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

UvA-DARE (Digital Academic Repository)

Identification and characterization of novel protein-protein interactions during
heart development

Boogerd, C.J.J.

Publication date
2010

Link to publication

Citation for published version (APA):
Boogerd, C. J. J. (2010). Identification and characterization of novel protein-protein
interactions during heart development. [Thesis, fully internal, Universiteit van Amsterdam].

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

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

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/identification-and-characterization-of-novel-proteinprotein-interactions-during-heart-development(0f1dd621-f449-41a2-956f-8046b0734455).html


Summary 137

Summary

During mammalian development, the heart is the first organ to form and its proper function 
is essential to further development of the embryo. In humans, three weeks after conception, 
a beating tubular heart can be observed. This tube is composed of an inner endocardial 
layer and an outer muscular layer, the myocardium. As development proceeds, localized 
proliferation and differentiation of embryonic myocardial cells marks the development of 
the cardiac chambers. At the dorsal side near the inflow of the tube, the atria develop and 
at the ventral side, the ventricles start to appear. The region of myocardium in between the 
atria and the ventricles, the atrioventricular canal, does not undergo this process. Instead, 
the atrioventricular canal myocardium retains its embryonic features and will contribute to 
the cardiac conduction system.

The T-box transcription factors Tbx2, Tbx3 and Tbx5 are important regulators of cardiac 
development. Tbx5 is a transcriptional activator, which is essential for cardiac chamber 
formation. In contrast, Tbx2 and Tbx3 are transcriptional repressors and are associated with 
the developing cardiac conduction system. Whereas a lot of knowledge has been gained on 
the roles of these factors during cardiac development, the underlying molecular mechanisms 
remain poorly understood. This thesis focuses on the molecular mechanisms by which T-box 
factors govern heart development.

A general introduction to the development of the vertebrate heart is provided in chapter 1. 
The development of different myocardial components of the heart is discussed and recent 
insights into the transcription factors driving cardiogenesis and their interactions have been 
summarized. Although a number of protein-protein interactions have been discovered 
and shown to be functional during heart development, we still lack a concise picture of 
the mechanisms by which heart development is guided. To gain insight into the molecular 
mechanisms by which Tbx2 and Tbx3 function, several approaches were applied to identify 
novel protein-protein interactions (chapter 2). Tbx2 and Tbx3 were found to interact with 
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other transcription factors and with a number of proteins associated with RNA splicing. 
In contrast to the results obtained with yeast 2-hyrbid screens, the attempts to purify Tbx2 
and Tbx3 containing protein complexes from rat heart derived cells proved difficult, but has 
provided valuable insights for our future studies involving protein complex isolation. 

Tbx2 and Tbx3 were found to specifically interact with the homeodomain transcription 
factors Msx1 and Msx2 (chapter 3). The interactions were shown to depend on the 
homeodomain of Msx proteins and the T-box of Tbx2 and Tbx3. Additionally, Tbx5 was 
found to be able to interact with Msx1 and Msx2. Remarkably, Msx2 is co-expressed with 
Tbx2 and Tbx3 in the developing atrioventricular canal of developing chicken and mouse 
hearts, in a pattern complementary to chamber myocardial specific genes, like Gja1, Gja5 
and Nppa. The functionality of this protein-protein interaction is further supported by 
the observation that Msx2 can cooperate with Tbx3 in the regulation of a Gja1 promoter 
fragment. 

To further establish the role of Msx2, and the functionality of its interaction with T-box 
factors during development of the cardiac conduction system, the effects of combined 
loss-of function were studied in vivo (chapter 4). First, it was shown that the abrogation of 
Msx2 expression does not lead to the ectopic expression of Msx1 in the myocardium of the 
atrioventricular canal. However, Msx2 null mice do not display cardiac anomalies. Therefore, 
Msx protein function in the myocardium seems to be dispensable for conduction system 
development. Msx1 and Msx2 are coexpressed in the cardiac cushions of the atrioventricular 
canal. Compound Msx1-Msx2 mice have previously been shown to develop a range of heart 
defects, including mispatterning of the conduction system myocardium. The role of Msx 
proteins in patterning conduction system myocardium therefore seems to be dependent 
on a non cell autonomous signal originating from the mesenchyme or endocardium of the 
cardiac cushions. The interaction of Msx2 with T-box factors was further explored using 
compound Tbx2-Msx2 and Tbx3-Msx2 knock-out mice. Whereas single Tbx2 and Tbx3 
null mice display a range of patterning defects, especially regarding the ectopic expression 
of chamber specific genes, these defects are not enhanced nor reduced when Msx2 is also 
knocked out. Therefore, we cannot draw any real conclusions as to the role of Msx2, or its 
interaction with Tbx2 or Tbx3 in conduction system development.

The interaction between T-box factors and the high mobility group box protein Sox4 is 
described in chapter 5. Again, the interaction is supported by the DNA binding domains 
of Tbx3 and Sox4 and the proteins are shown to interact in the context of cultured human 
cells. Microarray and chromatinIP data reveal that Tbx3 and Sox4 share a number of 
potential target genes, which might be subject to their cooperative or antagonistic effects 
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in its regulation. The significance for cardiac development of this interaction is underscored 
by the co-expression of Sox4 and Tbx3 in the mesenchyme and endocardium of the cardiac 
cushions. Moreover, a novel expression domain of Sox4 is described in part of the Tbx3-
expressing myocardium of the developing conduction system. However, during subsequent 
development, Tbx3 expression in this region fades. The area of sox4 expression in the 
developing heart seems to correspond to a region in the adult heart where the continuity 
of atrioventricular conduction tissue is disrupted. Further studies will be essential to 
understand the role of Sox4 in this region, as well as the functionality of interactions 
between T-box and HMG box proteins. 

Mutations in Tbx5 are associated with development of Holt-Oram syndrome (HOS), an 
autosomal dominant disorder characterized by congenital limb and heart defects. Chapter 
6 describes four novel mutations in the T-box of TBX5, identified in HOS patients. The 
mutations disrupt binding of Tbx5 to DNA. Moreover, the mutations disturb interactions 
of TBX5 with cardiac protein partners NKX2-5 and GATA4. In addition, a previously 
described mutation in the T-box is presented, which stands out because this protein can 
still bind to DNA, is capable of interacting with NKX2-5 and GATA4, and could function 
as a potent transcriptional activator in reporter assays. Although the patient carrying this 
mutation, and the previously reported patient, both suffer from severe limb anomalies, 
other carriers of the mutation described here show no defects, despite accurate clinical 
evaluation. The absence of observed defects in two carriers of the mutation indicates either 
a genetic background dependent effect, or may be due to the variability of expression of the 
phenotype that is typical of HOS. 

The results of these studies are collectively discussed in the final chapter (chapter 7). 
Aiming to gain understanding of the molecular mechanisms governing cardiac design, we 
identified and characterized several novel proteins interacting with Tbx2 and Tbx3. These 
interactions provide valuable novel insights into the potential mechanisms by which Tbx2 
and Tbx3 function. In addition, it raises questions with regard to the functionality of these 
interactions for heart development, and the specificity of interactions between transcription 
factors in general. Future research on the factors driving cardiogenesis will be necessary for a 
more in depth understanding of the molecular mechanisms that sculpt the heart. 




