Tbx5  
    phosphate metabolic process 568 6.2 3.6E-33 1.4 

phosphorus metabolic process 568 6.2 3.6E-33 1.4 

protein localization 505 5.5 4.5E-33 1.5 

establishment of protein localization 447 4.9 1.1E-31 1.5 

protein transport 444 4.8 1.3E-31 1.5 

     

Term Count % PValue Fold enrichm. 

Genes bound by Tbx3 and NOT by Tbx5         

heart development 16 2.2 1.3E-02 2.0 

Genes bound by Tbx5 and NOT by Tbx3 
    

no heart related term 
    

Genes bound by Tbx3 AND Tbx5 
    

heart development 163 1.8 3.5E-16 1.6 

heart morphogenesis 55 0.6 2.1E-06 1.6 

regulation of heart contraction 35 0.4 1.4E-03 1.5 

heart contraction 12 0.1 1.4E-02 1.9 

heart process 12 0.1 1.4E-02 1.9 

heart looping 18 0.2 3.7E-02 1.5 

heart trabecula formation 8 0.1 5.6E-02 1.9 

regulation of the force of heart contraction 10 0.1 8.0E-02 1.7 

adult heart development 10 0.1 8.0E-02 1.7 

     

Table 3 Biological process Gene Ontology (GO) term analysis of the target genes of Tbx3 and/or 
Tbx5. Top 5 of the GO-terms of Tbx3 target genes (upper panel), Tbx5 target genes (middle panel) 
and shared target genes of Tbx3 and Tbx5 (bottom panel). 

 

Table 4 Biological process Gene Ontology (GO) term analysis of the target genes of Tbx3 and/or 
Tbx5. Heart related GO-terms for Tbx3 target genes (upper panel), Tbx5 target genes (middle panel) 
and shared target genes of Tbx3 and Tbx5 (bottom panel). 
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Discussion 

 

Here we investigated the mechanism underlying the target binding profiles of Tbx3 

and Tbx5. By analyzing the Tbx3 and Tbx5 ChIP-seq peaks, we found, in vivo, that 

their DNA binding-motifs resemble the in vitro binding-consensus. We found that 

the majority of the Tbx3 ChIP-peaks overlap Tbx5 ChIP-peaks, and that they are 

distributed in a similar fashion across the mouse genome, suggesting that Tbx3 

and Tbx5 bindings occur largely at the same sites and genomic locations. We 

showed that the binding-sites of Tbx3 and Tbx5 and the published protein 

interacting-partners Gata4, Nkx2-5 and Msx1 show degrees of overlap that are 

Term Ct % 
P 

Value 
Fold 

enrich. Term Ct % 
P 

Value 
Fold 

enrich. 

Tbx3minusTbx5/Gata4 
    

Tbx5minusTbx3/Gata4 
    

heart development 26 3.8 1.3E-07 3.5 heart development 41 2.5 1.8E-06 2.2 

heart morphogenesis 10 1.5 8.1E-04 4.0 heart morphogenesis 16 1.0 8.4E-04 2.6 

regulation of heart contraction 7 1.0 6.4E-03 4.2 heart growth 4 0.2 1.5E-02 7.0 

heart trabecula formation 3 0.4 3.5E-02 9.9 

regulation of heart 
contraction 10 0.6 1.9E-02 2.4 

regulation of the force of heart 
contraction 3 0.4 6.9E-02 6.8 

    
  

regulation of heart rate 3 0.4 9.9E-02 5.6 
    

  

Tbx3minusTbx5/Nkx2-5 
    

Tbx5minusTbx3/Nkx2-5         

heart development 25 3.4 5.3E-06 2.9 heart development 34 1.9 2.6E-03 1.7 

heart morphogenesis 10 1.4 2.1E-03 3.5 
    

  

heart trabecula formation 3 0.4 4.4E-02 8.6 
    

  

regulation of the force of heart 
contraction 3 0.4 8.7E-02 6.0 

    
  

Tbx3minusTbx5/Msx1 
   

  Tbx5minusTbx3/Msx1 
    

no heart related term 
   

  heart development 5 4.0 4.9E-02 3.6 

          heart morphogenesis 3 2.4 7.7E-02 6.5 

Term Term Count % P-Value 
Fold 

enrichm. 

Tbx3minusTbx5 / Gata4  Tbx5minusTbx3 / Gata4  
    no histone related term  histone acetylation 8 0.5 2.1E-02 2.8 

 

histone H2A acetylation 4 0.2 6.9E-02 4.1 

 histone H4 acetylation 5 0.3 8.8E-02 2.9 

Tbx3minusTbx5 / Nkx2-5  Tbx5minusTbx3 / Nkx2-5  
    no histone related term  no histone related term     

Tbx3minusTbx5 / Msx1  Tbx5minusTbx3 / Msx1  
    no histone related term  no histone related term      

Table 5 Biological process Gene Ontology (GO) term analysis of genes co-occupied by Tbx3 or 
Tbx5 and their interacting-partners. Heart related GO-terms for Tbx3 and Tbx5 target genes with co-
occupancy of Gata4, Nkx2-5 and Msx1. 

 

Table 6 Biological process Gene Ontology (GO) term analysis of genes co-occupied by Tbx3 or 
Tbx5 and their interacting-partners. GO-terms related to histone modification are used for the 
comparison between Tbx3 and Tbx5 target genes with co-occupancy of Gata4, Nkx2-5 and Msx1. 
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spatially related, validating that these factors represent real synergistic binding 

partners in the co-regulation of select target genes. The GO term analysis showed 

that the majority of the Tbx3 target genes are shared by Tbx5. Therefore, Tbx3 and 

Tbx5 may function by activating or repressing the same gene packages. Based on 

this and the distance overlap analysis (Fig. 3C) it is very plausible that Tbx3 and 

Tbx5 have to compete with each other for the binding of target sites and interacting 

protein-partners in tissues where they are co-expressed. Based on our study in 

which the genome-wide binding-sites of Tbx3 were analyzed using our ChIP-seq 

data and compared with Tbx5 binding-profile, showing that Tbx3 and Tbx5 

recognize highly similar consensus sites, sharing a large number of gene targets 

and presumably regulatory elements, stoichiometry of Tbx3 and Tbx5 appears to 

play a major role in the mechanism underlying non-chamber versus chamber 

differentiation 
6, 9, 10, 12, 13, 40

.  

The data we present here appears to suggest that although Tbx3 and Tbx5 

share a large number of gene targets, they also display a level of unique target 

recognition that cannot be explained simply on the basis of their consensus binding 

sites, which are largely identical. This reflects the possibility that the determination 

of certain target genes specific to Tbx3 or Tbx5 could lie in unique, as yet to be 

identified protein interaction partners, or, a unique recognition of histone 

modification patterns.  

Our GO-term analysis for overlapping peaks of Tbx3 or Tbx5 and their 

interacting-partners would seem to demonstrate that Tbx5 and Gata4 co-regulate 

genes with terms related to histone acetylation (Table 6). Histone acetylation 

facilitates the reorganization of chromatin from a condensed state into an 

accessible state, permitting transcription factor association and therefore 

increasing gene transcription. This fits the current knowledge of Tbx5 working as a 

transcriptional activator. In fact, T-box factors have been demonstrated to have a 

role in epigenetic mechanisms. Physical association with histone-modifying 

complexes has been reported to be a conserved function for the T-box family. Tbx5 

is found to physically interact with H3K27-demethylase activity 
41

, and Tbx2 is likely 

to interact with histone deacetylase 1 (HDAC1) to repress transcription 
42

. 

However, it should be noted that the analysis we performed for genes probably co-

regulated by Tbx3 and Tbx5, which resulted in 30% (9193 from 30480) genes of 

the mouse genome, only covered the intragenic and promoter portions occupied by 

Tbx3 and Tbx5; there are still many (overlapping) peaks located in the intergenic 

regions that could represent enhancer elements of genes co-regulated by Tbx3 

and Tbx5. In other words, Tbx3 and Tbx5 may be involved in the co-regulation of a 

larger number of genes than discovered here.  

The T-box domain of mouse TBX3 shares 64% identical amino acid 

residues with the T-box domain of TBX5 
43

. Although sharing very high levels of 
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sequence similarity in the T-box domain, TBX3 and TBX5 diverge in sequence 

outside the T-box, which is the case for all other identified T-box factors. Since our 

data suggest that the T-box of Tbx3 and Tbx5 do not define differential regulation 

of gene targets and that the majority of gene targets appear to be the same, we 

investigated whether the C-terminal region is solely responsible for the 

transcriptional activities of TBX3 and TBX5 
13, 44

. Chimeric proteins were generated 

by combining the TBX3 T-box with the TBX5 N- and/or C-terminus in order to test 

whether they could induce transcription (Fig. 6a). The luciferase reporter assay 

using a Nppa promoter driven reporter construct showed that none of these 

chimeric proteins could ‘restore’ the induction level of a full-length TBX5 (Fig. 6b). 

A higher level of induction was observed when co-factors NKX2-5 and GATA4 

were added, but it was still lower than that of a full-length TBX5 (Fig. 6c). These 

findings suggest that the N- and C-terminal regions of T-box factors may not 

exclusively be responsible for the transcriptional activator or repressor functions, 

but the whole protein including the conserved T-box domain is required. Our data 

suggest that the T-box domain might contribute a portion of the function, possibly 

by recruiting other protein partners such as histone-modifying enzymes that 

regulate the epigenetic state 
41, 45

. In line with this it has been shown that a number 

of patient mutations located in the T-box domain of TBX3 and TBX5 appear to 

affect the recruitment of the non-permissive H3K27-demethylase and/or the 

permissive H3K4-methyltransferase complexes 
41

.  

The superimposed crystal structures of the T-box domain of human TBX3 
2
 

and TBX5 
46

 bound to a classical DNA T-site that is published in the JASPAR 

database show that the structures of the backbone and association of DNA of both 

T-box domains are highly similar (Fig. 7a). Human T-box domains share high 

degree of homology to mouse T-box domains (at amino acid level T-box of human 

TBX5 is 97% identical to mouse TBX5) 
47

. Therefore, the structure of the mouse T-

box domain is expected to be similar to the human T-box domain. We aligned the 

sequences of the part of the mouse T-box domain (amino acids 121-271) of TBX3, 

TBX5 and TBX20, the residues of which seem to be associated with the major 

groove of DNA, finding that the sequences differ at four residues (Fig. 7b). 

Interestingly, S128 and A263 residues of TBX3 are positioned opposingly 

compared to A128 and S263 residues of TBX5 as shown in the crystal structures 

(Fig. 7c). The de novo binding-motif of Tbx3 accessed from ChIP-seq analysis 

resembles that of Tbx5 and the JASPAR motif for five nucleotides, which could 

represent the core binding-motif (framed by black dashed line, Fig. 2 and Fig. 7d). 

Remarkably, at two bases further from the core binding, Tbx3 shows strong 

nucleotide preference for a C, while Tbx5 for a G (framed by red dashed line, Fig. 

7d).  Based on the crystal structures (Fig. 7c), the C and G base pair of the T-site 

are positioned in the major groove, and seem to juxtapositioned with an alanine  
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and a serine residue, respectively, which are the variable residues in the T-box 

domain as shown in the sequence alignment (Fig. 7b). TBX20 also possesses a 

serine for residue 128 and an alanine for residue 263, similar to TBX3 (Fig. 7b), 

and the binding-motif of Tbx20 shows preference for a C at the same position as 

Tbx3 motif (framed by red dashed line, Fig. 7d), assuming that these residues are 

positioned similarly in the tertiary structure of TBX20. The hypothesis that this 

sequence difference in the T-box domain of TBX3 and TBX5 at amino acids level 

could lead to the variation in consensus preference may partly explain the 

difference we observed in the ability of the T-box domain of TBX3, fused to the C-

terminus of TBX5, to induce a Nppa promoter driven reporter construct, possessing 

a perfect Tbx5 consensus. The influence and baring this difference may have in 

vivo in target site affinity remains to be investigated.  

A great percentage of the ChIP-peaks we analyzed were found in the 

intergenic regions (Table 2). Bindings of transcription factors in the intergenic  

Figure 6 T-box domain is required for Tbx3 and Tbx5 to function as a repressor and an 
activator. (A) Schematic presentation of TBX3 and TBX5 full length and chimeric TBX3/TBX5 proteins. 
Chimeric proteins are generated by combining the TBX3 T-box domain with the TBX5 C-terminus 
(TBX3-3-5 and TBX3-5minN-ter) and TBX5 N- and C-terminus (TBX5-3-5) to test whether the TBX3 
activity can be turned to TBX5 activity by swapping these domains. (B) Graph showing the repression 
and activation of luciferase transcription by TBX3 and TBX5, respectively. None of the chimeric 
proteins can activate the transcription at a level as high as TBX5. (C) Graph showing that upon the 
addition of NKX2-5 and GATA4 in the luciferase assay, the TBX3/TBX5 chimeric proteins are still not 
able to activate luciferase transcription at the same level as TBX5. Note the synergistic activation of 
NKX2-5/GATA4/TBX5-complex that is many folds higher than the activation by TBX5 alone.  

 

A 

B C 
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Figure 7 Sequence difference in the T-box domain of TBX3 
and TBX5 might lead to variation in consensus preference. 
(A) Left: ribbon diagram of the superposed crystal structures of 
the T-box domains of TBX3 

2
 and TBX5 

46
 bound to a classical 

DNA T-site (JASPAR database). ma, major groove; mi, minor 
groove. Right: 90 degree rotated view. (B) Sequence alignment of 
part of the mouse T-box domains of TBX3, TBX5 and TBX20 that 
is juxtapositioned in the major groove of the DNA. The asterisks 
depict the residue differences. (C) Magnification of part of the 
crystal structure of the T-box domain of TBX3 (top) and TBX5 
(bottom) showing the structural features of the binding of the T-
box domain and DNA major groove. The positions of four variable 
amino acids residues as shown in (B) are depicted. Alanine and 
serine residue are situated at distances < 9 Å (6 Å at shortest 
position) from the base pairs C and G. (D) Overview of the T-site 
(JASPAR database), and the de novo binding motifs of 
Tbx3minusTbx5, Tbx5minusTbx3 and the published motif of 
Tbx20 

29
 accessed from ChIP-seq analyses. Tbx3 motif resembles 

T-site and Tbx5 motif for five bases (framed by black dashed line). 
Tbx3, Tbx5 and Tbx20 show variable preference for either a C or 
a G (framed by red dashed line). The positions of the related G/C 
bases of T-site are depicted in (C).           
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regions might have functional properties relating to chromatin remodeling; they 

could trigger chromatin looping in which regulatory elements are brought into 

proximity with target genes in order to activate transcription 
48, 49

. Therefore, some 

enhancer elements can be located hundreds of base pairs away from their target 

transcription start site 
50, 51

. In our study, the majority of Tbx3/Msx1 binding-peaks 

were found in the intergenic regions, suggesting that next to direct transcriptional 

regulation, chromatin reorganization might be another important biological function 

of Tbx3-Msx1 interaction. A role for Msx1 in chromatin organization has already 

been suggested, showing that Msx1 is involved in the global redistribution of 

methylation patterns within the nucleus 
52

.  

Although dealing with ChIP-seq data sets derived from different biological 

models (mouse heart versus cell lines), comparable results may be expected when 

the experiments are performed in the same model, since our analysis for Tbx3 and 

Tbx5 bindings shows many similarities in target sites and genes, which could be 

expected for these two proteins that are known to recognize the same DNA 

consensus and share structural features. However, one must keep in mind that the 

epigenetic state involving mechanisms like histone modifications and DNA-

methylation could be different between these biological models, which could affect 

the protein-DNA bindings and thus the ChIP-seq results. This may complicate the 

analysis of the overlapping peaks of Tbx3 and Tbx5, and their interacting-partners. 

Therefore, a more accurate prediction may be obtained from ChIP-seq analysis in 

the same system. Further, as much as analyzing co-occupancy of Tbx3/5 and co-

factors could already provide reliable information about the location of the 

enhancer elements regulated by these T-box factors, still more extended research 

is needed in order to identify active enhancer elements for a specific gene. 

Overall, we feel that the data demonstrate that Tbx3 and Tbx5 recognize 

many of the same sites and target genes. One must then conclude that regional 

differences in their target gene expression profiles are achieved by either 

spatiotemporal expression differences of Tbx3 or Tbx5, differences in 

stoichiometric concentrations of Tbx3 or Tbx5 or unique protein partner 

recruitment. The second of these probably best explains the observable differences 

between the atrioventricular node gene expression profiles as compared to the 

atrioventricular bundle profile, both of which express both Tbx3 and Tbx5.  
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Methods 

 

Peak calling 

See Results section ‘ChIP-peak calling’. Unless stated otherwise, 15 bp minimal 

peak width, 50 bp gap distance, and two times the defined background tag count 

were used as parameters for defining peaks. Before analyzing the ChIP-seq data 

sets, peaks from Tbx3 control ChIP-seq were subtracted from all ChIP-seq data 

sets used here by using Galaxy software server 
53-55

. Analysis of the BED files, 

including the assessment of Tbx3minusTbx5, Tbx5minusTbx3 and overlapping 

peaks was further carried out using the Galaxy software server.   

 

Assessment of unique Tbx3 (Tbx3minusTbx5) and Tbx5 (Tbx5minusTbx3) peaks 

In order to find Tbx3 binding-sites not bound by Tbx5 and vice versa, Tbx3/Tbx5 

overlapping peaks were subtracted from Tbx3 ChIP-seq data set, and Tbx5/Tbx3 

overlapping peaks were subtracted from Tbx5 ChIP-seq data set. The resulted 

peaks represent unique Tbx3 and unique Tbx5 peaks. 

 

Assessment of overlapping peaks 

Unless otherwise indicated, to find overlapping regions of Tbx3 or Tbx5 and their 

interacting protein-partners, peaks of these factors with a minimal width of 15 bp 

were artificially extended with 50 bp at both ends afore the intersection of the data 

sets. Extension of peak width was not applied to the analysis of overlapping Tbx3 

and Tbx5 peaks. Binding-peaks within data sets were considered to be overlapped 

if two peaks have at least 1 bp of overlap. Tbx3minusTbx5 peaks and 

Tbx5minusTbx3 peaks were used for the intersection with peak regions of 

interacting-partners.   

