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ABSTRACT 

Congenital heart defects represent the most common form of congenital 

abnormality. These developmental disorders affect at least 4000 new-borns 

each year in the UK, and present an incidence of approximately one in every 

100 babies born. The most common cause for CHDs are genetic mutations that 

are inherited or arise de novo during embryogenesis, and even though we have 

gained great insight into the CHD-causative genes during these last decades, 

we are still far from understanding the whole picture. In this PhD thesis, my 

main goal is to contribute to the genetics of congenital heart disorders by 

discovering and characterizing new factors involved in cardiac development 

and in the onset of CHD. During this thesis, I have worked on three different 

projects whose results have ultimately contributed to this field. 

In the first part of this thesis, I report that acetyltransferases KAT2A and KAT2B 

associate with TBX5, a T-box transcription factor whose mutations are 

causative of Holt-Oram syndrome, a rare genetic condition that affects the 

development of the heart and upper limbs. KAT2A and KAT2B acetylate TBX5 

at Lys339, and this acetylation potentiates its transcriptional activity and is 

required for TBX5 nuclear retention. Both morpholino-mediated knockdown 

and CRISPR-Cas-mediated knockout of kat2a and kat2b in zebrafish perturbs 

heart and limb development, mirroring thus the tbx5a loss-of-function 

phenotype. 

In the second part, I performed a characterization of CHD4 mutations found in 

syndromic-CHD patients. Interactional studies revealed that none of these 

mutations affect CHD4 interaction with other NuRD subunits, and 

immunofluorescence staining showed that they localized properly to the 

nucleus. However, functional assays revealed that four of these mutants have 

a lower activity than their WT counterpart, whereas one of them appears to be 

a gain-of-function variant. 

Last but not least, in the final chapter of this thesis I carried out the preliminary 

characterization of two transgenic mouse lines carrying null mutations for two 

genes which have been recently discovered to be involved in CHD: CHD4 and 

CDK13. These two lines were recently acquired by our laboratory, and following 

colony expansion and characterization, they were used for heart morphology 

studies using high-resolution episcopic microscopy.  

All in all, the results presented in this thesis expand our understanding and 

knowledge of the genes and factors involved in the regulation of cardiac 
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development as well as in the onset of CHDs, and help defining the complete 

set of genes responsible for CHDs. 
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1. INTRODUCTION 

The heart is the first major organ to form and function during vertebrate 

embryonic development1. Forming a heart is not an easy task: many different 

and crucial morphological processes take place in parallel, and a fine and 

precise tuning of each of them is required in order to form a fully functioning 

cardiovascular machinery. A massive network of genes encoding many 

different proteins (e.g. transcription factors, signalling proteins and structural 

proteins, among many others) is involved in the regulation of each one of these 

processes2,3, and perturbations in any of them can potentially lead to cardiac 

malformations and the onset of congenital heart disorders (CHDs)4. Thus, 

understanding the morphological and molecular mechanisms behind normal 

cardiogenesis is crucial in order to elucidate the pathogenesis of congenital 

heart disorders. 

1.1. Cardiogenesis: a quick overview 
 The heart is comprised of 3 different layers: an inner endothelial layer 

(endocardium), a middle muscular layer (myocardium) and an outer connective 

layer (epicardium)5. Myocardial and endocardial cells have their origin in 

bilateral populations of mesodermal cells close to the midbrain-hindbrain 

boundary6. In the early heart, these two populations of cells expressing cardiac 

markers come together at the midline of the embryos to give rise to a linear 

heart tube, which shortly after begins to beat6,7. Then, this linear tube expands 

and undergoes a series or morphological changes and contortions. This cardiac 

looping shifts the heart towards the right side of the embryo, the first sign of 

left-right asymmetry8. Once the loop is in place, major morphogenetic events 

take place to form the chambers of the heart: two atria and two ventricles. 

Following this, each pairs of chambers undergo septation to isolate each 

chamber, and shortly after valves are developed, connecting the atria to the 

ventricles9. Final stages of heart maturation take place during the later stages 

of fetal life, until a fully functional heart is present at birth2,6. The development 

of the heart has been extensively studied in several organisms, including 

human (Carnegie stages, CS)10, mouse (Embryonic days, E)11 and chick 

(Hamburger and Hamilton stages, HH)1,12. In this chapter, most of the 

information provided is based on human, chick and mouse studies. Zebrafish 

heart development will be discussed at a later point. 

1.1.1. Gastrulation 

Cardiac precursor cells can be first identified in the posterolateral region of the 

epiblast cell layer at the onset of the primitive streak formation13, a structure 

found in the blastula that will establish bilateral symmetry and determine the 
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site of gastrulation and initiate germ layer formation14.  Gastrulation is one of 

the first morphogenic process that takes place during embryonic development, 

and it involves the migration of cells forming the blastula in order to establish 

the three embryonic germ layers: mesoderm, endoderm and ectoderm, each 

of which will give rise to specific tissues and organs in the developing embryo14. 

Migration of cells from the upper layer of the primitive streak will form the 

ectoderm, the outermost layer of the gastrula. The inward migration of cells 

from the inner layer of the primitive streak will give rise to the endoderm, 

whereas the mesoderm, which is situated between the ectoderm and 

endoderm, have its origin in some of the cells migrating to form the 

endoderm14,15. While this process is taking place, the posterolateral epiblast, 

where the cardiac precursor cells are situated, interacts with the hypoblast in 

order to form the anterior lateral plate mesoderm, a structure that will 

eventually give rise to the heart16.  

