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Summary 
 

 

Within 3 weeks of conception in humans (comparable with mouse embryonic day E8.5), it is 

already possible to identify the beating heart. At this early stage, the heart is a tube-like 

structure, which contracts in a peristaltoid fashion, pumping the blood from the venous to the 

arterial pole. Its wall consists of an inner endocardial layer and an outer myocardial layer, the 

latter containing muscle cells sharing important ‘embryonic’ characteristics, among which 

high automaticity, low contractility and low conduction velocity. Subsequent to its formation 

the tube starts to loop to the right, and at specific places on the outer curvature of the looping 

heart a chamber-specific gene program is turned on, marking the initiation of the development 

of the atrial and ventricular chambers. The myocardium of the newly evolving atria and 

ventricles share typical ‘working myocardial’ characteristics, i.e. high contractility, high 

conduction velocity and low automaticity, making these chambers ideally equipped to pump 

the blood ahead in the now rapidly growing embryo. The rest of the looping heart tube, that is 

the inflow tract, atrioventricular canal (the embryonic structure connecting the developing 

atria and ventricles), inner curvature and outflow tract, does not differentiate into chamber 

myocardium, but maintains its embryonic phenotype for a longer period. From these 

structures the nodal parts of the conduction system, still characterized by the previously 

mentioned embryonic characteristics, will develop. The inflow tract gives rise to the sinus 

node, whereas the atrioventricular node develops from the back wall of the atrioventricular 

canal. During subsequent steps of embryonic development, by an interplay of additional steps 

of differentiation, cell growth, proliferation and recruitment of cells to the cardiac lineage, the 

4-chambered heart is formed, containing numerous phenotypically different cells. In the 

mature heart, the atria and ventricles are fully septated, the pulmonal and the systemic 

circulation functioning in parallel. The heart contains valves ensuring efficient unidirectional 

blood flow, and the highly specialized cardiac conduction system ensures sequential, 

synchronized contractions of the atria and ventricles. On a molecular level many decisions 

have to be made before embryonic cardiac cells develop in a correct pattern from their 

primitive to their mature terminally differentiated state. This thesis focuses on the deciphering 

of some of the molecular regulatory networks, which orchestrate the decision of an embryonic 

myocardial cell to become a myocardial cell of the atrioventricular node or chamber. 

 Many of the decisions taken in (cardiac) morphogenesis are enforced by a complex 

interplay of transcription factors and signaling molecules. Transcription factors are proteins 

that are able to bind to specific sequences of DNA. When they bind, together with other 

transcription factors, signaling molecules and co-factors, they turn on, or turn off, the 

transcription of downstream target genes. These target genes, in turn, induce the changes in 

cellular differentiation. Whereas transcription factors are expressed intracellularly and direct 

their action upon the cell in which they are expressed, signaling molecules are excreted 
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extracellularly. These proteins act upstream of a ‘signal transduction pathway’. Upon 

excretion, signaling molecules bind to the extracellular part of highly specific trans-membrane 

receptors present only on target cells. Following binding, the signal is transduced 

intracellularly, as the intracellular part of the activated receptor turns on an intracellular 

signaling cascade. Eventually, this intracellular signaling cascade results in proteins shuttling 

from the cytoplasm into the nucleus of the target cell, where – just like transcription factors – 

they often bind to specific regulatory sequences of DNA, thereby activating or repressing the 

transcription of downstream target genes. In heart development, the T-box family of 

transcription factors plays a pivotal role as will be discussed in this thesis. Several signal 

transduction pathways play a role in the morphogenesis of the heart. Of these, several 

members of the subfamily of bone morphogenetic proteins (Bmp)s, which belongs to the 

transforming growth factor β superfamily, are known to closely interact with T-box 

transcription factors. The Bmp subfamily consists of more than 20 members, of which, in this 

thesis, Bmp2 – and the intracellular molecules Smad1, 5, 8 and 4, which shuttle into the 

nucleus upon Bmp activation - will be discussed in detail. Nppa, the gene encoding atrial 

natriuretic factor (ANF), of which our study of its regulatory DNA sequences is described in 

Chapter 2, is a typical example of a target gene. 