 

De novo motif discovery 

De novo motifs enriched in Tbx3minusTbx5, Tbx5minusTbx3 and Tbx3 and Tbx5 

overlapping peaks were assessed by using MEME 
25

. Note that overlapping Tbx3 

and Tbx5 peak regions here were defined by merging of Tbx3/Tbx5 and Tbx5/Tbx3 

overlapping regions. In order to assess the binding-motifs precisely, random peaks 

with minimal peak width of 100 bp were used here. Position weight matrices from 

the TRANSFAC and JASPAR database 
26-28

 were used to compare the de novo 

motifs from ChIP-seq peaks with known transcription factor motifs. 

 

Gene Ontology (GO) analysis of Tbx3 and Tbx5 target genes 

First Tbx3minusTbx5, Tbx5minusTbx3 (peaks resulted from the subtraction of 

Tbx3/Tbx5 and Tbx5/Tbx3 overlapping peaks, respectively), and overlapping Tbx3 

and Tbx5 peak regions were assessed. Note that overlapping Tbx3 and Tbx5 peak 
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regions here were defined by merging of Tbx3/Tbx5 and Tbx5/Tbx3 overlapping 

regions. Subsequently, 30480 genes currently listed in UCSC mouse refGene were 

extracted using Galaxy software server. Promoter regions were assigned to the 1-

kb region upstream of annotated transcription start sites. Intragenic plus promoter 

regions were intersected with peak regions using Galaxy in order to assess a list of 

target genes. Genes were defined with GenBank accession numbers. At this 

manner, target gene lists consisting of genes with Tbx3minusTbx5, 

Tbx5minusTbx3, and Tbx3 and Tbx5 overlapping peaks were generated. Using an 

in-house script, these three target gene lists were intersected by GenBank 

accession numbers in order to generate three new gene lists containing genes 

bound by Tbx3 only, by Tbx5 only, and by Tbx3 and Tbx5. These gene lists were 

then subjected to Gene Ontology (GO) term analysis using DAVID bioinformatics 

resource 
35, 36

. In addition, translation of GenBank accession numbers in these lists 

to gene names using DAVID allows the accession of gene isoforms, thereby 

enabling the determination of the numbers of genes by the numbers of unique 

gene names. 

 

Gene Ontology (GO) analysis of genes co-regulated by Tbx3/Tbx5 and interacting 

–partners 

Overlapping peak regions of Tbx3minusTbx5 and interacting-partners, and 

Tbx5minusTbx3 and interacting-partners were assessed as mentioned above. 

Intragenic plus promoter portions of the overlapping peaks were subjected to GO-

term analysis using DAVID. 

 

Luciferase reporter assay with chimeric Tbx3/5 proteins 

Tbx3 and Tbx5 fusions were generated as depicted in Figure 6. The Tbox position 

is based on the terminal residues present in the final crystal structure of Tbx3. At 

the C-terminal of these positions, Tbx3 sequence was replaced with that of Tbx5. 

The N-terminal hybrid fusions were generated sequentially at 2 internal methionine 

residues of Tbx3 by PCR using the initial Tbx3 Tbox- Tbx5 C-terminus hybrid 

fusion. These were ligated together with the N-terminal fragment of Tbx5. 

Luciferase assays were carried out using the ANF-Luciferase construct as 

described before 
20

. Activity of hybrid fusions was evaluated by comparing the 

efficiencies of ANF induction by various Tbox constructs, in the presence of Nkx2-5 

and Gata4.  

 

 

 

 

 



Stoichiometry: Potential Driving Mechanism underlying Tbx3/5 Target Expression 

   81 

All primers used here: 
Tbx3-Hum-FHind ATAAAGCTTATGAGCCTCTCCATGAGAGATCCG 

Tbx3-Hum-RBam ATAGGATCCTACGGGGACGCGCTGCGGGACCT 

Tbx3-Hum-RKpn ATAGGTACCTTTTGCAAAAGGGTTGTTGTCTATTT 

Tbx3-Hum-FKpn ATAGGTACCCGGGACACTGGAAATGGCCGAAGAG 

TBX3-TBX5-REVMUTA CCCTTTTGCAAAAGGTTTCCGGGGCAGTGAT 

TBX3-TBX5-REVMUTB ATCACTGCCCCGGAAACCTTTTGCAAAAGGG 

TBX3-5-M1F ATAGGCTAGCATCATGGATCAATTGGTGGGGGC 

TBX3-5-M1R GGACTAGTGGATCCTTAGCTATTGTCG 

TBX3-5-M2F ATAGGCTAGCACCATGGAGCCCGAAGAAGAGGTG 

TBX5-M1F ATAGGCTAGCATGGCCGACGCAGACGAGGGCTTTG 

TBX5-M1R ATAGGCTAGCGCCCTGCTGGGTGAAGGCGGCCTG 
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Abstract 

 

Tbx3, belonging to the T-box transcription factor family, plays an important role in 

development of the cardiac conduction system. It maintains the nodal-like 

phenotype of the nodal components, the atrioventricular bundle, and the proximal 

bundle branches by suppressing working myocardial genes and thereby the 

differentiation of nodal-like myocardium into working myocardium. Except for a few 

of the working myocardial genes found to be directly repressed by Tbx3, little data 

exists regarding the direct gene targets of Tbx3. Here, we perform chromatin 

immunoprecipitation sequencing (ChIP-seq) analysis of Tbx3 in mouse heart, 

revealing Tbx3-bindings genome-wide. By combining the Tbx3 binding-profile and 

the expression profile of genes regulated by Tbx3 in the AV canal/node, we find 

that many of the Tbx3 direct target genes are related to ion channels, including 

cardiac sodium channel genes Scn5a and Scn10a. During transcriptional 

regulation, Tbx3 interacts and works synergistically with other cardiac transcription 

factors like Gata4 and Nkx2-5. The combinatorial approach of Tbx3, Gata4, Nkx2-5 

and enhancer-associated co-activator p300 ChIP-seq data sets shows two co-

occupied regions in Scn5a and Scn10a, which we demonstrate to be enhancer 

elements regulated by Tbx3 and Tbx5. Our transgenic mouse enhancer assay 

shows that the  LacZ reporter gene expression-pattern driven by these enhancer 

elements resemble to Scn5a and Scn10a expression-patterns in the heart, 

implicating that these enhancer elements are potentially responsible for the 

expression of Scn5a and Scn10a in the heart.  

 

Introduction 

 

The evolutionarily conserved T-box transcription factor family plays a crucial role in 

defining gene expression networks in developmental processes and lineage 

specification 
1, 2

. T-box genes are expressed in various tissues in both unique and 

overlapping areas at different developmental stages 
3
. T-box proteins can bind 

DNA through their highly conserved ~180 amino acids long DNA-binding domain 

termed the ‘T-box’. For so far tested in vitro, T-box factors share a common DNA 

binding sequence (TCACACCT) termed the T-box binding element (TBE) 
4-7

. 

Although it seems that T-box factors bind the same sequence in vitro, they differ in 

their transcriptional properties; e.g. Tbx5 is known to act as an activator while Tbx3 

can repress gene transcription 
8, 9

. Transcriptional functionality of T-box factors is 

provided by binding of specific gene promoters and enhancer elements, and by the 

interactions with other transcription factors 
2, 10-12

. Zinc finger-containing Gata4 and 

homeobox-containing Nkx2-5 are known to be interacting protein partners of Tbx2, 
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Tbx3 and Tbx5, and Msx1, Msx2 and Sox4 interact with Tbx3 
1, 13-15

, synergistically 

working with the T-box factors to modulate gene expression. 

T-box factor Tbx3, belonging to the Tbx2 subfamily, is closely related to 

Tbx2 in structure and function. Tbx3 is expressed in various tissues during 

development, including the heart, limbs and lungs 
2
. It functions as transcriptional 

repressor, and like other members of the T-box transcription factor family, it is 

involved in many embryonic developmental processes 
1, 2

. In addition to its role 

during development, Tbx3 seems to play a role in tumorigenesis; it has been found 

over-expressed in a number of cancers including lung and breast cancers. Tbx3 

contributes to tumorigenesis probably by suppressing the expression of tumor 

suppressor proteins p14ARF and p21CIP1 and thereby promoting bypass of 

senescence 
16-18

.  

Tbx3 plays an important role in heart development 
2, 19, 20

. Mutations in 

Tbx3 have been associated with the human genetic disease ulnar-mammary 

syndrome, which has recently been reported to display cardiac defects as one of 

the phenotypes 
21, 22

. In the heart throughout embryogenesis, Tbx3 is specifically 

expressed in the sinuatrial node (SAN), atrioventricular node (AVN), atrioventricular 

bundle (AVB), and the proximal part of the bundle branches (BBs), which are 

components of the cardiac conduction system. Tbx3 defines and maintains the 

nodal like phenotype of these components by repressing the working myocardial 

genes (such as Nppa and Cx43), thereby preventing their differentiation into the 

working myocardial phenotype 
23, 24

. Tbx3 expression persists in these tissues in 

the heart into adult life 
23-26

. Deficiency of Tbx3 in mice resulted in expansion of 

expression of working myocardial genes into the SAN. Normally, the expression of 

Tbx3 is absent in the atrial and ventricular working myocardium. Ectopic 

expression of Tbx3 in the atrial working myocardium of mice led to ectopic 

pacemaking activity in the atria and arrhythmias, showing the important role of 

Tbx3 in the regulation of the electrical components of the nodal cells 
24

. These 

findings provided insights into the role of Tbx3 in development of the cardiac 

conduction system. However, the underlying molecular mechanisms need to be 

further elucidated and little data exists regarding the direct DNA targets of Tbx3. 

Chromatin immunoprecipitation coupled to massively parallel sequencing 

(ChIP-seq) together with microarray analysis can provide insights into direct target 

genes of a specific protein such as a transcription factor. ChIP-seq analysis has 

been shown to be an invaluable tool for mapping genome-wide protein-binding 

sites and epigenetic marks 
27-30

. Transcription factors typically regulate gene 

transcription through binding to DNA in a sequence-specific fashion. The genomic 

binding sites of transcription factors are often cis-acting regulatory DNA elements, 

elements that are responsible for the spatial and temporal expression patterns of 

genes 
31-34

. Such elements, enhancers, have been identified within introns in genes 
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13, 35, 36
  and in conserved non-coding regions flanking genes, some of which are 

located at a considerable distance from their target transcription start site (>100 kb) 
37-39

.  

Here, we performed ChIP-seqs of three major cardiac transcription factors 

Tbx3, Gata4 and Nkx2-5. Overlaps of the results of these ChIP-seqs revealed co-

occupation in a significant number of genes involved in cardiac conduction 

including cardiac sodium channel genes Scn5a and Scn10a. These genes were 

used as model genes to prove our hypothesis that the combined ChIP-seqs of 

cardiac transcription factors could reveal the locations of in vivo cardiac enhancers. 

Two sequences in Scn5a and Scn10a were co-occupied by multiple factors, and in 

vivo and in vitro enhancer assays demonstrated active enhancing activities exerted 

by these sequences. Mutation and EMSA analysis showed that T-box binding site 

present in these two enhancer sequences was responsible for binding and 

regulation of Tbx3. All together, we identified cardiac specific Scn5a and Scn10a 

enhancers modulated by a network of cardiac regulators involving Tbx3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B Figure 1 Tbx3 ChIP-seq validation. 
(A) Tbx3 binding-regions (peak 1 and 
2) and non binding-regions (i en ii) in 
Scn5a found in Tbx3 ChIP-seq of adult 
mouse heart with ectopic TBX3 
expression are validated for Tbx3 
bindings by ChIP-PCR. Hprt was used 
as non-binding control gene. (B) 
Significant Tbx3 binding peaks are 
present in a number of previously 
published T-box binding genes, 
including Nppa, Cx43, Cx30.2 and 
Myh6. 
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Figure 2 In vivo ChIP-seq analysis in adult mouse heart (A) Alignment of ChIP-seq datasets from 
mouse heart (Tbx3, red; Gata4, blue; Nkx2-5, green; p300, brown) described in this manuscript in the 
vicinity of Hopx, a gene involved in conduction system function 

68
. (B) Overlap of all ChIP-seq binding 

regions with genes in refGene plus their promoters, defined here as the 1 kb upstream region of those 
genes. Values are percent of all peaks. (C) Results obtained from the MEME motif discovery analysis. 
Binding motifs are in good agreement with those recently published for the HL-1 based ChIP-seq 

33
 and 

JASPAR motifs. (D) Venn diagram showing the number of overlapping binding regions between heart-
derived ChIP-seq datasets of Tbx3, Nkx2-5 and Gata4. (E) Molecular function GO-term analysis of 
genes containing an intragenic overlapping Tbx3/Nkx2-5/Gata4-ChIP-seq peak region.  
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Results 

 

Validation of Tbx3 ChIP-seq data for T-box bindings 

Chromatin-immunoprecipitation coupled to massively parallel sequencing (ChIP-

seq) of Tbx3 was applied to determine genome-wide binding-sites of Tbx3 in adult 

mouse heart. Tbx3 is only expressed in a small fraction (the conduction system) of 

the total adult heart (Horsthuis et al. 2009) and its amount is too low for efficient 

ChIP-seq. Therefore, for the Tbx3 ChIP-seq analysis, we used adult mouse heart 

with ectopic TBX3 expression in cardiomyocytes. This mouse heart contained a 

Cre-inducible TBX3 expression cassette (CT3) and a cardiomyocyte-specific 

tamoxifen inducible Cre expression cassette (Myh6-mER-Cre-mER) (mouse model 

was described previously 
23

). Mouse heart that only possessed the Myh6-mER-

Cre-mER cassette served as ChIP control.  

 To validate the results of the Tbx3 ChIP-seq, a number of regions with or 

without Tbx3 binding-peaks were tested for Tbx3 bindings by ChIP-PCR using 

adult mouse heart with ectopic TBX3 expression (Fig. 1a). Hprt was used as non-

binding control gene. The ChIP-PCR confirmed that regions with ChIP-seq peaks 

represented indeed Tbx3-bindings and regions without the peaks represented non-

binding. Furthermore, we checked occupancy of a number of genes previously 

published as T-box binding targets. Numerous known T-box binding genes were 

identified as significant Tbx3-binding regions in our Tbx3 ChIP-seq, including 

natriuretic precursor peptide A (Nppa) 
4, 40

, connexin 43 (Cx43, also known as 

Gja1) 
24

, connexin 30.2 (Cx30.2, also known as Gjd3) 
11

 and alpha-cardiac myosin 

heavy polypeptide 6 (Myh6) 
41

 (Fig. 1b). JASPAR database (MA0009.1 T binding-

site with score threshold 70%) was used for the search of consensus T-box binding 

sites within the Tbx3-binding peaks in these genes. The T-box binding site found 

within the Tbx3 binding-peak in the Nppa promoter (Fig. 1b) matched a published 

T-box binding site responsible for Tbx5 activation of Nppa 
4
. Taken together, the 

Tbx3 binding-peaks found in our Tbx3 ChIP-seq could be considered as solid Tbx3 

binding-sites. 

 

Combinatorial ChIP-seq analysis of Tbx3, Nkx2-5 and Gata4  

We also established the occupancy of endogenous Nkx2-5 and Gata4, two cardiac 

transcription factors that cooperate with T-box factors. It has been shown that 

occupancy by the enhancer-associated protein p300 can predict the location of 

heart enhancers 
42

. Therefore, we also include the previously published occupancy 

profile of p300 
42

 (Fig. 2a) in the assessment of enhancer locations. We first 

assessed the quality of our ChIP-seq experiments by determining the overlap in 

peaks between the Tbx3 ChIP-seq dataset and the control ChIP-seq dataset. 

These datasets possessed a total of 25446 and 1089 peaks, respectively, with an 
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overlap of 131. The overlapping peaks were subtracted from the main Tbx3 dataset 

as likely false positive peaks, remaining 25315 as Tbx3 binding-peaks (Fig. 2b). 

Next, we determined the number of peaks for both the Nkx2-5 and the Gata4 ChIP-

seq datasets (Fig. 2b). The resulting datasets were used to analyze the distribution 

of factor binding regions across the genome. For this analysis, a promoter region of 

1kb upstream of all genes was used to define the number of peaks associated with  

a promoter. The distribution of the remaining peaks was then assessed in terms of 

intragenic or intergenic. This analysis revealed that the majority of peaks in all 3 

data sets were positioned within a gene sequence (exons and introns), with a 

significant enrichment (p<0.001) of peaks associated with a promoter region.  

To investigate whether the ChIP peaks could be directly correlated to DNA 

binding elements for Tbx3, Nkx2-5 and Gata4, we performed de novo motif 

discovery using MEME 
43

. Using 600 random peaks of each transcription factor, 

MEME yielded motifs (Fig. 2c) in good agreement with the motifs derived from 

ChIP-seq data of biotinylated Tbx5, Nkx2-5 and Gata4 expressed in HL-1 cells 
33

.  