1.1.2. Cardiac crescent formation 

The mammalian heart is derived from two cardiac progenitor cell populations: 

the first and secondary heart field17. The myocardial cells that constitute these 

fields are derived from the mesoderm, which emerges from the anterior region 

of the primitive streak during the gastrulation process18. Two opposite signals 

control the specification and differentiation of the cardiac progenitor cells; 

bone morphogenic protein (BMP) produced by the endoderm induces the 

cardiomyocyte fate whereas WNT-mediated signals released by the notochord 

supress cardiomyocyte specification19. Cardiac progenitor cells migrate 

towards the anterior-lateral region of the embryo to give rise to two 

populations of cells on both the left and right side of the midline where cardiac 

markers are first detected17,20. The first wave of cells to migrate (primary heart 

field) converge at the midline, where they form the cardiac crescent. The cells 

constituting the secondary heart field migrate later in a second wave, residing 

medial and anterior to the primary heart field17,20. Then, embryonic folding 

promotes the fusion of the cardiac crescent at the midline, forming a primitive 

linear heart tube composed of cardiomyocytes and endothelial cells17,20. As the 

heart develops, both heart fields are going to contribute to the formation of 

different cardiac structures; the primary heart field will give rise to the left 

ventricle as well as some parts of the atria, whilst the secondary heart field will 

give rise to the right ventricle, most parts of the left and right atria, and to the 

outflow tract21,22.  

1.1.3. Linear heart tube looping and chamber formation 

Following cardiac crescent fusion at the midline, a linear heart tube is formed, 

which serves as a scaffold for subsequent heart growth. Cells migrating from 
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the secondary heart field contribute to the expansion of the heart tube, joining 

onto pre-specified ends and giving rise to the venous and arterial poles23. At 

this stage, the developing heart is bilaterally symmetrical and it adopts an 

inverted-Y shape. In addition, thanks to several marking studies we now know 

that the heart tube is already patterned at this stage; the arms of the inverted-

Y-shaped heart tube (venous pole) will eventually become the precursors of 

the atrial chambers and the atrioventricular canal (AVC) 23, whereas the stem 

of the inverted-Y is fated to become the left ventricle23. Finally, the arterial pole 

contributes to the formation of the outflow tract and the right ventricle23,24. 

After expansion, the linear heart tube begins to bend towards the right side, 

marking the beginning of a process known as cardiac looping, the first visual 

evidence of loss of left-right symmetry in the developing embryo25. The 

signalling pathway that controls and ensures that the loop is started and bent 

to the right is established earlier, during the gastrulation process23. Although 

we know relatively little about it, it is thought that it involves a leftward flow of 

secreted proteins across the node26, controlled by factors such as LEFTY, 

NODAL and PITX221. 

As the heart bends and starts to form a looped structure, different chambers 

begin to appear. First, the left ventricle begins to take its large, spherical 

structure, being exclusively derived from the primary heart field17,22. Then, a 

right ventricle precursor also appears, derived from the secondary heart 

field22,27. With looping progressing, the right ventricle becomes more obvious, 

and both chambers are rearranged: although the linear continuity of both 

ventricles is maintained, the looping brings them side by side23. Ventricles 

continue growing downwards as looping proceeds. This leads to a 

rearrangement of the atria, which are positioned in the posterior part of the 

developing heart in a side by side configuration, and they also start to grow 

out23. The atria are primarily constituted by cells derived from the secondary 

heart field, although there is also some contribution from primary heart field 

cells22. The stage is now set for formation of the definitive cardiac chambers. 

1.1.4. Endocardial cushions formation 

Once the looping process is completed and the cardiac chambers have acquired 

their characteristic morphology, two crucial cardiogenic processes will begin 

taking place: chamber septation and valves formation, both of which will 

contribute to form a 4-chambered heart in which the blood flows 

unidirectionally. Part of the septa that will divide the primitive ventricle and 

atrium into left and right chambers, as well as the valves that control blood 

flow, have their origin in a subset of cells which form structures known as 

endocardial cushions28,29. Endocardial cushions arise from a subpopulation of 
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endothelial cells which delaminate and undergo epithelial-to-mesenchymal 

(EMT) transition after receiving signals from the myocardium29,30. Following 

delamination, these endocardial cells migrate and invade the cardiac jelly, an 

extensive extracellular, gelatinous matrix which separates the outer layer of 

myocardium and the inner layer of endocardial cells in the developing 

heart29,30. After invasion of the cardiac jelly, these cells will fully differentiate 

into mesenchymal cells that will produce and deposit collagens and 

glycoproteins in the cardiac jelly, thus promoting a “swelling” in the area. 

Continued migration of cells from the endocardium and swelling will form 

primitive valve-like structures that, through an extensive remodelling process, 

will eventually give rise to the cardiac valves and part of the atrioventricular 

septum29,30. Many different genes and pathways are involved in the 

proliferation and EMT of endothelial cushion cells: myocardial BMP2 

expression increases the deposition of hyaluronan and versican in cushion-

forming regions, and it also promotes EMT of endothelial cushion cells31,32. 