 

Chapter 1 reviews recent insights into some key morphogenetic processes underlying 

early cardiac development and the implications of this new knowledge for our thinking about 

the genesis of congenital heart defects. First, we discuss current understanding of patterning 

along the cranio-caudal, dorso-ventral, and left-right axes of the initially straight heart tube, 

explaining, among other malformations, why in the heart only the atria can be truly isomeric. 

Then, recent insights into the formation of the atrial and ventricular chambers, and their 

underlying transcriptional networks, are discussed. In many cardiac textbooks still the 

incorrect segmental model of cardiac formation is described, in which it was inaccurately 

assumed that already in the early heart tube all progenitors of the building blocks of the 

mature heart are present as a linear array of transverse precursor segments. Here, we review 

the up-to-date ballooning model of chamber formation, the first model which clearly explains 

how an initially solitary tube, with laminar flow through a single lumen, can transform into a 

4-chambered heart in which the pulmonary and systemic circulations work in parallel. Finally, 

we discuss novel information on the origin of the cells that are added to the heart after 

formation of the initial tube, and their fate during further development. 

In Chapter 2 we explore the regulatory DNA sequences driving expression of Nppa, 

the gene encoding atrial natriuretic factor (ANF), during development and disease. Before 

birth Nppa is expressed specifically in the evolving atrial and ventricular chambers, marking 

their development. After birth the gene is silenced in the ventricles, where, in case of cardiac 

hypertrophy or heart failure, it is reactivated again as part of a larger ‘fetal’ gene program. To 

get insight into the regulatory sequences of Nppa, we generated several transgenic mice, all of 

them carrying a different transgenic construct integrated into their genome, in which a unique 

sequence of regulatory DNA, cloned from the endogenous Nppa locus, drives a reporter gene 
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(green fluorescent protein (GFP), LacZ or Cre). Then we induced heart failure in the reporter 

mice by crossbreeding them with another transgenic mouse model, in which the yeast 

transcription factor Gal4 is expressed throughout the myocardium, causing aspecific 

cardiomyopathy in males three weeks after birth. In some of the reporter mice, cardiac 

hypertrophy was induced by aortic banding, a procedure in which the ascending aorta is 

ligated, causing a pressure-overload hypertrophy model. Comparison of the expression 

patterns of the reporter genes in the diverse transgenic mice, both in embryos and in diseased 

hearts, with the expression pattern of endogenous Nppa, then provided insight into the 

potency of the diverse regulatory DNA sequences. From previous studies in transgenic mice, 

in which only short regulatory sequences were tested, it had been concluded that a proximal 

sequence of 0.7 kbp (kilo basepairs) contains all regulatory modules necessary to drive correct 

expression before birth. In those studies, the sequences driving Nppa expression during 

disease had never been located. By combining data from reporter mice carrying short 

regulatory fragments randomly integrated into the genome, with data from mice harboring a 

short fragment that was knocked in as a single copy into the genome, and data from reporter 

mice carrying very large regulatory fragments (up to 200 kbp in bacterial artificial 

chromosomes (BACs)), we came to very different conclusions. We show that, to drive correct 

ventricular activity during development, the proximal Nppa regulatory fragment lacks 

regulatory sequences. We then demonstrate that for correct ventricular expression before 

birth, at least two separate distally located activating sequences (enhancers) are required, one 

providing the correct pattern and one providing the correct fetal activity. Regulatory 

sequences driving Nppa expression during disease (stress response) might overlap or 

cooperate with those regulating the fetal expression pattern, but appear to function 

independently of the enhancer regulating ventricular activity before birth. Therefore, we 

conclude that ventricular Nppa activity before birth and reactivation during disease are 

regulated by separate regulatory sequences, and as a consequence by divergent transcriptional 

pathways. These findings implicate that all previous data on gene regulation obtained from 

transgenic mouse models using the short Nppa regulatory sequences, either during chamber 

development or cardiac hypertrophy and heart failure, should be re-evaluated. Additionally, 

they implicate that data on gene regulation obtained from fetal mouse models cannot 

automatically be applied on hypertrophy models, and vice versa. 