 

 

 

 

 

 

 

 

 

 

 

 

GOTERM: Molecular Function           

Genes  Count  %  P-Value  

metal ion binding  67 26.9 1.00E-03 

ion binding  68 27.3 1.10E-03 

cation binding  67 26.9 1.30E-03 

gated channel activity  11 4.4 2.50E-03 

calmodulin binding  7 2.8 2.80E-03 

NAD(P)+-protein-arginine ADP-ribosyltransferase activity 3 1.2 3.00E-03 

cation channel activity  10 4 3.50E-03 

channel activity  12 4.8 5.40E-03 

passive transmembrane transporter activity  12 4.8 5.40E-03 

voltage-gated ion channel activity  8 3.2 6.60E-03 

voltage-gated channel activity  8 3.2 6.60E-03 

metal ion transmembrane transporter activity  10 4 9.50E-03 

ion channel activity  11 4.4 1.10E-02 

substrate specific channel activity  11 4.4 1.30E-02 

alkali metal ion binding  8 3.2 1.40E-02 

A 

B Figure 3 Tbx3 direct target genes are 
related to ion channel genes. (A) 
Molecular function Gene Ontology 
(GO) analysis using DAVID on genes 
significantly bound by Tbx3, repressed 
by ectopic Tbx3 expression and 
reduced in the AV canal/node. (B) 
Quantitative RT-PCR analysis shows 
reduced expression of 10 
representative ion channel genes in 
mouse hearts with ectopic Tbx3 
expression (black bars) compared to 
the control hearts (light grey bars). 
These genes are significantly reduced 
in the AV canal (p < 0.05) and contain 
ChIP-seq peaks for Tbx3, Gata4 and 
Nkx2-5. 
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Figure 4 Scn5a and Scn10a are down-regulated by Tbx3. (A) Relative mRNA expression levels of 
Scn5a and Scn10a in right and left atrium, right and left ventricle, brain, lung and spine of E14.5 mice. 
Both genes have high expression in the heart chambers compared to the other tested tissues. (B) In 
situ hybridization of Scn5a and Scn10a in the E17.5 sinoatrial node region showing complementary 
patterns to Tbx3 (upper panels). In situ hybridization performed in E14.5 wild-type mouse hearts 
showing overlap of Scn5a and Scn10a expression. SAN, sinoatrial node; RA, right atrium; LA, left 
atrium; RV, right ventricle; LV, left ventricle; IVS, interventricular septum. (C) Quantitative RT-PCR 
analysis showing significantly (p < 0.05) reduced relative mRNA levels of Scn5a and Scn10a in mouse 
hearts with ectopic Tbx3 expression (black bars) compared to control hearts (light grey bars), and the 
relative mRNA levels of neighboring genes Scn11a and Endogl1 are not affected by enhanced Tbx3 
expression. (D) Overview of ChIP-seq datasets of Tbx3, Nkx2-5, Gata4 performed in adult mouse 
hearts and p300 performed in E11.5 embryonic mouse hearts (Blow et al.) showing the binding-peaks 
of these factors within the Scn5a/Scn10a locus. Tbx3 (red), Gata4 (blue), Nkx2-5 (green) and p300 
(brown). (E) Tbx3 ChIP-PCR (left panel) and Tbx3 ChIP-qPCR (right panel) of E10.5 embryonic mouse 
hearts showing bindings of TBE2 and TBE9 with endogenous Tbx3. (F) Luciferase reporter assay 
showing enhancer activity in vitro. Enhancers cloned upstream of pGL2 and a minimal promoter were 
transfected into H10 cells with (light grey bars) or without (black bars) Nkx2-5 and Gata4. Fragments 
TBE1, TBE2, TBE6, TBE7 and TBE8 respond to addition of Gata4 and Nkx2-5. Fragments TBE4 and 
TBE9 show strong constitutive activity. The table below shows the genomic locations and sizes of the 
fragments tested in the luciferase assay. (G) Luciferase reporter assay showing the response of TBE1, 
TBE2 and TBE9 on the T-box factors. TBE1 and TBE2 are induced by Tbx5 and repressed by Tbx2 
and Tbx3. TBE9 is repressed by Tbx2 and Tbx3 but not induced by Tbx5. 
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We found near-perfect matches for the Gata4 motif in the JASPAR 
44, 45

 and 

TRANSFAC 
46

 database. Interestingly, the Nkx2-5 ChIP-seq motif showed a closer 

resemblance to the Nkx3-2 consensus site found in the JASPAR database, 

compared to the Nkx2-5 consensus site. The ChIP-seq motif for Tbx3 resembles 

the motif for T in the JASPAR database and for Tbx5 in the TRANSFAC database.  

Tbx3, Nkx2-5 and Gata4 are known to interact with each other in the 

regulation of transcription 
10, 19

. Based on a recent ChIP-seq analysis of biotinylated 

Tbx5, Nkx2-5 and Gata4 in HL-1 cells in which it was demonstrated that 

overlapping peak regions often represented bona fide regulatory elements 
33

, we 

assessed the intersections of our in vivo Tbx3, Nkx2-5 and Gata4 datasets (Fig. 

2d). Indeed, the intragenic portion of the 185 overlapping peak regions revealed 

significant enrichment of GO-terms for heart and muscle system development (Fig. 

2e). 

 

Combinatorial approach of Tbx3 binding-profile and profile of genes 

regulated by Tbx3 reveals that majority of Tbx3 direct target genes are 

related to ion channels 

We previously identified sets of genes differentially expressed between the AV 

canal/node and the working myocardium. Tbx3 is important for the maintenance of 

the nodal like phenotype of the SAN, AVN, AVB and the proximal part of the BBs 

by repressing working myocardial genes in these regions 
23, 24, 26

. Therefore, the set 

of genes expressed at a lower level in the AV canal/node compared to the working 

myocardium may include genes repressed by Tbx3. Further, previously we also 

performed microarrays in mouse hearts with ectopic TBX3 expression in the 

myocardium (the same mouse model used for the Tbx3 ChIP-seq), which provided 

expression profile of genes regulated by Tbx3 (data available online as GSE31969 

in GEO Accession View). The gene-set that was expressed at a lower level in 

hearts with ectopic TBX3 expression compared to the control hearts was assigned 

to be putative direct targets of Tbx3. In terms of identifying direct target genes of 

Tbx3, we combined these two gene-sets with peak regions of Tbx3 ChIP-seq. Only 

ChIP-seq peaks in or within 1 kb up-stream or down-stream of a gene were 

assigned to that gene. We identified 182 genes significantly bound by Tbx3, 

repressed by ectopic Tbx3 expression and reduced in the AV canal/node, meaning 

that these genes were probably directly repressed by Tbx3 in the AV canal/node. 

Molecular function Gene Ontology (GO) analysis using DAVID 
47

 revealed that 

these genes were enriched for the terms related to ion channels like ion binding 

and gated channel activity (Fig. 3a). By using quantitative RT-PCR, we tested a 

number of ion channel genes that had Tbx3 binding-peaks and were reduced in the 

AV canal/node on their response to Tbx3. All tested ion channel genes were 

reduced in mouse hearts with ectopic Tbx3 expression compared to the control 
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hearts, confirming that these ion channel genes might be directly down-regulated 

by Tbx3 (Fig. 3b).   

 

Tbx3 down-regulates Scn5a and Scn10a 

Scn5a, which encodes the main voltage-gated sodium channel Nav1.5 in the heart, 

was one of the ion channel genes revealed by the combinatorial approach of gene 

data sets described above that were down-regulated by Tbx3 in the AV 

canal/node. Mutations in SCN5A have been associated with multiple clinical 

arrhythmia syndromes including long QT syndrome and Brugada syndrome 
48-50

, 

showing the importance of Scn5a in cardiac conduction. In addition to Scn5a, 

Scn10a was also found to be down-regulated by Tbx3 in our approach. It encodes 

the Nav1.8 sodium channel that belongs to the same gene family as Scn5a. 

SCN10A has only recently been revealed to have a role in cardiac conduction in 

genome-wide association studies (GWAS) 
51-54

. SCN10A is located upstream next 

to SCN5A on human chromosome 3. Both SCN5A and SCN10A are highly 

conserved in man and mice. Quantitative RT-PCR and in situ hybridization showed 

that the expression patterns of Scn5a and Scn10a were similar during the 

development of the mouse heart (Fig. 4a and 4b). The mRNA expression levels of 

Scn5a and Scn10a were high in the heart chambers compared to tissues of the 

brain, lung and spine (Fig. 4a), although Scn5a expression was stronger than 

Scn10a expression (Fig. 4a and 4b). Scn5a and Scn10a expression were present 

in the crest of the interventricular septum and the ventricular trabeculated 

subendocardium (Fig. 4b, bottom panels) and were low in the SAN and AV 

canal/node, regions where Tbx3 is expressed (Fig. 4b). Quantitative RT-PCR 

analysis showed that Scn5a and Scn10a expression were reduced significantly 

(p<0.05) by 60% and 80% in the hearts with ectopic Tbx3 expression compared to 

the control hearts, respectively (Fig. 4c). Scn11a and Endogl1, which are located 

up-stream of Scn10a and down-stream of Scn5a, respectively, did not respond to 

Tbx3 (Fig. 4c), indicating that the Tbx3-regulation of this locus is confined to Scn5a 

and Scn10a. Taken together, Scn5a and Scn10a are down-regulated by Tbx3 in 

the AV canal/node and this regulation might be in a coordinated fashion. 

 

Co-occupancy by multiple cardiac transcription regulators reveals 

candidates for Scn5a and Scn10a enhancers 

Scn5a and Scn10a were used as model genes to prove our hypothesis that the 

combined ChIP-seqs of cardiac factors Tbx3, Nkx2-5, Gata4 and p300 could reveal 

the locations of in vivo Tbx3 regulated cardiac enhancers. From the overlapping 

data we observed that, within and near Scn5a and Scn10a, the binding-sites of 

these factors aligned in three regions, which we labeled TBE1, TBE2 and TBE9 

(Fig. 4d). TBE1 and TBE2 were located close to each other in the non-coding  
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B 

Figure 5 Reporter activity of mouse Scn5a and 
Scn10a enhancers. (A) Overview of the 
genomic positions of the putative Scn10a 
enhancer TBE1-2 and Scn5a enhancer TBE9. 
Magnifications of these enhancer regions 
depicting the presence of bindings of Tbx3 
(red), Gata4 (blue), Nkx2-5 (green) and p300 
(brown). (B) Lateral views of whole embryos 
and magnified dorsal view of hearts containing 
TBE1-2-LacZ or TBE9-LacZ reporter construct. 
Both TBE1-2 and TBE9 enhancers show LacZ 
expression in the interventricular septum, atria 
and ventricles. RA, right atrium; LA, left atrium; 
RV, right ventricle; LV, left ventricle; IVS, 
interventricular septum. 
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C Figure 6 Regulatory T-box binding sites in 
Scn5a and Scn10a enhancers. (A) Overview 
depicting the position of the generated 3 bp 
mutations labeled as TBE2m and TBE9m 
(marked in red) in the T-box binding sites (in 
frame) present in TBE2 and TBE9. (B) 
Luciferase reporter assay in Cos-7 cells shows 
that the mutations TBE2m and TBE9m 
generated in TBE2 and TBE9 lead to less effect 
of Tbx3 on the enhancing activities. (C) 
Electrophoretic mobility shift assay (EMSA) 
showing relative oligonucleotide binding of MBO 
fused Tbx3 (T-box3) compared to MBP only. 
MBP-Tbx3 fusion associates well with an Nppa 
probe. MBP-Tbx3 shows lower level of 
association with a probe containing the TBE2m 
or TBE9m mutation compared to a probe 
containing the wild-type (wt) TBE2 or TBE9 
enhancer sequence.  
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region of Scn10a. TBE9 was located in the intergenic region down-stream of 

Scn5a. TBE2 and TBE9 were found to interact with endogenous Tbx3 in embryonic 

(E10.5) mouse hearts by using Tbx3 ChIP-PCR and ChIP-qPCR (Fig. 4e). We 

tested TBE1, TBE2 and TBE9, together with six other regions with Tbx3 binding-

peaks within or near Scn5a and Scn10a (TBE3 to TBE8), for their ability to induce 

expression of a luciferase reporter gene in H10 cells (Fig. 4f). The previous findings 

that the region flanking TBE4 acted as Scn5a promoter 
55, 56

 was consistent with 

our observation that the TBE4 containing construct could up-regulate luciferase 

when compared to the empty vector possessing the minimal promoter alone. When 

Gata4 and Nkx2-5 were added in the luciferase reporter assay, TBE1 and TBE2 

showed higher induction of luciferase expression than the other tested fragments 

(Fig. 4f). Further, TBE1 and TBE2 were stimulated by Tbx5 and repressed by Tbx2 

and Tbx3 (Fig. 4g). TBE9 showed constitutive activity (Fig. 4f) and was repressed 

by Tbx2 and Tbx3, but not induced by Tbx5 (Fig. 4g).  

We postulated that Tbx3 is responsible for the down-regulation of Scn5a 

and Scn10a and this regulation probably occurs in the Tbx3-positive SAN and 

AVN. TBE1, TBE2 and TBE9 seemed to be functional binding-sites of cardiac 

transcriptional regulators Tbx3, Gata4, Nkx2-5 and p300, and therefore could be 

potential enhancers. Since these fragments are located near Scn5a and within 

Scn10a, it was assumable that they are Scn5a and Scn10a enhancers. We 

continued with TBE1, TBE2 and TBE9 fragments for further analysis. 

 

TBE1-2 and TBE9 function as enhancers in vivo 

Considering TBE1, TBE2 and TBE9 sites as the potential enhancer candidates for 

Scn5a and Scn10a (Fig. 5a), we validated their enhancing activity in a transgenic 

mouse enhancer assay. Since TBE1 and TBE2 were located adjacent to each 

other, we tested them as one fragment (labeled as TBE1-2). Fragments containing 

the mouse sequence of TBE1-2 (chr9:119,541,166-119,543,699) and TBE9 

(chr9:119,378,500-119,379,597) (Fig. 5a) were cloned into an enhancer LacZ-

reporter construct and the LacZ-staining pattern was analyzed in the transgenic 

mice. E14.5 mice containing the TBE1-2 construct showed reproducible LacZ-

staining in the atrium and interventricular septum (Fig. 5b), which were areas 

where also expression of endogenous Scn10a was found (Fig. 4b). Transverse 

sections through hearts of E10.5 embryos containing TBE9 construct showed that 

LacZ-staining was present in the atrium, interventricular septum and the ventricular 

trabeculated subendocardium (Fig. 5b), a pattern that was also found in E14.5 

transgenic hearts (Fig. 5b) and comparable to endogenous Scn5a expression 

pattern 
57

 (Fig. 4b).  

TBE1-2 as well as TBE9 fragment could drive reporter gene expression in 

the embryonic hearts, demonstrating their enhancing ability in the heart. The 
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reporter gene expression pattern was very similar to the expression pattern of 

Scn10a and Scn5a, supporting the hypothesis that TBE1-2 and TBE9 are active 

Scn10a and Scn5a enhancer elements, respectively.  

 

Identification of regulatory T-box binding sites in TBE2 and TBE9  

The putative T-box binding sites in TBE2 and TBE9 were predicted by JASPAR 

database (MA0009.1 T binding-site with score threshold 70%) (Fig. 6a). We next 

tested whether the T-box binding site present in TBE2 and TBE9 was responsible 

for the regulation by Tbx3. Mutations were introduced in the putative T-box binding 

site in TBE2, labeled as TBE2m, and in TBE9, labeled as TBE9m (Fig. 6a, 

mutation sites labeled in red). The effect of the mutations on the enhancing activity 

was tested by a luciferase reporter assay in Cos-7 cells. Upon co-transfection of 

Nkx2-5 and Gata4, wild-type TBE2 and TBE9 exhibited increased enhancing effect 

on the transcription of the luciferase reporter gene compared to no addition of 

Nkx2-5/Gata4 (Fig. 6b). Addition of Tbx3 to the Nkx2-5/Gata4-complex led to a 

lowered enhancing activity, indicating the repressive role of Tbx3 in this 

transcriptional regulation-complex. Tbx3 failed to repress the Nkx2-5/Gata4-

induced enhancing activity in the TBE2m reporter construct and showed less 

repression of the induced activity in the TBE9m compared to TBE9 reporter 

construct. TBE2m and TBE9m mutations resulted in reduced Tbx3 binding 

demonstrated by electrophoretic mobility shift assay (EMSA) (Fig. 6c), indicating 

that these T-box binding-sites in TBE2 and TBE9 might be important for the Tbx3-

modulation. 

 

Discussion 

 

Tbx3 ChIP-seq reveals Tbx3-bindings at thousands of novel locations throughout 

the genome, and confirming several known T-box binding locations. The 

combinatorial approach of the Tbx3 binding-profile and expression profile of genes 

regulated by Tbx3 in the AV canal/node reveals that many of the Tbx3 direct target 

genes are related to ion channels including Scn5a and Scn10a. Co-occupancy by 

cardiac regulators Tbx3, Gata4, Nkx2-5 and p300 accurately predicts candidates 

for Scn5a and Scn10a regulatory elements, which we validated by in vitro and in 

vivo enhancer assays. In our in vivo transgenic mouse enhancer assay, the 

expression pattern of LacZ reflects the active area of the tested enhancer. We 

observe that TBE1-2 and TBE9 both can drive LacZ reporter gene expression in 

the interventricular septum, the structure that will give rise to the AVB and BB. The 

LacZ expression-patterns resemble to the expression-pattern of Scn10a and 

Scn5a, respectively, strongly indicating that TBE1-2 and TBE9 fragments are 

Scn10a and Scn5a enhancers. All together, we have identified Scn5a and Scn10a 
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enhancers that are responsible for the expression of these genes in the heart and 

a transcriptional regulation-complex involving Tbx3 that modulates these 

enhancers.  

 

Tbx3 probably competes with Tbx5 in the regulation of Scn5a and Scn10a  

Low expression of Scn5a and Scn10a has been observed in the SAN and AVN, 

area where high expression of Tbx3 has been found 
57

 (Fig. 4b). The expression of 

Scn5a/10a and Tbx3 is not mutually exclusive everywhere; they overlap in the AVB 

and BB 
23, 57

 (Fig. 4b). Thereby, the repression of Scn5a/10a by Tbx3 seems not to 

occur in the AVB and BB but only in the nodal tissues of the conduction system. 

This suggests that the regulation of Scn5a/10a in the AVB and BB might depend 

on factors other than Tbx3, and Tbx5 might be such a factor. Tbx5 and Tbx3 have 

been shown in vitro to recognize a similar T-box binding element 
58, 59

. Recently 

published data of Tbx5 ChIP-seq performed in HL-1 cells shows that Tbx5 binding-

pattern is comparable to our Tbx3 binding-pattern in Scn5a and Scn10a including 

TBE1-2 and TBE9 region 
33

. Tbx5 and Tbx3 are co-expressed the AVB and BB 
23

. 

Further, Tbx5 (activator) and Tbx3 (repressor) protein share Nkx2-5 and Gata4 

protein as physical interacting partners to regulate transcription of target genes 
15, 

24
. Taken together, it is possible that Tbx5 and Tbx3 are competitors of each other 

for binding of DNA and co-factors in the AVB and BB. The mechanism for this 

competitive process has not been clarified yet, but stoichiometry may be involved 

(see Chapter 3). The level of Tbx5 might be higher than Tbx3 in the AVB and BB 

and thereby enforcing Tbx5 to activate Scn5a and Scn10a. However, TBE9 does 

not respond to the induction of Tbx5 shown in our in vitro luciferase reporter assay. 

This indicates that in the AVB and BB, Tbx5 might need other (unknown) co-factors 

to activate Scn5a. In addition, TBE1 and TBE2 do react on Tbx5 induction in our in 

vitro luciferase reporter assay. Thus, Tbx5 seems to at least activate TBE1-2 that 

leads to Scn10a expression in the AVB and BB. It is noteworthy to point out that 

due to technical reason, the lengths of the enhancer fragments used in the in vitro 

reporter assay were shorter than those used in the in vivo reporter assay. 