VEGF also promotes the proliferation of endothelial cells33, whereas genes like 

TGFβ32, Notch134 and the Wnt/β-catenin35 are all involved in the EMT process. 

Cardiac valves 

Cardiac valves are thin membranes attached to the heart walls which 

constantly open and close in order to regulate the unidirectional blood flow 

through the heart. The mammalian heart has four cardiac valves: the aortic and 

pulmonary valves (semilunar valves), which are located in the outflow tract and 

control blood flow out of the ventricles, the mitral and triscuspid valves 

(atrioventricular valves), which are situated in the atrioventricular canals and 

regulate blood flow to the ventricles.  

As mentioned earlier, cardiac valves have their origin in endocardial cushions 

that form by the delamination, EMT and invasion of the cardiac jelly by 

endothelial cells. Once the valve primordia are formed, they undergo an 

extensive process of growth and remodelling which is regulated by many of the 

genes previously involved in the proliferation and EMT process, such as VEGF, 

TFGβ and the Wnt/β-catenin pathway36. This remodelling process comprises an 

increase in the extracellular matrix organization and complexity, as well as a 

decrease in the proliferation of endocardial cushion cells.  At the end of this 

process, both atrioventricular and semilunar valves are fully formed. The 

former are entirely derived from endocardial cushion tissue, whereas it is 

thought that the latter require the contribution of a population of neural crest 

cells (NCCs) derived from the branchial arches37. An overview of cardiac valves 

development is represented in Fig. 1.1. 
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Even though both atrioventricular (AV) and semilunar valves derive from 

endocardial cushions, their formation differs in certain points. AV valves have 

their origin in the inferior atrioventricular cushion38 (that will give rise to the 

anterior mitral leaflet and the septal tricuspid leaflet) and in two bilateral 

populations of mesenchymal cells situated in the lateral regions of each 

atrioventricular canal (giving rise to the posterior mitral leaflet and the anterior 

and posterior tricuspid leaflets)9,39. Following endocardial cushion formation, 

these structures undergo a process of proliferation and remodelling that will 

give rise to the leaflets of the AV valves. In parallel, ventricular wall remodelling 

and trabeculation will lead to the formation of papillary muscles, which attach 

to the cusps of the AV valves through fibrous cords of connective tissue known 

as chordae tendineae39,40. In the case of the semilunar valves, these are formed 

from four endocardial cushions situated in the outflow tract (OFT): two 

conotruncal (lateral and proximal) cushions and two intercalated 

(anterior/posterior and distal) cushions9. The conotruncal cushions will 

eventually fuse in order to septate the OFT, thus giving rise to a spiral septum 

which will divide the OFT into aorta and pulmonary trunk41 (in the truncal part) 

and into left and right ventricular outlets42 (in the conal part). This process will 

also form the aortic and pulmonary valves at the conotruncal junction. An 

important population of cells involved in this process are the cardiac neural 

crest cells, that migrate from the neural crest to the developing cushions of the 

OFT and subsequently contribute to semilunar valves formation and 

maturation41,43. 

 

Figure 1.1. Overview of cardiac valves development. Cardiac valves formation is restricted to 

the atrioventricular canal and outflow tract regions of the looping heart. Initially, a subset of 

endothelial cells delaminates, differentiate and migrate into the cardiac jelly, a process called 

endothelial-mesenchymal transition (EMT). This process promotes an expansion and swelling 

of this extracellular matrix, leading to the formation of cardiac cushions. After this, these 

cushions undergo an extensive process of growing remodelling to finally give rise to the heart 

valves. Adapted from Armstrong et al., 200429 
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1.1.5. Cardiac chambers and outflow tract septation 

After each chamber is positioned correctly, a final process is required to form 

a fully-functional 4-chambered heart; the septation (or separation) process, 

which takes place in the atria, ventricles and outflow tract (Fig. 1.2). 

Around 34 days of human development, the convergent growth of two 

structures called “septa” separate the atria in two spatially independent 

chambers. The septum primum protrudes in a crescent shape from the ventral 

and posterior walls of the atrium, whilst the septum secundum forms a ridge 

on the dorsal and posterior walls of the atria28,44. Then, by day 50 of 

development, the septum primum fuses with the endocardial cushions, and the 

septum secundum partly overlaps the septum primum28,44. This leads to the 

formation of a septum in the middle of the atria, which is now separated in two 

chambers: the left atrium and the right atrium28,44 

Septation of the ventricle into two independent chambers takes place by the 

upward growth of the cells that join the left and right primordial chambers. 

These two different populations of cells grow upwards without mixing towards 

the endocardial cushion, creating a septum28,44. This septum will stop growing 

before the chambers are completely separated, and will remain so until later 

in development a new structure, the membranous septum, connects the 

septum with the endocardial cushion28,44. 

At day 40 of development, the outflow tract starts to rotate at its base, so that 

its original left side is now anterior and the right side posterior28,44. At the same 

time, the outflow tract endocardium undergoes epithelial-mesenchymal 

transformation (EMT), forming internal outflow tract cushions, which converge 

towards each other. While the base of the outflow tract rotates clockwise, the 

length of the tract is reduced, and the internal outflow tract cushions rotate 

and converge at the midline28,44. Once these processes are completed, the 

aorta and pulmonary outflow tracts are finally separated.  