In Chapter 3 we aim to deepen our knowledge on the molecular pathways underlying 

the localized formation of the chambers versus the atrioventricular canal. From previous 

studies, the T-box transcription factors Tbx2, Tbx3 and Tbx20, together with Bmp/Smad-

signaling, already had been established to play pivotal roles in the development of the 

chambers (Tbx20) and the atrioventricular canal (Tbx2, Tbx3 and Bmp/Smad). However, 

their genetic hierarchies and spatial and temporal interplay had remained unclear. By 

investigating mice homozygous mutant for Tbx2, for Tbx3, or double mutant for both genes, 

we found that Tbx2 and its close relative Tbx3 are redundantly required and individually 

sufficient to specify atrioventricular myocardium, induce formation of the atrioventricular 

cushions and suppress chamber differentiation in the atrioventricular canal. Furthermore, by 
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studying reporter mice harboring diverse Tbx2-reporter constructs and transfection 

experiments in which the constructs were temporally introduced into cell cultures in vitro, we 

identified a Bmp/Smad-dependent enhancer conferring atrioventricular canal-restricted 

expression and Tbx20-dependent chamber suppression of Tbx2 in vivo. Then we show that 

the T-box transcription factor Tbx20 plays a dual role in the compartmentalization of the 

heart. Contrary to what had been hypothesized previously, Tbx20 appears to stimulate 

chamber differentiation independently of Tbx2, and at the same time suppresses the activation 

of Tbx2 in the developing chambers, thereby localizing Tbx2 activity to the atrioventricular 

canal. Unexpectedly, Tbx20 does not repress Tbx2 expression directly by binding to its 

regulatory DNA sequences, but indirectly by binding to activated Smad1 and Smad5, 

sequestering these proteins from Smad4. Since Tbx2 is activated in the atrioventricular canal 

by Bmp2 in a Smad-dependent manner and Smad4 is a necessary co-factor for nuclear 

translocation and transcriptional activation by Smad1/Smad5, by this indirect mechanism 

Tbx20 effectively inhibits the Bmp/Smad-mediated activation of the target promoter of Tbx2. 

In conclusion, our findings suggest that opposing regulation of Bmp signaling by Tbx20 and 

Tbx2 may underlie specification of the chambers and the atrioventricular canal, respectively. 

In Chapter 4 we describe the generation of a novel reporter mouse, in which green 

fluorescent protein (GFP) is driven by 160 kbp of regulatory DNA sequences of the T-box 

transcription factor Tbx3. Whereas endogenous Tbx3 is expressed in the different components 

of the cardiac conduction system, i.e. the sinus node, the atrioventricular node, the 

atrioventricular bundle and the bundle branches, the reporter gene was expressed specifically 

in the developing atrioventricular node but not in the other components of the cardiac 

conduction system. This finding demonstrates that the components of the conduction system 

are driven by distinct regulatory sequences, and therefore separate transcriptional pathways. 

The reporter mice were then used to purify atrioventricular nodal cells at two development 

stages (embryonic E10.5 and fetal E17.5). Subsequently, the gene expression profiles of these 

purified nodal cells were compared with age-matched working myocardial cells (purified 

using transgenic mice described in Chapter 2) using microarray analysis, a technique allowing 

examination of the activity of more than 20,000 genes at the same time. We constructed a 

comprehensive list of genes associated with electrical impulse propagation, which were 

picked up specifically in the nodal or working myocardium. Many of these were ion channels, 

not previously associated with nodal or working myocardium and several not even with 

cardiac expression. Furthermore, the data revealed that the atrioventricular node and the 

working myocardium phenotypes diverge during development, but that the functional gene 

classes characterizing both subtypes are maintained. One of the repertoires identified in the 

atrioventricular node-specific gene profiles consists of multiple factors previously only 

associated with neural development, revealing shared characteristics between nodal and 

nervous system development. These data present the first genome-wide transcription profiles 

of the atrioventricular node during development, providing valuable information concerning 

its molecular identity. 