Therefore, results from the in vitro reporter assay might not fully reflect the effects 

of the full length functional enhancers. Clearly, the molecular mechanisms of these 

enhancers need to be investigated properly in order to understand their functions. 

In the SAN and AVN region, where the expression of Tbx5 and Tbx3 overlap 
26

, 

Tbx3 appears to ‘win’ the competitions in Scn5a and Scn10a regulation since these 

genes are not activated by Tbx5 but are repressed by Tbx3 most likely by 

modulating enhancers TBE1-2 and TBE9.  

Taken together, it seems that Tbx3 and Tbx5 can both regulate Scn5a and 

Scn10a by binding the same enhancer regions, and the regulation by which one of 
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these T-box factors might depend on their expression level and the presence of co-

factors, it might thereby be tissue-specific.   

 

Human genetic variants associated with PR- and QRS-interval are located in 

TBE1-2  

The alignment of the human DNA sequence with the mouse TBE1-2 sequence 

tested in the transgenic mouse enhancer assay shows that two SNPs in SCN10A 

(rs6795970 and rs6801957) associated with the PR- and QRS-interval identified in 

different genome-wide association (GWAS) studies 
51-54

 are located within the 

TBE1-2 sequence. The PR-interval is an electrocardiographic measure reflecting 

the time required for an electrical signal to travel from the SAN through the AVN to 

the ventricles, and the QRS-interval reflects the ventricular activation. Our study 

suggests a mechanism how genetic variants in TBE1-2 region in SCN10A could 

cause differences in the ECG-parameters. We identify TBE1-2 as an enhancer 

region for possibly Scn10a in mouse, meaning that this region might be of 

importance in the regulation of the expression of this gene. We hypothesize that 

the genetic variants in TBE1-2 region could possibly influence the binding of Tbx3 

(or other factors) to Scn10a and thereby affecting the level of Scn10a expression, 

causing difference in conduction velocity and thereby the ECG-parameters. 

However, further experiments are needed in order to demonstrate the exact 

function of this enhancer region and whether it indeed can drive the Scn10a 

promoter. Our study is following up on this line to address these issues. Since 

Scn5a and Scn10a play important roles in the generation of cardiac arrhythmias, 

identifying the function of genetic variations in these genes provides insights in 

predicting disease trait susceptibility.  

 

Methods 

 

ChIP sequencing from adult mouse heart 

Previously described CAG-CAT-TBX3 (CTBX3) heterozygous mice 
24

 were 

crossed with Myh6MCM mice 
60

. Tamoxifen (Sigma T5648) was injected 

intraperitoneally (100 mg per mouse per day) at four day intervals in adult males. 

Hearts were removed on day 5, prior to the onset of heart dysfunction (the 

phenotype will be described elsewhere). qRT PCR was performed to determine the 

efficiency of recombination. For Nkx2-5, Gata4 and p300 ChIPs, hearts were 

isolated from adult FVB males. Tissues were cross-linked in 1% (p300) or 2% 

(Tbx3, Gata4, Nkx2-5) formaldehyde for 30 minutes at room temperature. Cross-

linking was quenched by addition of 0.125M Glycine. Tissues were dissociated by 

IKA Ultra Turrax T5 FU, pelleted and resuspended in cold Lysis Buffer (50 mM 

Tris-HCl (pH 8.1), 10 mM EDTA (pH 8.0), 1% SDS, 1X Protease Inhibitor Cocktail 
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(Roche)). By use of a tight glass dounce homogenizer nuclei were obtained. Cross-

linked nuclei were sonicated under conditions established to yield an average 

fragment size of ~300bp. All antibodies were purchased from Santa Cruz (Tbx3 (A-

20, sc-17871, lot#J0306), Tbx5 (C-20, sc-17866, lot#D1708), Nkx2-5 (N-19, sc-

8697, lot#A1109, #J2010), Gata4 (C-20, sc-1237, lot#F3010) and p300 (N-15, sc-

583, lot#K3009). Immunoprecipitation, washing, elution and reverse cross-linking 

were performed as previously described 
13

. Quality of the ChIP was assessed with 

primers on locations of known cardiac enhancers. Material was used for library 

preparation with standard NEBNext library kit protocol for Illumina sequencing 

(New England BioLabs, #E6000S/L, #E6040S/L).  

ChIP-qPCR was performed on a Roche LightCycler 480 System using 

Sybr Green detection. Triplicate biological repeats were measured each in duplo. 

Fold enrichment indicates the ratio of ChIPed DNA to a negative control region in 

the Hprt locus, normalized for input DNA.  

Primers used for the ChIP-qPCR: 

 

Scn10a TBE2 (mouse) 
F: TGACATTCCTCACACTGAAGGG 
R: CCACTGTAAGAAACTCAAGGCT 

Scn5a TBE9 (mouse) 
F: TTTGCAGAGGAGGCATGGTG 
R: TCCTCCCTGCAGAAGGGCCT 

Hprt (mouse) 
F: GTCAACGGGGGACATAAAAG 
R: CATTTGGCTATAAAGTCCAGG 

 

Processing of ChIP-sequencing data  

Sequencing results were run through the standard Illumina GAPipeline (v1.3 for 

GAII runs) to convert images to reads of 36bp in length (unaligned sequences 

produced by the Illumina Genome Analyzer) and edit for quality (FIRECREST, 

Bustard and GERALD). Reads were then processed and aligned to the mouse 

reference genome (NCBI Build 37, mm9) as previously described, allowing a 

maximum of two mismatches and retaining only sequences with unique alignments 
61

. Peaks were extracted and defined from the wiggle files containing the coverage 

per basepair using an in-house algorithm that returns peak start and stop 

coordinates in a BED file format.  

Gene sets were extracted from UCSC refGene for the mouse using the 

Galaxy software interface. Promoter regions were defined as 1 kb regions directly 

upstream of all genes. Overlaps between gene regions and peak regions were 

identified using Galaxy. For determining the intersection between gene arrays and 

Tbx3 ChIP-seq peak regions, significant up or down regulated genes from the 

various microarray datasets were assigned coordinates using the Biomart Central 

Portal. All chromosomal coordinates were subsequently extended both up- and 

down-stream by 1 kb. Coordinates were then intersected using the Galaxy software 
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interface. Two control gene sets were generated, both for the induced Tbx3 array 

analysis and the AVC/working myocardium array analysis, using 6 sets of 

equivalent numbers of unique genes, randomly extracted from the non-significant 

genes from the AVC versus working myocardium microarray study. These control 

gene sets were further treated in exactly the same way as the test gene sets. 

Statistical analysis of the significance of enrichment between intersects and 

controls was carried out using a Z-test, which uses the normal approximation of the 

binomial distribution to compare proportions 
62, 63

.  

Proteins assigned to overlaps were extracted using Galaxy and further 

analyzed using the DAVID bioinformatics resource GO-gene ontology analysis 

software 
47, 64

. Unique gene names were called using chromosome locations via 

the BioMart Central Portal. Motif analysis was performed with MEME 
43

 using 600 

random peaks with an average length of ~165bp per total dataset. For scanning 

ChIP-seq peaks with known TF motifs, position weight matrices were obtained from 

JASPAR 
44, 45

 and TRANSFAC (v11.3) 
46

 database.  

 

Transgenic mouse enhancer assay  

Enhancer candidate regions of 1-2.5 kb in the Scn5a-Scn10a locus were cloned 

into the Hsp68-LacZ reporter vector as previously described 
65

. DNA was injected 

into the pronucleus of 0.5-day-old fertilized FVB/N eggs, which were subsequently 

transferred into the oviducts of CD-1 pseudo-pregnant foster females (Cyagen 

Inc.). At least 200 injections were performed per construct. Embryos were 

harvested, stained with X-gal to detect LacZ activity, and yolk sacs were processed 

for PCR genotyping.  

 

Quantitative expression analysis 

Total RNA was isolated from left atrial appendices of adult mice with induced TBX3 

expression using the RNeasy Mini Kit according to manufacturer’s protocol 

(Qiagen). For expression analysis at embryonic and adult stages, different tissues 

(brain, lung, spine, atria and ventricles) from wildtype animals were isolated in 

equal proportions. Total RNA from these tissues was isolated with the TRIzol kit 

according to manufacturer’s protocol (Invitrogen). cDNA was reverse transcribed 

from 300ng total RNA using the Superscript II system (Invitrogen). Expression of 

different genes was assayed with quantitative real-time PCR using the Roche 

LightCycler 480 system. Relative start concentration (N(0)) was calculated as 

previously described 
66

. Values were normalized to Hprt expression levels. 
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Primers used for the qRT-PCR: 

 

Scn5a 
F: GGGACTCATTGCCTACATGA  
R: GCACTGGGAGGTTATCACTG  

Scn10a 
F: CTAGTCTGTTGTTTTCTGCG  
R: GCGAAGAGCAGCGTGCGAATC 

Kcnq1 
F: GAAGACAAGGTGACACAACTG  
R: CTGGCTACAACTTGTGACCTG 

Kcnk3 
F: CTCCTTCTACTTCGCCATCA  
R: GAAGGTGTTGATGCGTTCA 

Kcnd3 
F: CCACCATCAAGAACCATGAG  
R: GTCTTCTTGCTACGACGGGAG 

Kcnh2 
F: GGACTCGCTTTCTCAGGTTT  
R: GCATCACTAACTGCCTGGAT  

Kcnd2 
F: AGAGGCAGTGTGCAAGAACT  
R: GTGGTTACTGGAGGTGTTGG 

Kcnj11 
F: CCACCCATTCTCTGTCTGTC  
R: GAACCAATCAGTGCCCTAAA 

Kcnj3 
F: GGCATTGTGGAAACCACAGG  
R: GGTTGCATGGAACTGGGAG 

Kcnv2 
F: CTTCACCAGCATCCTCCATG  
R: GCATCCCATTGAGAATAATGCC 

Pkp4 
F: GCCACATTGGTTAAGTGCCATC  
R: CAGAGTTTGTTGTCAACTGCG  

Hprt 
F: CCATTCCTATGACTGTAGAT  
R: CAATCAAGACGTTCTTTCCAG 

 

Luciferase assays 

COS7 and H10 cells, grown in 12-well plates in DMEM supplemented with 10% 

FCS (Gibco-BRL) and glutamine, were transfected using polyethylenimine 25 kDa 

(PEI, Brunschwick) at a 1:3 ratio (DNA:PEI). Reporter construct was generated by 

ligating putative enhancer regions to pGL2basic+minimal promoter (control 

reporter). Standard transfections used 1.4 μg of reporter (or control reporter) vector 

co-transfected with 3 ng phRG-TK Renilla vector (Promega) as normalization 

control. pcDNA3 constructs expressing Gata4, Nkx2-5, Tbx2, Tbx3 and Tbx5 were 

co-transfected as appropriate. Transfections were carried out at least three times 

and measured in duplo. Luciferase measurements were performed using a 

Promega Turner Biosystems Modulus Multimode Reader luminometer. All data 

was statistically validated using an ANOVA two-way test for all combinations. 
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In situ hybridization 

Non-radioactive section in situ hybridization was performed on 12 μm serial section 

as described previously 
67

. In vitro transcribed RNA probes complementary to 

Scn5a and Tbx3 are described 
26, 57

. Scn10a probe construct was generated by 

PCR amplification of a 946 bp fragment with Scn10a specific primers (Forward: 

GCCCTCTTAGAATCCCAAAACC, Reverse: GCAAACCCTCATTAGCAGTGCC), 

which was subsequently cloned into pBluescript SK+ vector. 

 

Electrophoretic Mobility Shift Assay 

Non-radioactive electromobility shift assay was performed using bacterially 

expressed MBP-Tbx3 (Tbox) or MBP only (control) as previously described 
14

.  

Oligonucleotide probes used are: 

TBE2-F TTTAAGGCTTTAACTTGACACCTCGGCCCCAAGTGCAG 

TBE2-R TTTCTGCACTTGGGGCCGAGGTGTCAAGTTAAAGCCTT 

TBE2M-F TTTAAGGCTTTAACTTGAGGGCTCGGCCCCAAGTGCAG 

TBE2M-R TTTCTGCACTTGGGGCCGAGCCCTCAAGTTAAAGCCTT 

TBE9-F TTTGGGCCTCTGAGGAGGTGTGAATGAGGGAGGCAGA 

TBE9-R TTTTCTGCCTCCCTCATTCACACCTCCTCAGAGGCCC 

TBE9M-F TTTGGGCCTCTGAGGAGGCCCGAATGAGGGAGGCAGA 

TBE9M-R TTTTCTGCCTCCCTCATTCGGGCCTCCTCAGAGGCCC 

 

Animal work  

The investigation conforms to 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). All animal work was approved by the Animal Experimental 

Committee of the Academic Medical Center, Amsterdam, and carried out in 

compliance with the Dutch government guidelines. 
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Abstract 

 

SCN10A encodes the voltage-gated sodium channel Nav1.8 and is highly similar in 

sequence to its neighbouring and family member gene SCN5A. Many mutations in 

SCN5A have been identified causing multiple clinical cardiac arrhythmia 

syndromes indicating its important role in cardiac conduction. In several genome-

wide association studies, genetic variations near and within the SCN10A locus 

have been found to be associated with differences in electrocardiogram (ECG) 

parameters, and cardiac arrhythmias, indicating a possible role of SCN10A in 

cardiac conduction function. Our previous findings showed that the expression of 

Scn10a appears to be repressed by T-box transcription factor Tbx3, which plays a 

major role in the development of cardiac conduction system. Recently, a human 

single nucleotide polymorphism (SNP) rs6801957, located in an intron of SCN10A, 

has been linked to prolonged QRS duration. We found that this SNP is located 

within the human orthologue of a DNA-fragment bound by Tbx3 that probably 

functions as a Scn10a/Scn5a enhancer in mouse. Here we demonstrate in vitro 

and in vivo the T-box mediated enhancing function of the human orthologue of this 

fragment, and that SNP rs6801957 affects its enhancing activity probably by 

reducing DNA-binding of T-box factors, which might lead to altered SCN10A and/or 

SCN5A expression and in turn ECG parameters. Thus, we provide  the first 

evidence for a possible mechanism underlying the effect of this SNP in cardiac 

conduction.        

 

Introduction 

 

SCN10A encodes the alpha subunit of the tetrodotoxin-resistant voltage-gated 

sodium channel Nav1.8. It is known to be expressed in the peripheral sensory 

neurons of dorsal root ganglia 
1, 2

, and it has only recently been revealed to be 

expressed in the heart. Scn10a is expressed in the interventricular septum, the 

working myocardium of the ventricles and the atria (albeit to a lower extent) (see 

Chapter 4), and in Purkinje cells 
3-5

. The expression of Scn10a is repressed by 

Tbx3 in the sinus node and atrioventricular node (see Chapter 4). SCN10A is 

located on chromosome 3 in humans and is 70.4% similar in sequence to its 

neighboring gene SCN5A, and both genes showing a high degree of conservation 

between men and mice 
6
. SCN5A encodes the main cardiac voltage-gated sodium 

channel and mutations have been associated with multiple clinical arrhythmia 

syndromes including long-QT syndrome and Brugada syndrome 
7-9

.  

In a previous study we assessed the co-occupancy of multiple cardiac 

factors by combining ChIP-seq data sets and identified a 2.5 kb enhancer fragment 

located within an intron of Scn10a that may regulate the expression of Scn10a and  
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Figure 1 SNP rs6801957 is located within sequence TBE1-2 that exerts enhancing activity. (A) 
Binding-sites of Tbx3, Nkx2-5, Gata4 and p300 overlap in TBE1-2 and TBE9 sequences that have 
been shown to function as enhancers. Human SNP rs6801957, which has been found to be linked to 
the QRS-interval 

4
, is located in an intron of SCN10A and within the human orthologue of TBE1-2, 

directly under a Tbx3-binding peak. (B) Top: Table showing the variants occur in human alleles Maj1, 
Maj2 and Min1 cloned in the luciferase reporter constructs. Maj1 and Maj2 contain the major (G) allele 
and Min1 the minor (A) allele of SNP rs6801957. Bottom: Graph showing that the human orthologue of 
TBE1-2 containing the major or minor allele of SNP rs6801957 shows enhancing activity when Nkx2-5 
and Gata4 are added in the in vitro luciferase reporter assay.  
 

A 
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Scn5a. Its enhancing activity is mediated by a transcriptional regulation-complex 

involving Nkx2-5, Gata4, Tbx5 and Tbx3. Overlapping binding-peaks of Tbx3, Tbx5 
10

, Nkx2-5, Gata4 and p300 
11

 were found in this enhancer region. The in vivo 

enhancer reporter assay showed cardiac activity in a pattern strongly resembled 

the expression pattern of both Scn10a and Scn5a. Several recent genome-wide 

association studies (GWASs), reporting genetic variations associated with 

differences in electrocardiogram (ECG) parameters, show that several variants 

near and within SCN10A are associated with the PR- and QRS-intervals, and 

cardiac arrhythmias, theoretically indicating a possible role of SCN10A in cardiac 

conduction 
3, 4, 12-15

. QRS-interval reflects the ventricular depolarization and is an 

indicator of the electrophysiological function of the ventricular conduction system, 

comprising the distal part of the bundle branches and Purkinje fibers 
16

. One of 

these reported human single nucleotide polymorphism (SNPs), SNP rs6801957 

located within an intron of SCN10A, is found to be associated with prolonged QRS-

interval that has recently been reported to be a potentially important predictor of 

Sudden Cardiac Death (SCD) 
17

. We found that this SNP is positioned in the 

human orthologue of the Scn10a/Scn5a enhancer fragment, directly under a Tbx3-

binding peak. Here, we provide a mechanism underlying how this SNP could 

functionally affect cardiac conduction, which involves disruption of T-box factors 

binding and thereby their mediated activity on this enhancer.   

 

Results 

 

Human sequence TBE1-2 exerts enhancing activity  

In our previous study (Chapter 4), overlapping of ChIP-seq data sets of cardiac 

transcription factors Tbx3, Nkx2-5 and Gata4 performed in adult mouse hearts 

revealed that co-occupancy of these factors in Scn5a and Scn10a was found in 

two putative regulatory sequences, which we named TBE1-2 (mouse 

chr9:119541166-119543699) and TBE9 (mouse chr9:119378500-119379597) (Fig. 