After completion of these processes and the heart valves are formed, the heart 

will achieve its final morphology. A timeline covering the main period of cardiac 

development (from E6.5 to E14.5 in mouse) is shown in Fig 1.3.  
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Figure 1.2. Septation of the cardiac chambers. Three different septation events take place at 

the latest stages of cardiogenesis. A) Atrial septation (AS) occurs by the growth of two septa: 

the primary septum (green) and the secondary septum (pink). B) Ventricular septum (VS) arises 

from the left and right ventricles, growing upwards until it fuses with the endocardial cushions 

(CC). C) Outflow tract septation divides the outflow tract (OT) into the aorta (AO) and the 

pulmonary artery (PA).  Figure from Bruneau, 20087
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Figure 1.3. Timeline of cardiac development in mouse.  Key development events and timing of addition of different progenitor populations (e.g. neural crest cells) are 

shown. ALPM, anterior lateral plate mesoderm; PHF, primary heart field; SHF, secondary heart field; OFT, outflow tract; AV, atrioventricular; DMP, dorsal mesocardial 

protrusion; NCCs, neural crest cells; AVC, atrioventricular canal. Adapted from England, 201838; Chaudhry, 20143, Bruneau, 20087
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1.2. Congenital heart disease 
Congenital heart disease (CHD), also known as congenital heart defects, is the 

most common congenital abnormality, and it usually refers to abnormalities in 

the heart’s function and structure present at childbirth7. They occur often, 

affecting approximately 10 out of every 1000 live births45, and the incidence is 

even higher if fetus that do not survive to term are taken into account46. These 

cardiac abnormalities are present in very different forms: from small holes in 

the walls of the cardiac chambers, to more complex defects which can 

eventually lead to an early death47.  

1.2.1. Categories 

Congenital heart defects can affect most parts of the developing heart, and 

they can be classified into 3 broad categories: cyanotic heart disease, left-sided 

obtrusive lesions and septation defects. A representative figure of heart 

structures affected by CHD can be found in Fig. 1.4. 

1.2.1.1. Cyanotic heart disease 

Cyanotic heart disease is a condition that arises as a result of the mixing of 

oxygenated and deoxygenated blood, leading to a bluish hue to the skin of 

affected individuals48. This type of disease can be caused by issues in the heart 

valves, a coarctation or complete interruption of the aorta or abnormalities in 

any of the large blood vessels. There are several heart defects that contribute 

to this condition. Tetralogy of Fallot (TOF) is the most common cause of 

cyanotic heart disease, and accounts for up to one-tenth of all congenital 

cardiac lesions49. TOF is a condition characterized by the presence of four 

different heart defects: pulmonary stenosis (narrowing of the exit from the 

right ventricle), ventricular septal defect (presence of a hole between the 

ventricles), right ventricular hypertrophy (thickening of the right ventricular 

muscle) and overriding aorta (blood from both ventricles enter the aorta)49. 

TOF is thought to be caused by a combination of environmental and genetic 

factors, although its precise causes are still unclear49. However, thanks to the 

generation of animal models and knockout studies, there is growing evidence 

supporting the fact that the primary defects leading to TOF malformations are 

related to the alignment, elongation and septation of the outflow tract, 

processes in which SHF progenitor cells and NCCs play a key role50. Many 

transcriptional regulators have been shown to be crucial for the proliferation 

and differentiation of SHF progenitor cells. One of them is Tbx1, which 

coordinates the addition of posterior second heart field progenitor cells to the 

arterial and venous poles of the heart51. Interestingly, the most common 

genetic cause leading to TOF in humans is haploinsufficiency for Tbx1 (which 

accounts for 15% of TOF cases)52. Tbx1 is also the major candidate gene for 
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DiGeorge syndrome, a condition characterized by the presence of TOF among 

other defects53. In mouse, homozygous Tbx1 mutations lead to common trunk 

with failure of subpulmonary myocardial addition54, whereas mice carrying a 

hypomorphic Tbx1 allele present different OFT alignment defects such as 

overriding aorta54. Nkx2-5 is another transcriptional regulator involved in SHF 

development, playing a crucial role in the elongation of the primitive heart 

tube55. In a similar fashion to Tbx1, hypomorphic murine embryos for Nkx2-5 

display alignment defects such as overriding aorta as well as a shortened OFT56. 

In addition to this, mutations in the Nkx2-5 gene have been found in TOF 

patients57. Intracellular signalling pathways such as the FGF pathway also play 

a key role in SHF development58, and mouse embryos lacking components of 

this pathway such as Fgfr159, Fgfr259 and Fgf1560 also present OFT shortening 

and alignment defects such as overriding aorta. Studies on different 

components of the Notch signalling pathway have also confirmed their role in 

SHF development regulation and potential implication in the onset of TOF: 

Hey2 mutant mice display a range of cardiac malformations including TOF and 

ventricular septal defects61, whereas the Jag1-Notch2 compound heterozygous 

mice present overriding aorta with pulmonary stenosis62. Last but not least, 

mutations in genes controlling cardiac NCCs development in mouse, such as 

Pax363, also lead to OFT septation and alignment defects. 

Other conditions leading to cyanotic heart disease include the transposition of 

the great arteries (a condition in which the pulmonary artery and aorta have 

“swapped” places), pulmonary or tricuspid atresia (characterized by the 

abnormal development or absence of the pulmonary or tricuspid valves 

respectively) and persistent truncus arteriosus (the truncus arteriosus fails to 

properly divide into the pulmonary trunk and aorta) among others7. 