1a). It has been hypothesized that sequences bound by multiple cardiac 

transcription factors may function as enhancers 
10

. We demonstrated that TBE1-2 

and TBE9 indeed function as cardiac enhancers and we postulated that these 

enhancer sequences are responsible for the cardiac expression of Scn10a/Scn5a 

in mouse. The alignment of the human DNA sequence with TBE1-2 enhancer 

sequence showed that SNP rs6801957, which was reported to be associated with 

the QRS-interval 
4
, is positioned within this enhancer fragment (see magnification 

in Fig. 1a). This SNP is positioned in the intronic region of SCN10A and is linked to 

a G to A substitution in approximately 40% of the population 
4
.  

The human orthologous sequence of enhancer TBE1-2 containing SNP 

rs6801957, a ~2 kb fragment located in chr3:38765307-38767402, was analyzed  
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for enhancing activity using a luciferase reporter assay in Cos-7 cells (Fig. 1b). 

Upon addition of NKX2-5 and GATA4, the constructs containing the major (G) 

alleles Maj1 and Maj2 up-regulated the luciferase transcription when compared to 

the empty construct possessing the minimal promoter alone. The mouse equivalent 

constructs, also containing TBE1-2, showed similar up-regulation of the luciferase 

expression when NKX2-5 and GATA4 were added (not shown). The minor (A) 

allele Min1 also induced luciferase expression when NKX2-5 and GATA4 were 

added and the induction was higher than that exerted by Maj1 and Maj2. These 

results showed that the human TBE1-2 sequence possesses enhancing activity; 

this is the case for the major as well as the minor allele of SNP rs6801957.  

 

SNP rs6801957 affects TBX5/3- mediated enhancing activity 

SNP rs6801957 was found directly under a Tbx3 binding-peak assessed in the in 

vivo Tbx3 ChIP-seq performed in our previous study (Fig. 1a) and is positioned 

within a conserved T-box binding motif (Fig. 2a) as determined in our previous 

study by performing a de novo motif discovery on the Tbx3 ChIP-seq data using 

MEME (Fig. 2b). This motif was in good agreement with the T-box binding motif 

obtained in a recent in vitro ChIP-seq study using Tbx5 
10

. Since SNP rs6801957 

was found to be positioned in a T-box binding site, we hypothesized that it might 

affect the response of the enhancer fragment to T-box factors and thus affect 

modulation of gene transcription. We analyzed the effect of the SNP using a 

luciferase reporter assay in Cos-7 cells (Fig. 2c). The luciferase reporter constructs 

containing major human allele Maj1 and Maj2 could be stimulated by TBX5 and 

repressed by TBX3 in the presence of NKX2-5 and GATA4, while the construct 

containing the minor human allele Min1 showed significantly less response to the 

T-box factors. Min1Mut, the human allele in which SNP rs6801957 was singularly 

mutated to the major allele base G, could be stimulated by TBX5 and repressed by 

TBX3. When the minor allele of SNP rs6801957 was introduced into the major 

allele Maj1Mut, the reporter construct showed significantly less response to TBX5 

and TBX3.  

Electromobility shift assay (EMSA) showed that the T-box of Tbx3 

associated with an Nppa probe, which served as a positive control, and with a 

probe representing major allele Maj1 (Fig. 2d). The association of the T-box of 

Tbx3 with a minor allele Min1 probe was less compared to its association with a 

Maj1 probe. Further, the T-box of Tbx3 was observed to have lower level of 

association with a probe possessing a 3bp-mutation in the T-box binding motif 

(Mut). Taken together, the SNP rs6801957 affects the binding of the T-box of TBX3 

and thus probably also TBX5 on the enhancer sequence and thereby diminished 

the enhancing activity modulated by these T-box factors. The results also suggest  
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Figure 2 SNP rs6801957 affects TBX5/3- mediated enhancing activity by interrupting the Tbox-
DNA association. (A) SNP rs6801957 is positioned within a highly conserved T-box binding motif. (B) 
Tbx3 binding-motif determined by a de novo motif discovery on the Tbx3 ChIP-seq data using MEME. 
(C) Top: Table showing the variants occur in human alleles Maj1, Maj2, Min1, Min1Mut and Maj1Mut 
cloned in the luciferase reporter constructs. Bottom: Graph showing that luciferase reporter constructs 
Maj1, Maj2 and Min1Mut, which contain the major (G) allele of SNP rs6801957, can be stimulated by 
TBX5 and repressed by TBX3; constructs Min1 and Maj1Mut, which contain the minor (A) allele of SNP 
rs6801957, show less response to TBX5 and TBX3. (D) Electromobility shift assay (EMSA) showing 
that the T-box of Tbx3 (Tbox3) associates with a probe representing major allele Maj1 of SNP 
rs6801957, and it associates at a lower level with a probe representing minor allele Min1 and a probe 
possessing a 3bp-mutation in the T-box binding motif (Mut). 
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Figure 3 In vivo reporter assay in zebrafish showing the enhancing activity of the human 
orthologue of enhancer TBE1-2 and the effect of SNPs associated with conduction. (A) Map of 
the Zebrafish Enhancer Detection (ZED) vector used in the in vivo reporter assay depicts the two 
different cassettes: the transgenesis internal cassettes composed of the cardiac actin promoter (light 
blue arrow) and red fluorescence protein (RFP; red box), and the enhancer detection cassette 
composed of a Gateway entry site (yellow box), the GATA2 minimal promoter (light blue arrow) and the 
green fluorescent protein (GFP; green box). (B) The enhancing activity of the major allele for rs6801957 
is tested by cloning Maj1 in the ZED vector in an in vivo enhancer assay in zebrafish. Representative 
picture from the cardiac region of the zebrafish shows GFP expression and thus enhancing activity in 
the ventricle. The RFP expression indicates positive transgenesis. (C) Top: Table showing the variants 
occur in human alleles Maj1, Maj1Mut, Maj3 and Maj3Mut cloned in the ZED reporter construct. Bottom: 
Graph showing that 60%-70% of the hearts of zebrafish containing constructs Maj1 and Maj3, which 
possess the major allele for rs6801957, show GFP expression. A significant reduction of GFP 
expression is found in hearts containing Maj1Mut and Maj3Mut construct, in which the major allele is 
mutated to the minor allele. SNP rs6795970 presents in Maj3, which has also been found to be 
associated with ECG-parameters, does not significantly affect GFP expression. 
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that this SNP itself, and not other SNPs in LD within this fragment, affects the 

TBX3/5 mediated enhancing activities.  

 

SNP rs6801957 affects enhancer function in vivo 

We tested the enhancing effect of human TBE1-2 sequence in an in vivo reporter 

assay in zebrafish by cloning this sequence into the Zebrafish Enhancer Detection 

(ZED) vector that is composed of two different cassettes. The enhancer detection 

cassette contains the gata2 minimal promoter driving the expression of an 

enhanced green fluorescent protein (EGFP) reporter gene that allows the detection 

of the enhancer activity. The other cassette contains the cardiac actin promoter 

driving the expression of a red fluorescent protein (RFP) that serves as internal 

control for the transgenesis efficiency (Fig. 3a) 
18

. 60%-70% of the hearts of 

zebrafish containing Maj1 and Maj3 constructs, both representing the major (G) 

human allele for rs6801957, showed GFP expression in the ventricle, which 

reflects enhancing activity (Fig. 3b and 3c). The RFP expression observed in these 

hearts indicates positive transgenesis (Fig. 3b). When the major allele for 

rs6801957 was mutated to the minor (A) allele at this position, a significant (20%) 

loss of detectable GFP expression was observed (Fig. 3c). Further, the SNP 

rs6795970 present in the Maj3 construct, a SNP which was also found in a GWAS 

study to be associated with ECG-parameters and is in linkage disequilibrium (LD) 

with rs6801957 
3, 4, 12-15

, did not detectably affect the GFP expression in this system 

(Fig. 3c). These results demonstrated the enhancing activity of the human 

orthologue of enhancer fragment TBE1-2 are influenced by SNP variant rs6801957 

in vivo, and confirmed that this SNP itself is responsible for a change in the 

enhancer activity.  

 

Discussion 

 

Human single nucleotide polymorphism (SNP) rs6801957 identified to be 

associated with prolonged QRS duration 
4
, is positioned directly under a Tbx3-

binding ChIP-seq peak and within a region that probably functions as a 

Scn10a/Scn5a enhancer in mouse (see Chapter 4). Here we demonstrate that the 

human orthologue of this fragment also functions as an enhancer in an in vitro and 

an in vivo enhancer study. We provide the first evidence for the possible 

mechanism of how this SNP could affect cardiac conduction. The SNP is 

positioned within a highly conserved T-box binding site. An in vitro enhancer study 

revealed that the SNP diminishes the T-box factor mediated enhancing activity, 

which is probably due to reduced binding of T-box factors on the DNA caused by 

the SNP as supported by an EMSA analysis. An in vivo enhancer study in 

zebrafish confirms that SNP rs6801957 affects the function of the enhancer 
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sequence. Taken together, SNP rs6801957 influences the T-box factor mediated 

cardiac activity of an intragenic SCN10A positioned enhancer sequence, which we 

hypothesize might lead to altered SCN10A and/or SCN5A expression, explaining 

the association of this SNP with the conduction time. 

When SNP rs6801957 is present in the enhancer sequence, NKX2-5 and 

GATA4 mediated enhancing activity apparently increases (Fig. 1b). However, when 

T-box factors are added to the transfection assay, the NKX2-5/GATA4/T-box factor 

mediated enhancer function diminishes (Fig. 2c). This might be explained by the 

differences between the in vitro and in vivo system. The diminished T-box binding 

on the DNA caused by the SNP (Fig. 2d) might lead to decreased binding of the T-

box interacting partners NKX2-5 and GATA4 on the DNA and thereby inhibiting the 

effects of these transcription factors on the enhancer function in vivo. Without 

additional T-box factors in the transfection assay, the SNP might provide a 

condition that permits stimulation by NKX2-5 and GATA4 in the absence of any 

background T-box factor mediated repression, thereby explaining the apparent 

observable increase enhancing activity in vitro.  

We demonstrate that SNP rs6801957 alters the function of a 

SCN10A/SCN5A enhancer sequence; thereby we hypothesize that this SNP could 

affect the expression of SCN10A and/or SCN5A. Whether the expression of 

SCN10A/SCN5A is increased or decreased by the present of the SNP remains 

elucidated. Our in vitro evidence suggests that the SNP causes decreased T-box 

mediated enhancing activity. Further, our in vivo enhancer assay also indicates 

reduced enhancer activity in the presence of SNP rs6801957. Thereby, we 

hypothesize that the SNP reduces the expression of SCN10A/SCN5A in heart 

regions where SCN10A/SCN5A and Tbx3/5 are co-expressed, which are found in 

the ventricular conduction system (distal part of the bundle branches and Purkinje 

fibers) (see Chapter 4) 
3, 4, 19, 20

.  Since Tbx3 and Tbx5 are structurally very similar 

and recognize similar DNA binding-consensus (see Chapter 3) 
21, 22

, it is possible 

that they compete with each other for binding of SCN10A and SCN5A in the 

ventricular conduction system and that stoichiometry might be the key factor in this 

competition.  

The conduction function of the ventricular conduction system is indicated 

by the QRS-interval. In addition to the association found between the SCN10A 

locus and prolonged QRS, pharmacologic inhibition of SCN10A has been shown to 

lead to prolongation of QRS-interval 
4
, indicating a possible role of SCN10A in 

rapid depolarization of the ventricles. Further, our evidence suggests that SNP 

rs6801957 diminishes the T-box binding on the enhancer sequence and thereby 

disrupting the enhancing activity mediated by TBX5/TBX3. Tbx5 plays important 

morphological and functional role in the ventricular conduction system 
23-25

. It 

stimulates the enhancer activity that probably regulates SCN10A/SCN5A 
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expression (Fig. 2C and Chapter 4) 
26

. Disruption of the Tbx5 binding on the 

enhancer by the SNP could lead to lower SCN10A/SCN5A expression in the 

ventricular conduction system, leading to slower ventricular activation reflecting as 

prolonged QRS. The observation in Tbx5
-/+

 mice showing significantly longer QRS-

interval than wild-type mice 
25

 might suggest decreased Tbx5 mediated enhancer 

function on the expression of SCN10A/SCN5A . Taken together, SNP rs6801957 

could cause reduced T-box binding on the enhancer, thereby inhibiting the correct 

level of expression of SCN10A/SCN5A in the ventricular conduction system and in 

turn leading to slower depolarization of the ventricle that reflects in prolonged QRS-

interval. This might be a mechanism explaining why SNP rs6801957 is associated 

with prolonged QRS-interval as found in the GWAS study 
4
.  

The function of Scn10a in cardiac conduction has yet to be elucidated and 

significant, clear, myocardial expression is a controversial issue 
27

. Scn10a
-/-

 mice 

showed shorter PR-interval compared to wild-type mice, indicating that 

Scn10a/SCN10A lengthens cardiac conduction 
3
. A contradictory finding of the 

function of SCN10A has been reported in another study in that inhibition of 

SCN10A was shown to prolong QRS-interval, indicating that SCN10A acts in 

shortening cardiac conduction 
4
. Nevertheless, these results together with the 

findings of the association of SCN10A with changes in ECG-parameters in different 

GWAS studies 
3, 4, 12-15

 show that SCN10A plays a role in the cardiac conduction, 

though the exact nature of this role remains to be determined.  

How the protein level of SCN10A influences the cardiac conduction is 

unclear. On the other hand, the function of SCN5A in cardiac conduction has been 

extensively investigated. It has been demonstrated that the alteration in the 

expression level of SCN5A is associated with numerous human cardiac disease 

conditions including ventricular arrhythmias 
28, 29

. We demonstrated that SNP 

rs6801957 affects the enhancer function and hypothesize that it might affect the 

expression of SCN10A or SCN5A or both; however, we do not expect a dramatic 

change of the protein level of SCN10A or SCN5A since the effect of the SNP on 

conduction times was small 
4
. We do expect, however, that in combination with 

either a more severe morbidity causing mutation or other SNPs predisposing to 

similar weakened traits, the effects of this reduction in enhancer activity may 

become important in terms of their effects on electrophysiology and arrhythmia. 

Note that the effect of a SNP associated with cardiac conduction could become 

more explicit in the aging process, since aging is a primary risk factor for cardiac 

arrhythmias 
28, 30

.  

Although our evidence strongly implicates that enhancer TBE1-2 is able to 

drive cardiac expression of Scn10a and/or Scn5a, more extensive experiments 

such as the chromatin conformation capture 
31

 and genetic modification of mice are 

needed to define this enhancer as a true Scn10a and/or Scn5a enhancer.  
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This study provides a possible mechanism underlying the effect of a 

genetic variant in SCN10A on the cardiac conduction times. This mechanism might 

also be responsible for the effects of other SNPs located within the same SCN10A 

locus. Identifying functional non-coding DNA sequences regulating the cardiac 

conduction provides a substantial tool for the search in functional SNPs and 

cardiac arrhythmias causing mutations located within these sequences, offers 

knowledge of their impact on the cardiac conduction and therefore allowing the 

prediction of disease susceptibility and progression. 

 

Methods 

 

Luciferase assays 

COS7 cells, grown in 12-well plates in DMEM supplemented with 10% FCS (Gibco-

BRL) and glutamine, were transfected using polyethylenimine 25 kDa (PEI, 

Brunschwick) at a 1:3 ratio (DNA:PEI). Reporter construct was generated by 

ligating putative enhancer regions to pGL2basic+minimal promoter (control 

reporter). Standard transfections used 1.4 μg of reporter (or control reporter) vector 

co-transfected with 3 ng phRG-TK Renilla vector (Promega) as normalization 

control. pcDNA3 constructs expressing Gata4, Nkx2-5, Tbx3, and Tbx5 were co-

transfected as appropriate. Transfections were carried out at least three times and 

measured in duplo. Luciferase measurements were performed using a Promega 

Turner Biosystems Modulus Multimode Reader luminometer. All data was 

statistically validated using an ANOVA two-way test for all combinations. 

 

Electrophoretic Mobility Shift Assay 

Sybr green (Promega) non-radioactive electromobility shift assay was performed 

using 20 pM of oligonucleotide probe and 400 ng of bacterially expressed and 

purified MBP-Tbx3 (Tbox) or MBP only (control) as previously described 
32

. Three 

individual analyses were used to quantify binding efficiencies using the Aida image 

analysis software. Oligonucleotide probes used are:   

Major    CAGAGTTCATGCTCTCTGCTGTCACCTAGACAAAGGCATG  

Minor    CAGAGTTCATGCTCTCTGCTGTTACCTAGACAAAGGCATG  

Mutated  CAGAGTTCATGCTCTCTGCTGGTGCCTAGACAAAGGCATG 

 

In vivo zebrafish enhancer assay  

Enhancer sequences Maj1, Maj1Mut, Maj3 and Maj3Mut were amplified by 

PhusionTAQ PCR (New England Biolabs, Ipswich, MA, USA) and cloned into the 

ZED vector by Gateway technology (Life Technologies BV, Bleiswijk, The 

Netherlands). ZED-Maj1; ZED-Maj1Mut; ZED-Maj3 and ZED-Maj3Mut were 

injected in WT zebrafish embryos at 1-cell stage at a final concentration of 15 ng/μl 
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in presence of 25 ng/μl TOL2 transposase RNA. Embryos were kept at 28.5ºC in 

E3 medium and scored for heart-specific RFP and subsequently heart-specific 

GFP fluorescence at 48 hpf on a Leica MZFLIII fluorescence stereomicrocope 

(Leica Microsystems GmbH, Wetzlar, Germany) set up with appropriate 

fluorescence filters. In vivo imaging of the embryos at 48 hpf was carried out on a 

Zeiss Axioskop 2 Mot plus fluorescence microscope (Carl Zeiss MicroImaging 

GmbH, Jena, Germany) mounted with a Leica DFC490 CCD camera (Leica 

Microsystems) using appropriate fluorescence filters. 
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Abstract 

 

Tbx3, a T-box transcription factor, regulates key steps in development of the heart 

and other organ systems. Here, we identify Sox4 as an interacting partner of Tbx3. 

Pull-down and nuclear retention assays verify this interaction and in situ 

hybridization reveals Tbx3 and Sox4 to co-localize extensively in the embryo 

including the atrioventricular and outflow tract cushion mesenchyme and a small 

area of interventricular myocardium. Tbx3, SOX4 and SOX2 ChIP data, identify a 

region in intron 1 of Gja1 bound by all 3 proteins and subsequent ChIP 

experiments verify that this sequence is bound, in vivo, in the developing heart. In a 

luciferase reporter assay, this element displays a synergistic antagonistic response 

to co-transfection of Tbx3 and Sox4 and in vivo, in zebrafish, drives expression of a 

reporter in the heart, confirming its function as a cardiac enhancer. Mechanistically, 

we postulate that Sox4 is a mediator of Tbx3 transcriptional activity. 

 

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 [1]. Mutations of T-box genes 

have been associated with human disorders such as DiGeorge, Holt-Oram and 

ulnar-mammary syndromes [2, 3].  

Tbx2 and Tbx3 are closely related homologues of the T-box family that are 

expressed in many overlapping areas during development, including the heart, 

limbs and lungs [1]. They typically function as transcriptional repressors and have 

been shown to have many, if not all, target genes in common, including regulators 

of the cell cycle [1]. In addition to their roles during development, Tbx2 and Tbx3 

are also found over-expressed in melanoma, breast, and pancreatic cancers [4-6]. 

Their role in cancer may be related to their capacity to bypass senescence by 

repressing expression of p14ARF and P21CIP1 [7-9]. 

During heart development, Tbx3 is required for development of the cardiac 

conduction system and outflow tract [10-13]. In the myocardium of the sinus node 

and the atrioventricular bundle, 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). 

The hypothesis has thus been put forward that Tbx3 functions by imposing a 

primitive ‘nodal’ like phenotype on this early myocardium [10, 14-16]. Furthermore, 

Tbx3 null mice display defects in outflow tract development that have implied a role 

of Tbx3 in cardiac neural crest development and signaling between neural crest 
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and the second heart field [11, 12]. 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.  

There are basically two aspects that dictate transcription factor binding to 

promoters and regulatory gene elements; the DNA sequence that is recognized 

and bound by the transcription factor and its repertoire of specific protein-protein 

interactions that can be made with other regulatory proteins. Both of these 

elements will define the ultimate transcriptional function of the factor and hence its 

downstream gene targets. The T-box factors Tbx2, Tbx3 and Tbx5 are known, for 

instance, to bind the homeobox protein Nkx2.5 [13, 17-19]. Since T-box factors are 

expressed and are required for the development of many different organs and 

tissues, complex forming with a factor such as Nkx2.5, which has a more cardiac-

restricted expression pattern, may be instrumental in determining a set of heart 

specific T-box target genes. With the recent advent of ChIP-seq [20] a physical 

map of a transcription factor's genome-wide DNA binding profile can be generated. 

Combining datasets generated from different transcription factors, especially those 

known to interact, to search for small overlapping regions of binding, can be a 

powerful technique in defining regulatory elements, such as enhancers, and co-

regulated genes. 

Whilst insights into the protein-protein interactions of a transcription factor 

provides useful molecular information, defining the function of the interaction in 

vivo, particularly in higher eukaryotes, can be a long and challenging path. Here, 

we describe a novel protein-protein interaction between Tbx3 and Sox4. 

Expression analysis shows multiple sites of coexpression in- and outside the 

embryonic heart at which this interaction may be functional. Their interaction was 

subsequently verified using both in vitro and sub-cellular localization assays. To 

explore the functional relevance of this novel interaction, heart-specific Tbx3 ChIP-

seq data was compared to ChIP-seq and ChIP-chip data available for SOX2 and 

SOX4, which lead to the identification of a 1kb regulatory element in intron 1 of 

Gja1 that is bound by both Tbx3, Sox4 and P300 in the developing mouse heart. In 

vitro, this element could activate a basal promoter and could be used to 

demonstrate a synergistic interaction between Sox4 and Tbx3. Its specific 

functionality as a cardiac enhancer could also be demonstrated, in vivo, using a 

zebrafish model system. 

 

Materials and 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 / 
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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-T-box, MBP-

Tbx5-T-box, GST-Nkx2.5, HA-Tbx3, myc-Nkx2.5 have been described before [10, 

21]. 

  

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 [21], using anti-GST 

(GST-2, Sigma-Aldrich) as primary antibody for western detection.  

 

Immunofluorescence 

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).  

 

In situ hybridization 

In situ hybridization was performed as described before on 10µm thick sections 

[22]. T-box antisense probes have been described previously [23]. Sox4 probe was 

generated using a template based on the 3'UTR of Sox4 (1885-2886 of mouse 

Sox4 mRNA ( NM_009238 )). 
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ChIP data-analysis 

Conditional Tbx3 over-expressing and cardiac specific tamoxifen inducible Cre 

(Mer-Cre-Mer) mice have been described before [10, 24]. Male mouse hearts were 

isolated 4 days 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 (A-20, Santa-Cruz). In this case Mer-Cre-Mer mice, lacking the Tbx3 

expression construct, injected with tamoxifen served as ChIP control. Isolated DNA 

fragments were analyzed using high-throughput sequencing (data and analysis will 

be published elsewhere). Data significance of Tbx3 binding peaks were analyzed 

using a Fisher exact test with comparison to ChIP control data. SOX4 and SOX2 

ChIP data were obtained from NCBI gene expression omnibus (accession: 

GSE11874; [25, 26]) and analyses on data were carried using the web based 

software Galaxy (http://galaxy.psu.edu/). Annotated genes co-occurring in both 

assays were selected for further analysis. 

 

Transcription factor binding site prediction 

To identify potential Sox4 and Tbx3 binding sites, high quality position weight 

matrices from Jaspar database were used (http://jaspar.genereg.net/; MA0009.1 

for T-box binding sites; MA0077.1, MA0078.1, MA0084.1, MA0087.1, 

MA0143.1 and MA0442.1 for Sox HMG-box binding sites). In addition, the 

predicted wwCAAwG sequence for Sox4 binding was searched [27]. Relative score 

threshold was set to 85% (Sox) or 70% (Tbx). 

 

In vivo ChIP  

For Tbx3 and SOX4 ChIP experiments, 36 hearts of ED10.5 wild-type mouse 

embryos were isolated and fixed at room temperature for 15 min with 1% 

formaldehyde. Cells were lysed and Dounce homogenized. Cross-linked nuclei 

were sonicated to obtain chromatin fragments with average size of ~400 bp. Pre-

cleared chromatin fragments were incubated at 4ºC for 4 h with 10 μg antibodies 

against Tbx3 (A-20, sc-17871, Santa Cruz Biotechnology) or SOX4 (C-20, sc-

17326, Santa Cruz Biotechnology). Protein G beads were added to capture the 

chromatin-antibody complex. After five washing steps the protein-DNA complex 

was eluted with 100 mM NaHCO3 and 1% SDS at room temperature, and cross-

linking was reversed by incubating at 65ºC overnight. After RNaseA and 

Proteinase K treatments the DNA fragments were purified by phenol-chloroform, 

precipitated in ethanol and dissolved in 50 μl H2O, and analyzed using PCR. PCR 

primers are listed in Table 1. p300 ChIP was performed in wild-type adult mouse 

heart using an antibody against p300 (C-20, sc-585, Santa Cruz Biotechnology) as 

described above, with the modification of cross-linking for 1h with 2% 

http://jaspar.genereg.net/
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formaldehyde. In all cases control PCRs represent regions found not to bind Tbx3 

in ChIP-seq dataset or SOX4 based on the published SOX4 ChIP data. 

ChIP QPCR reactions were performed and analyzed as described 

previously [21]. In vivo ChIP reactions were performed as described above, using 

40 embryonic (ED 10.5) mouse hearts and matched IgG antibody (Santa Cruz, sc-

2028) as a negative control. 

  
Genomic region Associated gene Primer pairs (5'-3') 

chr10:56097622-56097940 Gja1 
 

TCGCCAATGGAGAAGGTGTTGC 
GCATCGCACAGGCTTGCACA 

chr10:56097812-56097961* Gja1 
 

GCAGCAGTTGACTTCCACGTGGT 
GGCTAAGAGGTTCATCCCGTAGCA 

chr4:147374511-147374593* Nppa 
 

CTGTTGCCAGGGAGAAAGAATC 
TTCAAAGGTGTGAGAGGAGCAG 

chr1:95600109-95600443 Intergenic  
negative control 

CCCAGAGCTTCCCGGTGCTT 
CAGGGAGGCTCCACCCGTTG 

 
* Primer pairs used for QPCR   

Zebrafish enhancer assay 

The putative Gja1 enhancer sequence was cloned into pGEM-T Easy (Promega) 

and amplified by PCR. The resulting PCR product was then cloned in a plasmid 

containing the e1b minimal fish promoter driving the expression of a H2A-eGFP 

fusion protein, upstream of the e1b sequence, generating pTOL2-EnhGja1-

H2AeGFP. pTOL2-EnhGja1-H2AeGFP was injected in zebrafish embryos at  1-cell 

stage at a final concentration of 10ng/µl in presence of 25ng/µl TOL2 transposase 

RNA. Embryos were subsequently kept at 28.5°C in E3 medium and imaged at 72 

hpf. 

  

Luciferase assays 

 COS7 cells, grown in 12-wells plates in DMEM supplemented with 10% FCS 

(Gibco-BRL) and glutamine, were transfected using polyethylenimine 25 kDa (PEI) 

(Brunschwick) at 1:3 ratio (DNA:PEI). Reporter construct was generated by ligating 

Cx43 putative enhancer region (chr10:56,097,392-56,098,369) to 

pGL2basic+minimal promoter (control reporter). Standard transfections used 1.6 

μg of reporter (or control reporter) vector cotransfected with 3 ng phRG-TK Renilla 

vector (Promega) as normalization control. pCDNA3 constructs expressing Tbx2, 

Tbx3, Tbx5 and SOX4 were cotransfected as appropriate. Transfections were 

carried out at least 4 times and measured in duplo. Luciferase measurements were 

performed using a Promega Turner Biosystems Modulus Multimode Reader 

luminometer. All data was statistically validated using an Anova two-way test for all 

combinations of Sox4 and T-box. 

 

Table 1 
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Results 

 

Tbx3 interacts with Sox4  

To gain further insight into the molecular mechanisms by which Tbx3 controls gene 

expression, we performed a yeast 2-hybrid screen with Tbx3 as bait. From an initial 

screen of >1 * 10
6
 colonies, 12 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 

A 

B C 

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 3

rd
 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 domain only of Tbx3 and that of Tbx2, Tbx3+2a and Tbx5 retain the ability to 
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 interact with the T-box, whereas 
longer constructs do. Abbreviations: CD, central domain; S, serine rich region; TA, transactivation 
domain. 
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atrioventricular valve formation [28-30]. The fragment encodes 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 (Fig. 1a; [31-33]).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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.  
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Figure 3. 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 mandibular component of the first branchial arch, and the midgut 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 
(*) and outflow tract cushions (

#
), sites of abundant Tbx2 and Tbx3 expression. Tbx2 and Tbx3 are also 

expressed in the atrioventricular myocardium underlying the cushions, a region that does not express 
Sox4. Dotted lines mark contours of the myocardium. Abbreviations: m, mandibular component; li, liver; 
lu, lung; th, thyroid; mg, midgut; bw, body wall; a, atrial lumen; v, ventricular lumen; oft(m), outflow tract 
(myocardium); ift, inflow tract; end, endocardium; mes, cushion mesenchyme; avc(m), atrioventricular 
canal (myocardium); sv, sinus venosus; cr, cranial; ca, caudal; ve, ventral; do, dorsal. 
 
 

A 

B 
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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 

(Fig. 1B). We next tested whether binding of Tbx3 to Sox4 is unique among T-box 

proteins, or whether the cardiac expressed T-box proteins Tbx2 and Tbx5 can also 

bind to Sox4. We found that the T-box of Tbx2 and Tbx5 are able to bind the N-

terminal Sox4 fragment as well (Fig. 1B), suggesting a level of binding promiscuity 

between Sox4 and T-box proteins. Further, the apparently redundant isoform of 

Tbx3 (Tbx3+2a) [34], which differs from Tbx3 by a single 20 amino acid insertion 

within the T-box domain, shows similar binding properties (Fig. 1B). 

Multiple bands were observed in the binding between full length Sox4 and 

Tbx3 (Fig. 1B), which likely represent carboxy-terminal specific protein degradation 

by Escherichia coli endoproteases or premature GST-fused termination products. 

Strikingly, the size of the smallest of these products that still interacts with Tbx3 

equals the size of the N-terminal fragment that was picked up in the 2-hybrid 

screen. Smaller protein fragments, therefore, do not interact with Tbx3, indicating 

that further shortening of Sox4 would disrupt the interaction domain. To test this 

hypothesis, we compared binding of three N-terminal fragments (Fig. 1C). 

Stepwise truncation of Sox4 showed that the shortest construct, 136 residues in 

length that still binds Tbx3 contains the full HMG domain. Shortening this construct 

further to 125 residues results in a complete loss of interaction. 

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. 

 

Tbx3 and Sox4 interact in a mammalian cellular context  

To address whether the interaction between Tbx3 and Sox4 can also occur in 

mammalian cells, we analyzed the sub-cellular distribution of HA-tagged Tbx3 by 

immunofluorescence in HEK293 cells. When transfected to HEK cells, both Tbx3 

isoforms are localized primarily in the cytoplasm, although some nuclear 

localization can be detected (Fig. 2) (Tbx3+2a data not shown). This behavior is 

unique for this cell line and is not observed in other cell lines such as COS7 or the 

cardiac H10 cell line (not shown) were Tbx3 is found almost exclusively in the 

nucleus. The cardiac transcription factor Nkx2.5, a known interaction partner of 

Tbx3, and Sox4 both localize to the nucleus when singularly transfected to HEK 

cells (Fig. 2). Upon co-transfection of Tbx3 with either Nkx2.5 or Sox4, Tbx3 could 

be detected nearly exclusively in the nucleus of HEK cells (Fig. 2), showing that 

both Nkx2.5 and Sox4 can interact with Tbx3 and facilitate its retention within the 
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nucleus. The absence of nuclear retention of Tbx3 upon co-transfection of  non-

interacting nuclear localized GFP confirmed that the interaction was specific for 

Sox4 and Nkx2.5. 

 

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 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 closely related Tbx2 and Tbx5 

genes using in situ hybridization analysis of E11.5 mouse embryos. Sox4 is 

coexpressed with Tbx2, Tbx3 and Tbx5 in the thoracic body wall, mandibular 

component of the first branchial arch, the developing lungs, and the midgut (Fig. 3) 

[19, 23]. In the heart, Sox4 expression in the endocardium and mesenchyme of the 

cardiac cushions overlaps with Tbx2 and Tbx3. 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 (Fig. 3 and 4) [35].  

 

A Potential downstream target of the Tbx3-Sox4 interaction 

For many transcription factors, including T-box proteins, target promoter specificity 

may be achieved through interaction with other proteins [17, 18, 36, 37]. In several 

recent studies, we and others have addressed the functional role of T-box proteins, 

particularly Tbx3, in the development of AV and outflow regions of the heart [11, 

12, 38, 39]. Complimentary to recent microarray experiments  to determine the 

downstream targets of Tbx3 [10] (unpublished data, MLB, VMC), we have carried 

out a Tbx3 ChIP-seq experiment to identify direct gene targets and provide a 

genome wide map of Tbx3 binding sites (complete dataset will be published 

elsewhere). The quality of the data generated by this ChIP-seq approach could be 

validated by the marked presence in the sequence peaks of several published T-

box binding sites and gene enhancer elements (Supplementary Figure 1). Spurred 

by our novel finding of expression of Sox4 in the myocardium, we were intrigued by 

recent reports describing ChIP-binding experiments of SOX2 and SOX4 [25, 26]. 

Close examination of these datasets revealed an evolutionarily conserved region in 

the first intron of the Gja1 gene that is bound by both SOX2 and SOX4. Repression 

of Gja1 in the heart is known to involve Tbx2 and Tbx3, which may display 

redundant roles in this process. Furthermore, myocardial Gja1 expression is 

complimentary to myocardial expression patterns of Tbx2 and Tbx3 [12, 19, 21], as 

well as the myocardial expression of Sox4 (Fig. 4). As shown in figure 5A, our 

ChIP-seq data shows that the same region of Gja1 in intron 1 as found in the SOX2  

and SOX4 ChIP experiments is also bound by Tbx3, implicating that it may be a 

conserved genomic element important for the regulation of Gja1. A transcription  
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factor binding site prediction using high quality position weight matrices (Jaspar 

database) yielded as many as 11 potential Sox binding sites and 4 potential T-box 

binding sites (Fig. 5A). 

 

A small element in intron 1 of Gja1 is occupied by Tbx3, Sox4 and P300 in 

vivo and drives expression in the vertebrate heart 

Sox protein ChIP studies and our own mouse heart Tbx3 ChIP studies made use of 

different organisms and tissue types. Both Sox studies were carried out in human 

tissues, SOX2 making use of a ChIP-microarray approach in embryonic stem cells 

and SOX4, a ChIP-chip in a prostate cell line. We therefore first validated that both 

Tbx3 and Sox4 could occupy this element in the same system. To this end a ChIP 

analysis was carried out using embryonic day 11.5 hearts isolated from wild type 

mice. Using either anti-Tbx3 antibodies, anti-Sox4 antibodies or matched IgG as 

control, both Tbx3 and Sox4 are found to occupy this region of Gja1, in vivo, at the 

same stage of mouse heart development (Fig. 5B). Since the region identified in 

Gja1 may represent an as yet unidentified enhancer element, we decided to test for 

P300 association. P300 is a ubiquitously expressed protein known to bind active 

enhancers across the genome [40]. Using ChIP-PCR (Fig. 5C), P300 can indeed 

be found to bind this region in vivo,  an observation that is in agreement with P300 

embryonic heart ChIP-seq data recently generated by Blow and co-workers (Fig. 