1.2.1.2. Septal defects 

The second category of CHDs is constituted by septal defects, which are 

typically characterized by a hole or opening in the walls that divide the right 

and left cardiac chambers. Septation defects constitute the second most 

common type of CHD64. These defects can affect the septation of the atria 

(atrial septal defects, ASDs), septation of the ventricles (ventricular septal 

defects, VSDs) or formation of structures in the central part of the heart 

(atrioventricular septal defects, AVSDs).  

ASDs 

Atrial septal defects can be divided in ostium primum ASDs (if the defect affects 

the formation of the ostium primum) and secundum ASDs (if the defect affects 

the formation of the ostium secundum)65. The latter are the most common type 
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of ASDs66, and thanks to genetic studies and the generation of animal models, 

we now know that ASDs arise from genetic mutations in a large number of 

genes involved in atrial partitioning and septum secundum growth and 

regulation, including many of the component of the core regulatory network of 

cardiac development as well as sarcomeric proteins65,66. In the first case, mouse 

models carrying null mutations in key regulators of cardiogenesis such as 

Tbx567 display ASD among a wide range of other cardiac defects, such as VSD 

or TOF. On top of this, mutations in the Gata468 and Nkx2-569 genes have also 

been found in patients with ASD among other cardiac defects. This pleiotropy 

exists probably because, as stated before, these genes act at the top of the 

cardiac regulatory network70 and are expressed in different cardiac tissues, 

thus controlling the development of multiple cardiac structures. Studies using 

other animal models have also confirmed that Tbx5 and Gata4 are involved in 

an endocardial pathway that controls atrial septum formation71, and Nkx2-5 

regulates the proliferation of atrial myocytes72. Interestingly, certain 

sarcomeric genes such as MYH673 and ACTC174 are also associated with the 

onset of ASD in humans. In these patients, ASD is the only cardiac defect that 

can be found. MYH6 is a cardiac-specific sarcomeric gene highly expressed in 

the developing atrial septum whose expression is regulated by TBX573, and 

morpholino-mediated knockdown of this gene in chick embryos lead to ASDs73. 

A mouse model carrying a specific ACTC1 mutation causes atrial-septal defects 

associated with late-onset dilated cardiomyopathy75. 

VSDs 

Ventricular septation is an extremely complex process which involves a large 

number of genes, including many of the core regulatory factors which regulate 

many cardiogenic processes (such as the previously mentioned atrial 

septation)76.  The ventricular septum is composed of different parts with 

distinct origins76, thus increasing the complexity of its study. However, thanks 

to in vitro and in vivo studies, we now know that in order to regulate ventricular 

septation and orchestrate the contribution from each one of these parts, these 

genes act on different populations of cells, such as myocardial cells derived 

from both the primary and secondary heart field, as well as the mesenchymal 

cells that constitute the endocardial cushions76. The literature covering 

ventricular septation and VSDs formation is really extensive, so just a few 

selected examples of animal models that have helped us understand how this 

process takes place will be presented here. As mentioned previously, many of 

the transcription factors that orchestrate cardiogenesis such as Tbx577,67, 

Gata478,79 and Nkx2-580,81 (among others) play a key role in ventricular 

septation, as demonstrated by the fact that when absent in mice or in humans, 

the lack of these genes lead to VSDs but also to other septal defects such as 
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ASDs or atrioventricular septal defects (AVSDs). This could suggest that these 

genes act in both parts of the SHF: anterior and posterior76. Apart from these 

core regulators of cardiogenesis, mutations in other genes also lead to different 

types of VSDs. For example, an experimental study using two different Mlc 

(myosin light chain) transgenic mouse lines showed that cells contributing to 

the trabeculated ventricular septum have their origin in both primary and 

secondary heart fields82. Also, mutations in genes that are expressed in neural 

crest cells such as Hand1 lead to failure of interventricular septum formation 

among other defects83. 

1.2.1.3. Left-sided obstructive lesions 

Left-sided obstructive lesions are the third main type of CHD, and they include 

defects that affect the left side of the heart and the aorta. This category 

encompasses conditions such as hypoplastic left heart syndrome, in which the 

left side of the heart is severely underdeveloped84; aortic and mitral stenosis, 

characterized by the narrowing of the aortic85 or mitral valves86 respectively; 

and aortic coarctation.  

1.2.1.4. Other congenital heart defects 

In addition to the conditions comprehended in these three categories, there 

are other congenital heart diseases which do not properly fit in any of these 

categories. One of these conditions is bicuspid aortic valve (BAV), in which two 

of the leaflets constituting the aortic valve fuse during development, thus 

resulting in a two-leaflet valve (bicuspid) instead of the normal three-leaflet 

valve (tricuspid)87. BAV is the most common form of congenital heart defect 

present at birth, affecting approximately a 1-2% of the population87.  

1.2.2. Quality of life 

Improvements in diagnosis and treatment of CHDs have increased the survival 

rate of affected children into adulthood up to 85%88. However, due to the 

extremely little regenerative ability of adult cardiomyocytes89, cardiac defects 

found in CHD patients will persist unless dealt with surgically. These patients 

may need multiple surgeries to correct all the structural defects present in 

affected individuals, thus having a detrimental effect on their quality of life. In 

addition, children with CHDs often develop neurological disorders, suggesting 

an important secondary effect of congenital heart diseases in utero90.  