5A) [41]. To further validate that the Gja1 intronic element can function as an  

Figure 4. Sox4 is expressed in the ventral aspect of the interventricular ring. In situ hybridization 
of E11.5 mouse heart showing cTnI stained myocardium, Cx43 and Sox4 expression. The bottom panel 
focussing on the myocardial expression zone of Sox4 at the border of the left ventricle and outflow tract. 
Abbreviations: la, left atrium; ra, right atrium; lv, left ventricle; rv, right ventricle; oft, outflow tract; cus, 
cushion mesenchyme; myo, myocardium. 
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Figure 5. Regulation by T-box proteins and SOX4 of a putative Gja1 enhancer. (A) Overlapping 
SOX2 ChIP-seq, SOX4 ChIP-chip, P300 ChIP-seq and Tbx3 ChIP-seq data in intron 1 Gja1, visualized 
as UCSC custom tracks. Tbx3 data shows peak profiles for tags sequenced in hearts from Tbx3 
induced mice. Predicted binding sites for T-box factors (open triangles) and Sox proteins (closed 
triangles) are indicated. (B) In vivo verification of Tbx3 and Sox4 association within this overlap (black 
line with arrow heads (Fig. 5A) marks the position of the target amplification, Gja1, using ChIP-QPCR. 
The result is presented as an enrichment relative to an IgG control. Amplification of the known T-box 
binding site [36] within the proximal Nppa promoter is also shown. This region (supplementary figure 1) 
shows the expected enrichment for Tbx3, but no enrichment for Sox4, as based on the Tbx3 ChIP-seq 
and the SOX4 ChIP-chip data. (C) In vivo verification using ChIP-PCR of Tbx3, Sox4 and p300 
association within this overlapping binding region. In this case the negative controls are carried out 
using the same ChIP chromatin from the Tbx3, Sox4 and P300 IPs in combination with primers specific 
to a genomic region known not to bind Tbx3, Sox4 or P300. (D) In vivo analysis of zebrafish embryos 
(72 hpf) expressing H2AeGFP fusion protein under control of the minimal e1b promoter (Control) and 
minimal promoter + putative Gja1 enhancer (Enhancer). The genomic region used to generate this 
clone is marked with a solid green bar in Fig. 5A. Fish with this Gja1 enhancer construct clearly show 
restricted and specific expression of eGFP in the ventricle and atrium of the heart. Abbreviations: V, 
ventricle; A, atrium; P, pericardium. 
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enhancer in vivo, we tested the expression of GFP under control of this element, 

using a zebrafish enhancer assay system. GFP expression in zebrafish can be 

found restricted to the heart and shows a confinement to cells of the ventricle and, 

albeit a lower level, the atrium (Fig. 5D). No expression was observed in control 

fish carrying the construct lacking the enhancer element. Fish expressing the 

enhancer-GFP construct also displayed pericardial oedema, indicating a level of 

enhancer-construct toxicity. 

 

Assessing the synergistic potential of the Tbx3-Sox4 interaction using the 

Gja1 enhancer element 

To test the function of this enhancer element in-terms of the Tbx3-Sox4 complex, it 

was cloned upstream of a minimal E1b promoter sequence and tested for its ability 

to induce expression of a luciferase reporter gene in COS7 cells (Fig. 6). 

Significant up regulation, 15-fold, of luciferase was observed using this construct 

when compared to the empty vector possessing the minimal promoter alone. Both 

Tbx2 and Tbx3 were able to significantly down-regulate expression of luciferase 

from this construct. Tbx5 has no significant effect when co-transfected. Addition of 

Sox4 alone resulted in an 8-fold increase in luciferase expression. However, in the 

presence of Sox4, Tbx2 and Tbx3 displayed a significantly increased capacity to 

down regulate this enhancer element. In this context, addition of Tbx5 had no 

significant effect on luciferase expression. These results indicate a competitive and 

yet synergistic transcription effect of Sox4 on both Tbx2 and Tbx3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 6 Transfection of luciferase under control 
of a minimal promoter and the Gja1 enhancer. 
Transfections of a Gja1 intronic enhancing region 
(marked with a solid green bar in Fig.5A)  reporter 
construct in the presence of Tbx2, Tbx3 or Tbx5 and 
SOX4. Addition of Tbx2 or Tbx3 alone results in an 
approximate 1.7 fold down regulation of enhancing 
activity. SOX4 alone is able to up regulate  activity of 
this enhancer, but in the presence of Tbx2 and Tbx3 
appears able to stimulate the down regulation 
capacity of both Tbx2 and Tbx3. * and # denotes 
p<0.0001. 
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Discussion 

 

Members of the T-box and Sox families of transcriptional
 
regulators control a 

diverse array of processes during vertebrate
 
embryonic development [13, 42]. 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 and ChIP 

analysis also demonstrates that this interaction may be functional at transcriptional 

regulation sites during development and that Sox4 may facilitate the transcriptional 

activities of Tbx3 at gene enhancer locations.  

The interaction studies presented here show that the DNA binding domains 

of Tbx3 and Sox4 interact. Since this interaction occurs through highly conserved 

domains, one might expect other members of the T-box family to be able to interact 

with Sox4. Indeed, the related proteins Tbx2 and Tbx5 also bind Sox4. The 

apparent lack of specificity within this closely related group of T-box factors is also 

evident for Nkx2.5 and Gata4, which partner-up with multiple T-box genes 

(reviewed in [43]). 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. 

In relation to the specific molecular function and significance of the T-box-

Sox interaction we describe here, Sox proteins appear to predominantly function as 

transcriptional activators [44, 45], often serving to position gene enhancers, by 

DNA bending and opening [46], in a more fortuitous position for functional 

interaction of other transactivating factors. In this respect, addition of  Sox4 in our 

transfection assays agrees with this statement, though at the same time the 

activities of Tbx3 and Tbx2, serving to down regulate transactivation, also appears 

to be facilitated by the presence of Sox4. It is interesting that Sox proteins are 

known to interact with a wide range of transcription factors [47] and as such may 

function here in facilitation of a transcriptional response based on the factor(s) 

present. Therefore the total transcriptional response of a gene or set of genes is 

not being driven by an individual protein, but by the stoichiometry and make-up of 

the complex of which it is a member. 

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 [47-49]). These regions are not involved directly in establishing DNA 

contacts and are still available for interactions with other proteins even when Sox 

proteins are DNA bound [48, 50]. Similarly, the high degree of sequence 

conservation between HMG domains suggests that other members of the Sox 

family may also interact with Tbx3 [49]. For instance, the very early expression of 
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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 worth further investigation [23, 51]. This statement 

seems particularly prudent in light of the recent publication suggesting a role for 

Tbx3 alongside Sox2 in maintaining stem cell pluripotency during embryonic stem 

cell development [52]. 

The novel finding of Sox4 in a small localized region of the interventricular 

ring myocardium, raises the question of a specific function for Sox4 in the 

myocardium in this region of the heart. Although Tbx3 and Tbx2 expression overlap 

with Sox4 in this region of the myocardium and may thus form a regulatory 

complex, by far the most extensive co-expression in the heart is seen in the 

mesenchyme of the atrioventricular region and outflow tract. This area is most 

likely the origin of the observed outflow tract malformations and early death 

observed in Sox4 knock out mice [28]. In this respect and in terms of defining a 

possible functional role for a T-box-Sox interaction, the identification of Gja1 as 

direct downstream target for both Sox4 and Tbx3, is of particular relevance in 

terms of outflow tract development [12, 28, 53, 54] and the development of other 

tissues and organs such as the limbs [55, 56]. In humans, mutations in Gja1 give 

rise to the autosomal dominant disease oculodentodigital dysplasia (ODDD) (OMIM 

#164200) affecting the face, eyes, teeth, limbs and is associated with cardiac 

arrhythmia and neurological disorders. In mice a model for ODDD has been 

generated by mutating Gja1. These mice display a phenotype overlap with the 

human disease, including syndactyly and cardiac arhythmias. Altered expression of 

Cx43 has also been linked to numerous defects, including cardiac conduction [57] 

and mouse models have demonstrated that a critical regulation of Cx43 is 

necessary for correct outflow tract development, with over expression and 

knockout models resulting in malformations [54, 58, 59].  

Tbx3 (and Tbx2) knockout studies show clear ectopic expression of Cx43, 

revealing their key role in Gja1 regulation [10, 12, 38]. Interestingly, knockout 

studies of the closely related T-box factor, Tbx5, have suggested that Tbx5 plays 

no role in the regulation of Gja1 [36] and the data we present here would seem to 

support this statement. Previous studies relating to regulation of Gja1 by T-box 

proteins have focused predominantly on upstream regions shown to drive aspects 

of Cx43 expression [21, 60, 61]. However, to date, the elements that truly drive and 

control cardiac Gja1 expression, in vivo, have not been identified. Whereas the 

proximal promoter region does contain conserved transcription factor binding sites 

that can be functional in the repression or induction of reporter constructs in vitro, 

the 7kb proximal promoter is not sufficient to drive expression in the heart [62]. 

Studies using this proximal promoter region show that it does mark the neural crest 

population which migrates to the outflow tract of the heart where it populates the 
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cushions and appears to play some, as yet unknown, role in the septation of the 

outflow tract and patterning of the aortic arch region [63].  

Here we present evidence of a regulatory enhancer positioned within intron 

1 of Gja1 that we initially identify on the basis of a localized binding affinity for 

Tbx3, Sox2, Sox4 and P300. This multi-factorial binding coupled with an in vivo 

expression study in zebrafish provides strong evidence that this region is a 

functional enhancer during vertebrate heart development, which may be subject to 

strict spatiotemporal regulation by various T-box complexes including the T-box-

Sox complex we describe here. Further, this novel enhancer element that we 

identify in intron 1 of Gja1 seems to contain sequences that induce expression of 

Gja1 in the developing heart. It is also interesting to note that the expression of 

GFP we observe in zebrafish, driven by this element, appears restricted to the 

atrium and ventricle and is apparently absent from the atrioventricular region. 

Recent studies tracing the expression of Tbx2 and Tbx3 isoforms in the zebrafish 

heart, have shown a restriction of these factors to the atrioventricular region of the 

heart after approximately 33 hpf [64, 65]. This seems to suggest that the element 

we identify shows a level of functional as well as structural conservation. In line 

with this hypothesis, we have initiated a study devoted to investigating and 

dissecting the specific function of this enhancer in the developing mouse heart to 

further address these issues.  
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Supplementary Figure 1. UCSC custom tracks showing 2 genomic regions of Tbx3 ChIP-seq data 
from mouse heart myocardium expressing tamoxifen induced Tbx3 (upper track, Tbx3-ChIP) versus 
Tbx3 ChIP-seq of tamoxifen injected mice lacking the Tbx3 inducible cassette (lower track, Control). 
Track one shows clear association of Tbx3 at the enhancer as described by Munshi and co-workers 
[1], peaks specifically overlapping with the described Tbox binding elements from that study. Similarly, 
Tbx3 also shows specific binding within the 700 bp promoter element of Nppa previously used in 
several in vivo  and in vitro studies (marked with black bar) to illustrate the function of Tbox proteins on 
known Tbox binding promoter element [2-4]. Target amplification site for ChIP-PCR within the Nppa 
promoter, is marked by facing arrows. 
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Abstract 

 

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, as 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 in 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
1
. 

Arrhythmias are a major cause of sudden cardiac death. Conditional 

ablation of Cx43 in mouse heart has been shown to result in ventricular 

arrhythmias
2
. Further, Cx43 homozygous knockout mice die at birth and display a 

number of cardiac defects such as conotruncal malformations, outflow obstruction 

and coronary anomalies
3, 4

 some of which may have their origins in the cardiac 
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neural crest cell population
5
. Although the precise mechanisms of Cx43 regulation 

during development and in the adult heart remain largely unexplored, its correct 

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
6-10

. 

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
11

. Mutations in several T-box family members are associated with 

different human congenital heart diseases
12

. 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
8, 9, 13-15

. 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
16-18

. 

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
18

. Tbx5 has now also been shown to 

interact with other developmentally important transcription factors such as 

GATA4
19

, chicken LMP4
20

, the homeo- and paired domain containing Pax6
21

 and 

most recently the WW-domain containing protein TAZ
22

. 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 the 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 this approach we have identified the homeobox 
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proteins Msx1 and Msx2 as new T-box interacting partners cooperating in the 

regulation of Cx43. 

 

2. 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). 

 

2.1. 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
23

 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
9, 13, 24

. 

 

2.2. 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. 
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Potential surviving colonies were replated to triple drop out medium and 

subsequently picked for AD-plasmid rescue and sequencing.  

 

2.3. 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 30

o
C, 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
23

 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
25

. 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
26

 using 10µl α-hTBX3 

(Cat#SC17871, SantaCruz). 

 

2.4. 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
27

, using probes described in supplementary methods. 

 

2.5. 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.  
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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. 
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2.6. 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 (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. 

 

2.7. 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 qPCR (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 

F 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.  

 

2.8 Statistical analysis 

Luciferase measurements and qRTPCR data were corrected for inter-session 

variation as described before
28

. 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. 
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3. Results 

 

3.1. 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 1.5x10
6
 colonies, a final 20 surviving 

clones revealed a GAL4 fusion to a 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
29-31

 thus warranting closer examination of 

this interaction.  

 

3.2. 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
13, 14, 32

 providing evidence for a biologically 

significant protein-protein interaction. Notably, expression overlap is not merely 

confined to the heart, but appears in other areas such as the developing limbs 

(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
29

. 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). 
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3.3. 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
25

. 

Subsequent co-immunoprecipitation using a polyclonal antibody raised against 

human Tbx3 reveals that Msx2 is indeed coprecipitated with Tbx3 (Fig.3B). 

 

3.4. 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
33

 from patients 

with cardiac anomalies revealed a conserved Arg residue (Arg142)
34

 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. 

 

3.5. Suppression of Cx43 promoter activity 

Previously, it has been shown that expression of Cx43 can be down-regulated by 

Tbx2 and Tbx3
6-8, 10, 35

. Further, cooperative interaction between Tbx2 and Tbx3 

with the homeobox Nkx2.5 is able to down-regulate the expression of another 

chamber marker, Nppa
10, 13

. 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
36

 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  
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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, 
myocard; en, endocard; cus, cushion mesenchyme; epi, epicard.  
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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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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.  

 

3.6. 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 reduce the expression of Cx43, as measured by 

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. 
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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. 

 

3.7. 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)
36, 37

. Chromatin immunoprecipitations (ChIP) have 

previously demonstrated that indeed Tbx3 can bind to this region of the Cx43 

promoter
10

. 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.  

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

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 qPCR. 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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4. 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
1, 8

, 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
38-

40
.  

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
29-31

, 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
41, 42

. In support of this hypothesis, Msx1/Msx2 

double knockout mice reveal the presence of severe cardiac anomalies
30

. 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
14

 

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 
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homeodomain proteins
34

 including Nkx2.5
33

 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. 

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
8, 43, 44

. 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
16

, 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
10

 and Msx1 can bind the 

endogenous Cx43 promoter in a heart cell line, probably by binding a conserved 

putative Msx binding site
37

 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
3-5

. The Msx1/Msx2 combinatorial knockout mice also 
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display OFT defects including DORV
30

, postulated to be as a result of increase in 

cardiac neural crest proliferation in this region. Interestingly, previous studies have 

shown that loss of Msx1 in neural crest can be compensated for by over-

expression of Msx2
45

, 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
1
. cNppb

2
; cMsx1, cMsx2

3
.
 
Probes used for in-situ hybridisation on mouse 

tissue have been described before: Tbx2, Tbx3 and Tbx5
4
, Msx1

5
, Msx2

6
, Cx40 

and Cx43
7
, and Nppa

8
. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

EMSA 

Non-radioactive electrophoretic mobility shift assay was performed using bacterially 

expressed, purified GST-Msx1-hd. Protein concentration was measured using 

Bradford assay
9
. 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 1. In situ hybridization showing expression patterns of Cx43, Cx40 and Nppa in 
mouse heart ED11.5 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. 
 

Supplementary Figure 2. 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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Construct name AA 
position 

Primers 

pGBkt7-Tbx2 1-701  
[full length] 

F: 5’-agagaattcaccatggcttaccacccgttcc 
R: 5’-aaaggatcctcacttgggcgactcccggc 

pGBkt7-Tbx2-N 1-286 F: 5’-agagaattcaccatggcttaccacccgttcc 
R: 5’-aaaggatccttagctgcttccttttctcc 

pGBkt7-Tbx2-C 91-701 F: 5’-gaggaattcgtggaggacgaccccaaggtg 
R: 5’-aaaggatcctcacttgggcgactcccggc  

pGBkt7-Tbx2 T-box 91-286 F: 5’-gaggaattcgtggaggacgaccccaaggtg 
R: 5’-aaaggatccttagctgcttccttttctcc 

pGADt7-Msx1  1-303  
[full length]  

F: 5’-aaaggatcctggccccggctgctgctgctatg 
R: 5’-agaaagcttctaagtcaggtggtacatgc 

pGADt7-Msx2 1-267  
[full length]  

F: 5’-agaggatcctggcttctccgactaaaggc 
R: 5’-agaaagcttttaggatacatggtagatgc 

pMAL2C-Tbx2-N 1-286 F: 5’-agagaattcaccatggcttaccacccgttcc 
R: 5’-aaaggatcctcacttgggcgactcccggc 

pMAL2C-Tbx2 T-box 91-286 F: 5’-gaggaattcgtggaggacgaccccaaggtg 
R: 5’-aaaggatccttagctgcttccttttctcc 

pMAL2C-Tbx5 T-box 50-251 F: 5’-agagaattcggcatggaaggaatcaaggtg 
R: 5’-agaggatccttacatccgagacatcctgtg 

pRP265nb-MSX1 1-303  
[full length]  

F: 5’-aaaggatcctggccccggctgctgctgctatg 
R: 5’-agaaagcttctaagtcaggtggtacatgc 

pRP265nb -MSX2 1-267  
[full length]  

F: 5’-agaggatcctggcttctccgactaaaggc 
R: 5’-agaaagcttttaggatacatggtagatgc 

pRP265nb -NKX2.5 1-318  
[full length] 

F: 5’-aaagaattcatgttccccagccctgcgctc 
R: 5’-aaaggatcctaccaggctcggatgccgtg 

pRP265nb -MSX1-hd  168-239 F: 5’-agaggatccaccgcaagcccaggacgc 
R: 5’-agaaagcttttacttcagcttctccagctcc 

pRP265nb -MSX2-hd  138-210 F: 5’-agaggatccaccggaagccacgcacacc 
R: 5’-agaaagcttttatttcagcttttccagttccgc 

pcDNA Flag-Msx1  F: 5’-agaaagcttatggactacaaggacgacgatgacaagatggccccggctgctgctatgactt 
R: 5’-aaaggatccctaagtcaggtggtacatgc 

pcDNA Flag-Msx2  F: 5’-agaaagcttatggactacaaggacgacgatgacaagatggcttctccgactaaaggcggtg 
R: 5’-aagctcgagttaggatacatggtagatgcc 

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’tttgttaattgtccgggtttaagaggaagagaattaggtcataagaaagat
cactcacaccc),  
but not to a 73 bp DNA control probe that does not 
contain consensus MSX binding sites 
(5’tctgcgggtcccggccgatgcgaagtgacaggggccggagccgcgcg
gtggagcctcggcggcctggcgccag). 
GST alone does not bind to either DNA fragments. 
 