1.2.3. Etiology 

Regarding CHD etiology, little was known about the causes of CHDs until 

relatively recently. Several studies have linked the likelihood of CHD at birth 

with different environmental factors such as smoking, infections, excessive 

alcohol use and diabetes91. However, these epidemiological studies have 
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mostly suggested risk factors rather than explaining the underlying disease 

mechanisms. Thanks to the progress in the field of genetics, we now know that 

the most common cause for CHDs are genetic mutations92. Human genetic 

studies have shown that most of the genes responsible for CHDs are 

transcription factors that regulate and control a wide range of events taking 

place during heart development, such as atrial and ventricular septation or 

great vessel formation92,93. The first reported single-gene mutation leading to 

an inherited congenital heart disorder was in the gene TBX5, a member of the 

T-box transcription factors and the causative gene in Holt-Oram syndrome 

(HOS)94,77. Following TBX5, mutations in other transcription factors have been 

connected to inheritable congenital heart disorders, including NKX2-5, linked 

to ASD and atrioventricular block95; GATA4, associated with septation 

defects78; and MEF2C96 among others. 

Mutations in genes other than transcription factors can also give rise to CHDs. 

A clear example is MYH6, a gene encoding cardiac α-myosin heavy chain, which 

is a contractile protein whose mutations are found in families with inherited 

ASD97. In addition, different components of well-characterised signalling 

pathways such as Wnt98 and Notch99, as well as microRNAs100 (small non-coding 

RNA molecules that regulate gene expression at mRNA level) have also been 

associated with CHDs. 

 

Figure 1.4. Anatomy of the adult heart and congenital heart defects. Diagram showing the 

anatomy of the adult human heart as well as the structures affected by CHDs. Numbers in 

parenthesis indicate the incidence rate of each disease per 1000 live births. AC, aortic 

coarctation; AS, aortic stenosis; ASD, atrial septal defect; AVSD, atrioventricular septal defect; 
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BAV, bicuspid aortic valve; DORV, double outlet right ventricle; Ebstein’s, Ebstein’s anomaly of 

the tricuspid valve; HLHS, hypoplastic left heart syndrome; HRHS, hypoplastic right heart; IAA, 

interrupted aortic arch; MA, mitral atresia; MS, mitral stenosis; PDA, patent ductus arteriosus; 

PS, pulmonary artery stenosis; PTA, persistent truncus arteriosus; TA, tricuspid atresia; TAPVR, 

total anomalous pulmonary venous return; TGA, transposition of the great arteries; TOF, 

tetralogy of Fallot; VSD, ventricular septal defect. Figure from Bruneau, 20087 

1.2.4. Potential treatments 

Unfortunately, although the adult mammalian heart possesses a certain 

capacity for cardiomyocyte renewal, it is not sufficient to restore the lost cells 

and repair the structural defects present in CHD patients101. This translates into 

the need of multiple corrective surgeries, which carry significant risk to infants 

as they can develop secondary heart disease and eventually heart failure in 

later life7,102. 

In the last decades, a lot of effort and resources have been invested in the 

development of stem cell-based therapies that promote heart repair in 

damaged hearts or following an injury103,104. Several studies in animal models 

and humans have shown that cell replacement strategies, in which stem cells 

are injected directly into the damaged heart or coronary circulation, have 

certain beneficial effects on cardiac function105,106. In addition, it has been 

shown that cardiac fibroblasts can be differentiated into cardiomyocytes after 

transfection with cardiac transcription factors Tbx5, Gata4 and Mef2c107. This 

finding could be also applied to promote cardiac repair not only in CHD patients 

but in other kinds of cardiomyopathy such as myocardial infarction108. 

However, the molecular basis of cardiac function improvement following 

administration of stem cells remain unknown, so the need remains for the 

development of new strategies to enhance cardiac regeneration and replace 

the lost cardiomyocytes in damaged hearts. 

1.3. Cardiac transcription factors 
Heart development is a complex process that requires the precise action and 

interaction of multiple transcription factors, signalling molecules and structural 

proteins to ensure it occurs properly. During the last decades, it has been 

shown that cardiac development is mainly governed by a core set of 

evolutionarily conserved transcription factors that through mutual 

cooperation, control the expression of thousands of genes, morphogenesis of 

cardiac structures and cell fate70. In most cases, these cardiac transcription 

factors cooperate with each other in order to finely tune and reinforce the 

cardiac genetic program70. These cardiac transcription factors are members of 

different protein families, including the T-box (TBX) family109, GATA family zinc 

finger proteins110, MEF2 factors111, NK-homeobox proteins112 and the Hand 
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family113 (Fig. 1.5). Even though these are the key regulators of cardiogenesis, 

dozens of other transcription factors are also involved in cardiac development. 

1.3.1. T-box family and TBX5 

The T-box family is an ancient family of genes encoding similar transcription 

factors that are characterised by the presence of a highly conserved DNA-

binding region, the T-box domain109,114. This domain recognizes a specific DNA 

element, the T-half site, which can be found in promoters of a wide range of 

different genes. Thus, by binding to this T-half site, T-box family members 

mediate the transcriptional activation or repression of the downstream 

gene109,114. In addition to its DNA-binding capacity, the T-box domain functions 

also as an interaction domain for other transcription factors, chromatin 

remodelling complexes or histone-modifying enzymes involved in 

transcriptional regulation109,114. 

Thanks to the progress in genome sequencing, we now have a better picture of 

the T-box family members in most animal species. In mouse and humans, 17 T-

box genes are present and they are specifically expressed within progenitor 

fields and developing tissues/organs109,114. If we focus specifically on the 

developing mammalian heart, 6 of the 17 T-box genes (TBX1, TBX2, TBX3, TBX5, 

TBX18 and TBX20) are expressed and required in different cardiac progenitor 

pools and in different developing compartments109,114. In addition, knockout 

models of these genes exhibit cardiac defects during development67,115–117, and 

TBX1, TBX5 and TBX20 mutations have been found in CHD patients77,118,119  

Among all the members of the T-box family, TBX5 is perhaps the most relevant 

and well-characterized gene involved in heart development and CHD. In a 

similar fashion to other members of the family, TBX5 contains a T-box DNA 

binding domain in its N-terminal domain, and two nuclear localization 

sequences (NLS)120 as well as one nuclear export sequence (NES)121 have been 

described for the protein (Fig. 1.5).  

 

Figure 1.5. Secondary structure of TBX5. TBX5 is comprised of a single T-box DNA binding 

domain (blue), as well as two nuclear localization sequences (NLS1 and NLS2, green) and a 

nuclear export sequence (NES, red). The position (amino acids number) of each domain is also 

displayed. Aa = amino acids 

In the murine heart, Tbx5 can be first identified at E8.0 throughout the cardiac 

crescent122. Between E8.25 and E8.5, its expression becomes restricted to the 
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posterior pole of the primitive heart tube (corresponding to the sinus venosus 

and the primitive atria)122,123. At this stage, a weaker expression level can also 

be found in the myocardium that encircles the endocardial tube122. During the 

looping process (E8.5-9.0), Tbx5 expression expands anteriorly to encompass 

the future left ventricle122. Once the looping process progresses and the left 

and right ventricles present a left-right arrangement (around E9.0), Tbx5 is 

significantly expressed in the left ventricle but not in the right one122. This left-

restricted expression pattern persist throughout development: at E11.5, Tbx5 

is mainly expressed in the left ventricle, whereas just a really weak expression 

can be found in the right ventricle or outflow tract122. Additionally, atrial 

expression of Tbx5 is even stronger than in the left ventricle, an expression 

pattern that persists throughout the chamber maturation and septation 

processes122,123. At E13.5, Tbx5 can also be found both in the left ventricle free 

wall and trabeculae, and in the right ventricle trabeculae, albeit weaker70. At 

this stage, Tbx5 mRNA is present in the developing atrial septa, whereas its 

expression in the ventricular septum is limited to the left side of it70. Tbx5 

expression is also detected in the atrioventricular valves, the left and right 

superior vena cavae, and in the inferior vena cavae70. In addition to its 

characteristic cardiac expression, Tbx5 is also expressed in other non-cardiac 

tissues in mouse, such as the developing forelimb. Expression in this organ is 

maintained until E11.5, when it then becomes restricted to the proximal 

portion of the forelimb124. Tbx5 can also be found in the optic vesicle and the 

neural retina of the developing eye in mouse71. 

During zebrafish development, tbx5a is expressed in the heart, the pectoral fins 

and the eye125, mirroring the expression pattern found in mice. Focusing on the 

heart, tbx5a can be first found in the cardiac precursors residing in the anterior 

lateral plate mesoderm at the 6- or 7- somite stage125. At the 10- and 15-somite 

stage, tbx5a expression expands mediolaterally and can be found in the 

bilateral heart tubes, which later will fuse (20-somite stage) resulting in a region 

of ring-like expression125. At this stage, tbx5a is expressed in the myocardial 

precursors as well as in the posterior regions that will give rise to the fins125. At 

26 hpf, tbx5a expression is stronger in the primitive atrium than in the primitive 

ventricle126. However, as cardiac looping progresses, cardiac tbx5a expression 

reverses in direction, and by 48 hpf, it can be mainly found in the ventricle, 

showing a weak expression in the atrium and completely absent in the outflow 

and inflow tracts126.  

In humans, TBX5 was the first reported single-gene mutation associated to an 

inherited CHD: Holt-Oram syndrome94,77. This syndrome is characterized by the 

presence of limb and heart abnormalities in patients, including septal defects 

and conduction disease127. To date, more than 70 mutations in this gene have 
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been identified in HOS patients128. These mutations lead to the translation of 

defective proteins in DNA-binding, transcriptional activity or protein-protein 

interactions128. 

Regarding animal models, both gain and loss-of-function experiments have 

addressed the precise functions of TBX5 in the developing heart. Mice lacking 

one copy of Tbx5 mirror the Holt-Oram syndrome phenotype, as they present 

ASD, occasional VSD and AV block, as well as limb defects67. Homozygous 

mutant mice for Tbx5 do not survive past E10.5, and development appears to 

be arrested at E9.567. In addition, they establish a linear heart tube, showing 

high levels of hypoplasia as well as reduced expression of multiple genes67. In 

contrast, overexpression of Tbx5 in the mouse heart results in expansion of left 

ventricular identity, looping defects and loss of the ventricular septum129. 