Supplementary Table 1. Oligonucleotide primers used for the generation of plasmid constructs. 
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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. 
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Humane embryogenese is een korte periode van ongeveer acht weken waarin 

extreem kritische processen plaatsvinden, waaronder de formatie van de 

kiembladen (gastrulatie) die verschillende weefsels en organen vormen. Complexe 

moleculaire mechanismen zijn betrokken bij deze processen. Mechanismen die te 

maken hebben met lokale en temporele expressie van belangrijke genen waarvan 

de functie het aansturen van embryogenese is. Dit zorgt op zijn beurt voor correcte 

patroonvorming van cellen, en van de weefsels en organen die daaruit gevormd 

worden.  

Het hart is het eerste orgaan dat wordt gevormd en functioneert, wat een 

cruciale rol benadrukt voor niet alleen na de geboorte, maar al tijdens de vroegste 

stadia van de ontwikkeling. Het hart begint als een buisvormige structuur dat als 

een peristaltisch-achtige pomp werkt. Om het volgroeide vier-kamerige stadium 

van het hart te bereiken waaruit twee ventrikels (kamers) en twee atria (boezems) 

met instroom / uitstroom regio’s en kleppen bestaan, moet het hart een serie van 

cruciale ontwikkelingsprocessen ondergaan. Terwijl het hart groeit in de lengte, 

begint het te buigen richting de buikzijde en een bocht te maken naar rechts (dit 

proces heet ‘looping’). In bepaalde regio’s van de hartbuis beginnen celdeling en 

celdifferentiatie plaats te vinden die leiden tot de eerste aanzet van kamervorming 

(een proces dat ‘ballooning’ wordt genoemd vanwege de zichtbare uitstulping van 

de ventrikels langs de hartbuis). Het hart bestaat uit verschillende celtypen met 

specifieke eigenschappen die onmisbaar zijn voor het tot stand brengen van 

gespecialiseerde functionele componenten, waaronder het werkmyocard van de 

kamers en de elektrische componenten van het geleidingssysteem. De vorming 

van de kamers is gekenmerkt door de differentiatie van primaire myocardcellen die 

elektrische impulsen intrinsiek langzaam geleiden, naar werkmyocardcellen met 

sneller geleidende eigenschappen. Het geleidingssysteem dat uit de sinusknoop, 

de atrioventriculaire knoop, de atrioventriculaire bundel, de bundeltakken en het 

Purkinjevezel netwerk bestaat, initieert en coördineert de elektrische signalen en is 

daardoor verantwoordelijk voor de correcte timing van de ritmische en 

gesynchroniseerde samentrekkingen van de hartspier. De knoopcomponenten van 

het geleidingssysteem differentiëren niet tot het werkmyocard fenotype maar 

behouden in paats daarvan het primaire myocard fenotype. Dit is van functioneel 

belang voor hun rol in het genereren van elektrische impulsen. De verschillen in 

fenotype en functie tussen de weefsels van het geleidingssysteem en die van het 

kamer werkmyocard worden bepaald door complexe moleculaire mechanismen die 

betrokken zijn bij gecoördineerde genregulatie door verschillende 

transcriptiefactoren.    

Transcriptiefactoren zijn eiwitten die binden aan regulatoire DNA 

sequenties van genen om de transcriptie van deze genen te induceren of te 

remmen. Cruciale aminozuren van een transcriptiefactors DNA binding-domein 
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herkennen specifieke DNA basepaar-sequenties, oftewel bindingsplaatsen. Deze 

bindingsplaatsen hebben vaak een consensus sequentie welke specifiek is voor 

een transcriptiefactor of familie van factoren. Het consensus bestaat typerend uit 

een strikt aantal basen dat weinig variatie in sequentie vertoont en uit een aantal 

basen dat verschillende mate van variatie vertoont tussen individuele leden van 

een transcriptiefactor familie. Voor het binden van een naakte DNA helix heeft een 

transcriptiefactor zelf een bepaalde voorkeur voor een consensus dat te maken 

heeft met de meest energie voordelige binding. Deze keuze van het consensus, in 

vivo, vertoont vaak een hoger niveau van afwijking, een feit dat veroorzaakt wordt 

door de binding van andere transcriptiefactoren in een enkel eiwitcomplex, waarin 

ieder samenwerkend lid van het complex de totale ‘energie’ die nodig is om met 

een bepaalde DNA regio te binden vermindert. Enhancers, regulatoire DNA 

elementen verantwoordelijk voor de weefsel-specifieke regulatie van de expressie 

van genen, hebben vaak binding van meerdere transcriptionfactoren aan één 

bepaalde regio. Hoewel er geen strikte regel is voor de grootte van een enhancer, 

worden ze typisch gevonden in de grootte van 500-2000 bp van DNA. Enhancers 

kunnen worden gevonden in exonen en intronen van genen en in non-coderende 

regio’s rondom genen. Ze kunnen gelokaliseerd zijn op grote afstanden van de 

genen die ze reguleren. Identificatie van bindingsplaatsen van transcriptiefactoren 

verstrekt waardevolle informatie over de lokaties van enhancers, waardoor er meer 

inzicht wordt verkregen in de onderliggende mechanismen van transcriptionele 

regulatie.  

Chromatine immunoprecipitatie sequencing (ChIP-seq) is een krachtige 

methode om genoom-wijde bezetting van een eiwit van interesse te bepalen. Eiwit-

DNA complexen worden geïsoleerd door het precipiteren van een antilichaam dat 

specifiek het eiwit van interesse bindt. De gezuiverde DNA fragmenten die co-

immunoprecipiteerd zijn met het target-eiwit worden dan parallel gesequenced, en 

de resulterende sequenties worden vergeleken met het genoom zodat de 

bindingsplaatsen van een eiwit kunnen worden geïdentificeerd. 

Transcriptiefactoren vormen meestal complexen met andere eiwit-partners om 

synergetische genregulatie uit te oefenen. Deze eiwit-partners kunnen ook 

transcriptiefactoren zijn die DNA mogelijk binden in de nabijheid van de factoren 

waarmee ze onderlinge interacties hebben. Het combineren van ChIP-seq 

analyses van associërende transcriptiefactoren kan toegang geven tot het bepalen 

van mogelijke enhancer sequenties die gebonden zijn door een transcriptioneel 

netwerk, hierdoor wordt een hulpmiddel verstrekt voor de voorspelling van 

functionele enhancer elementen.   

De evolutionair geconserveerde T-box transcriptiefactor familie speelt een 

belangrijke rol in embryonale ontwikkeling. Een aantal van T-box transcriptiefactor 

familieleden is bekend tot expressie te zijn in specifieke regio’s van het hart tijdens 
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embryogenese waarin ze betrokken zijn bij het reguleren van 

hartontwikkelingsprocessen. T-box factor Tbx5, een transcriptionele activator, 

stimuleert het genprogramma van de kamerdifferentiatie door het induceren van de 

transcriptie van werkmyocard genen zoals Nppa en Cx40. Tbx3, een 

transcriptionele onderdrukker belangrijk voor de specificatie en vorming van het 

knoop geleidingssysteem, voorkomt kamerdifferentiatie en handhaaft het primaire 

myocard fenotype in de knoopcomponenten van het geleidingssysteem door de 

transcriptie van werkmyocard genen te remmen. Tbx3 en Tbx5 werken samen met 

andere transcriptiefactoren zoals Gata4 en Nkx2-5 in de regulatie van de 

transcriptie van genen.  

Dit proefschrift richt zich op de mechanismen betrokken bij Tbx3 

bemiddelde regulatie van genexpressie in het hart, in het bijzonder de eiwit-DNA 

interacties van Tbx3 in het hart van dit proces.  

Hoofdstuk 1 bespreekt de basis van embryologie en ontwikkeling van het 

hart van gewervelde dieren. Dit overzicht richt zich op de moleculaire 

mechanismen waarbij T-box factoren zijn betrokken die nodig zijn voor de 

ontwikkeling van het geleidingssysteem van het hart.  

In Hoofdstuk 2 beschrijven we een ChIP protocol voor de isolatie, 

immunoprecipitatie en purificatie van hoge kwaliteit DNA fragmenten die gebonden 

zijn aan een eiwit van interesse, met de intentie parallel DNA sequencing uit te 

voeren. 

In Hoofdstuk 3 wordt het mogelijke mechanisme dat het binding-profiel 

van Tbx3 en Tbx5 bepaalt onderzocht. Als T-box factor familieleden binden Tbx3 

en Tbx5 zich aan een vergelijkbare DNA binding consensus in vitro. Tijdens de 

hartontwikkeling overlappen de expressiepatronen van Tbx3 en Tbx5 in vele 

componenten van het geleidingssysteem, waarin ze mogelijk met elkaar kunnen 

concurreren voor de binding van DNA regio’s. We voeren ChIP-seq van Tbx3 uit in 

muishart met over-expressie van Tbx3 om eiwit-DNA interacties van Tbx3 door het 

gehele muisgenoom te bestuderen. Door gebruik te maken van gecombineerde 

benadering van Tbx3 ChIP-seq en gepubliseerde Tbx5 ChIP-seq data analyseren 

we de bindingsplaatsen en potentiële target genen van deze twee T-box factoren. 

De gepubliseerde ChIP-seq analyses van Gata4, Nkx2-5 en Msx1, 

transcriptiefactoren die bekend zijn als interactie-partners van Tbx3 en Tbx5, 

worden gekruist met Tbx3 en Tbx5 ChIP-seq om de downstream genen 

gereguleerd door de interactie van Tbx3 of Tbx5 en deze interactie-partners te 

analyseren. We tonen aan dat Tbx3 en Tbx5 aan zeer vergelijkbare DNA 

consensus binden in vivo, en een groot aantal target genen delen, daardoor is het 

zeer goed mogelijk dat Tbx3 onderdrukt en Tbx5 activeert zeer vergelijkbare 

genpakketten. Gebaseerd op onze bevindingen stellen we voor dat stoichiometrie, 

onder verwijzing naar de concentratie van Tbx3 en Tbx5 in een reactie, mogelijk 
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een belangrijke rol speelt in het mechanisme dat het target binding-profiel van 

deze factoren bepaalt in weefsels waar ze samen tot expressie zijn. Dit verklaart 

mogelijk de verschillen in genexpressie profiel en fenotype tussen de langzaam-

geleidende atrioventriculaire knoop en de snel-geleidende atrioventriculaire bundel, 

regio’s waarin Tbx3 en Tbx5 samen tot expressie zijn.        

Hoofdstuk 4 rapporteert de identificatie van twee enhancer elementen 

gereguleerd door Tbx3 die mogelijk de expressie van hart natriumkanaal genen 

Scn5a en Scn10a besturen in het hart. Door het expressie-profiel en DNA binding-

profiel van Tbx3 met elkaar te vergelijken, worden directe targets down-

gereguleerd door Tbx3 geïdentificeerd, waarvan vele gerelateerd zijn met 

ionkanaal functie, inclusief Scn5a en Scn10a. Deze twee genen die gelokaliseerd 

zijn naast elkaar op chromosoom 9 in de muis behoren tot dezelfde natriumkanaal 

familie en spelen rollen in de normale hart geleidingsfunctie. Vele mutaties in 

humane SCN5A gen zijn geassocieerd met hartritmestoornissen. Om het 

mechanisme van Tbx3 in de regulatie van Scn5a en Scn10a te bestuderen dat 

hoogstwaarschijnlijk de samenwerkende eiwit-interacties van hart 

transcriptiefactoren Gata4 en Nkx2-5 nodig heeft, werden DNA sequenties 

gebonden door Tbx3 en deze eiwit-partners bepaald voor de Scn5a en Scn10a 

locus. Hierdoor konden enhancer kandidaten van deze genen worden 

geïdentificeerd. Twee DNA sequenties gebonden door al deze factoren werden 

verder geanalyseerd door in vitro en transgene muis enhancer studies en ze 

bevestigen dat deze sequenties als enhancers functioneren in het hart. De 

activiteiten van deze enhancers worden mogelijk door een transcriptie netwerk 

gereguleerd waarbij Tbx3 is betrokken en ze besturen mogelijk de expressie van 

Scn5a en/of Scn10a.     

In Hoofdstuk 5 onderzoeken we de mogelijke effecten van humane 

genetische variaties op de enhancing activiteit van één van de enhancers 

geïdentificeerd in Hoofdstuk 4. Genoom-wijde associatie studies (GWASs) 

gebruiken in het algemeen ‘single nucletide polymorphisms’ (SNPs) en bepaalde 

eigenschappen, bijvoorbeeld ziektes, om regio’s van het genoom te lokaliseren die 

gekoppeld zijn tussen individuen die een bepaalde eigenschap vertonen. In eerder 

gepubliseerde GWASs werden SNPs binnen SCN10A aan elektrocardiogram 

(ECG) parameters gekoppeld die de hart geleidingsfunctie weerspiegelen. Eén van 

de gerapporteerde humane SNPs, rs6801957, gelokaliseerd in een intron van 

SCN10A, bleek geassocieerd te zijn met verlengde QRS tijdsduur, een ECG 

parameter die de ventriculaire depolarizatie weerspiegelt. We ontdekken dat deze 

SNP is gepositioneerd in de humane DNA tegenhanger van één van de muis 

sequenties geïdentificeerd als een functionele hart enhancer in het vorige 

hoofdstuk. We laten zien dat de humane DNA ortholoog van de enhancer 

sequentie ook gelijke enhancing activiteit uitoefent als de muis sequentie. Verder 
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tonen we aan dat de GWAS geassocieerde SNP zelf de enhancing activiteit 

beïnvloedt, mogelijk door het verminderen van de binding van een T-box factor. 

Daardoor veronderstellen we dat het expressieniveau van SCN5A en/of SCN10A 

kan worden veranderd, wat leidt tot de verschillen welke zijn waargenomen in ECG 

parameters. Samengevat geven we hier het eerste bewijs aan van een plausibel 

mechanisme wat aanduidt hoe een SNP binnenin een enhancer element 

gelokaliseerd in SCN10A de hart geleidingsfunctie kan beïnvloeden. Identificatie 

van de genoomlocaties van enhancer regio’s die hart geleidingsfunctie reguleren 

en identificatie van het moleculair netwerk verantwoordelijk voor de activiteiten van 

deze enhancers verstrekken inzichten in de mechanismen wat aanduiden hoe 

deze enhancers de geleidingsfunctie beïnvloeden. Dit kan op zijn beurt bijdragen 

aan de voorspelling van ziektegevoeligheid en de ontwikkeling van therapieën voor 

geleidingsstoornissen.    

Hoofdstuk 6 en Hoofdstuk 7 rapporteren de identificatie van Sox4, Msx1 

en Msx2 als nieuwe eiwit-partners van Tbx3 in de regulatie van Cx43. Cx43 

codeert een snel-geleidend gap junction eiwit dat is onderdrukt door Tbx3 in de 

knoopcomponenten van het geleidingssysteem. Identificatie van functionele eiwit 

complexen van Tbx3 en andere factoren is nodig voor het begrijpen van hoe Tbx3 

interactie aangaat met zijn target genen om transcriptie te reguleren, het is immers 

bekend dat Tbx3 samenwerkt met andere factoren om zijn transcriptie functie uit te 

oefenen. Sox4, Msx1 and Msx2 zijn transcriptiefactoren die eerder zijn 

gerapporteerd rollen te spelen in hartontwikkeling. We laten zien dat Sox4, Msx1 

en Msx2 Tbx3 binden via hun DNA-binding domeinen. In Hoofdstuk 6 door ChIP 

data te combineren ontdekken we dat de DNA bindingsplaatsen van Tbx3 en Sox4 

elkaar overlappen in een regio in intron 1 van Cx43. Door ChIP analyse in het 

embryonaal hart is deze regio vervolgens geverifieerd, in vivo, gebonden te zijn 

door beide factoren. Deze regio functioneert als een hart enhancer aangetoond 

door een in vivo enhancer reporter studie in zebravis. Gebruikmakend van in vitro 

luciferase reporter studie vertoont deze vermoedelijke Cx43 enhancer een 

synergetische antagonistische reactie voor Tbx3 en Sox4. Tijdens de ontwikkeling 

van het muishart overlappen de expressiepatronen van Tbx3 en Sox4 elkaar in het 

endocard en mesenchym van de hartkussens en een klein gebied van 

interventriculair myocard. Samengevat hebben we de interactie van Tbx3 en Sox4 

geïdentificeerd, en de functie van deze interactie lijkt te zijn dat Sox4 de 

transcriptionele regulatie van Tbx3 op de Cx43 enhancer locatie vergemakkelijkt. 

De Tbx3-Sox4 interacties zouden kunnen plaatsvinden in de hartregio’s waar Tbx3 

en Sox4 samen tot expressie zijn gedurende hartontwikkeling. In Hoofdstuk 7 

gebruikmakend van ChIP analyse wordt Msx1 aangetoond Cx43 promotor te 

binden op een regio gelokaliseerd in de nabijheid van een eerder gedefinieerde 

Tbx3 bindingsplaats. We tonen aan dat Tbx3 en Msx eiwitten samenwerken in de 
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onderdrukking van Cx43 expressie in een rat hart-afgeleide cellijn. Gedurende de 

hartontwikkeling overlappen de expressie van Tbx3, Msx1 en Msx2 in het 

atrioventriculair kanaal, de regio tussen de atria en ventrikels die zijn primaire 

myocard fenotype behoudt en waaruit centrale delen van het geleidingssysteem 

inclusief de atrioventriculaire knoop zullen ontstaan. Samengevat kunnen Tbx3 en 

Msx eiwitten samenwerkend de expressie van Cx43 onderdrukken tijdens 

hartontwikkeling.  
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