Biochemical analyses have proved that TBX5 directly associates with other 

cardiac transcription factors, including the NK-type homeodomain factor NKX2-

5 and the zinc finger factor GATA478,130. Acting in synergy with NKX2-5 and 

GATA4, these three transcription factors positively regulate the transcription 

of chamber-specific genes such as GJA5 (which encodes connexion 40)67 and 

NPPA in vitro130. Moreover, CHD-mutations in any of these factors disrupt these 

interactions, and patients show overlapping clinical features78,130,131. 

1.3.2. NK-type homeodomain factor NKX2-5 

NKX2-5 is a member of the NK homeobox gene family that is highly conserved 

during evolution and acts as a DNA-binding transcriptional activator112. It was 

originally identified as a vertebrate homolog of the Drosophila gene tinman, 

responsible for heart formation in Drosophila132. Gene expression studies have 

shown that Nkx2-5 is highly expressed in cardiac progenitor cells from both the 

first and secondary heart fields during mouse embryogenesis133,134, and it also 

presents a heart-restricted expression pattern in other organisms such as 

humans or zebrafish135. 

NKX2-5 acts, in cooperation with other cardiac factors (such as GATA4 and 

TBX5), near the top of a large transcriptional cascade controlling the expression 

of multiple cardiac genes such as IRX4136 and JARID2137 and thus, it regulates 

many aspects of cardiac development, including the proliferation and 

differentiation of cardiac precursors136 and outflow tract formation137. The 

crucial role of NKX2-5 in heart development has been also deciphered by the 

generation of gain- and loss-of-function animal models. Overexpression of 

Nkx2-5 in Xenopus and zebrafish embryos leads to large hyperplastic hearts due 

to increased myocardial cell number138,139. In contrast, mice lacking Nkx2-5 die 
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during embryonic development due to failure of cardiac looping and deficient 

myocardial differentiation, as well as cardiac conduction defects140,141.  

In humans, mutations in the NKX2-5 gene have also been linked to CHD. 

Different mutations of NKX2-5 have been found in CHD patients with a variety 

of structural abnormalities, including septation defects (ASD and VSD), 

subvalvular aortic stenosis and cardiac conduction defects95. 

1.3.3. GATA family of transcription factors 

One of the crucial family of proteins for the regulation of heart development is 

the GATA family of transcription factors. Proteins belonging to this family are 

characterized by the presence of two highly conserved zinc finger DNA-binding 

domains, as well as two divergent transactivator domains142,143. This family is 

comprised of six members: GATA1 to GATA6. These six proteins can be sub-

divided into two groups based on their spatiotemporal expression pattern: 

GATA1, 2 and 3 are mainly expressed in hematopoietic cell lineages144 and are 

essential for the proliferation of hematopoietic stem cells and megakaryocyte 

differentiation among other functions145–147. The second group is formed by 

GATA4, 5 and 6, which are primarily found in tissues of mesodermal and 

endodermal origin such as the heart148.  

1.3.3.1. GATA4 

Gata4 is one the earliest transcription factors expressed in developing murine 

cardiac cells, and perhaps the most well-characterized member of the GATA 

members involved in cardiogenesis148,149. Specifically, Gata4 can be detected as 

early as E7.5 in the precardiac mesoderm, and constant levels of both mRNA 

and protein can be found in the heart tube during the cardiac looping 

process148,149.  

In recent years, several studies have uncovered the precise roles of GATA4 

during cardiac development. Dosage of Gata4 is responsible for correct 

regulation of cardiac morphogenesis150, and it also acts as an important 

regulator of cardiomyocyte proliferation through transcriptional activation of 

cell cycle regulators151. In addition, like NKX2-5, GATA4 interacts and cooperate 

with other cardiac transcription factors to regulate proper heart development 

and cardiac gene program activation, including the previously described factors 

TBX5 and NKX2-5 as well as others such as MEF2C152–154. 

Loss-of-function studies have shown that mice lacking Gata4 present 

embryonic lethality at E10.5155,156, and they show abnormal ventral folding, 

failure in heart tube formation and extensive endoderm defects155,156. In 

humans, GATA4 is one of the main genes involved in the onset of CHD. Patients 

with mutations or deletions in this cardiac factor display a wide range of cardiac 
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disorders, including septation defects (ASD, VSD and AVSD), outflow tract 

alignment defects and pulmonary stenosis68,69,157. 

1.3.3.2. GATA5 

Gata5 is expressed in the myocardium, endocardium and endocardial cushions 

in mouse embryos158. In mice, deletion of both Gata5 isoforms leads to 

hypoplastic hearts and partially penetrant bicuspid aortic valve formation159. In 

a different mouse model, embryos carrying a Gata5 mutant allele lacking the 

zinc finger domains are viable; however, in a Gata4-/- background, these 

embryos die at mid-gestation and present abnormalities in cardiomyocyte 

proliferation and cardiac chamber maturation160. In humans, heterozygous 

mutations in the GATA5 gene have been found in patients of different 

congenital heart disorders, including septal defects, tetralogy of Fallot and 

bicuspid aortic valve161,162.  

1.3.3.3. GATA6 

In the case of Gata6, this transcription factor can be mainly found in vascular 

smooth muscle cells during murine development163. Regarding mouse models, 

complete ablation of Gata6 in mouse embryos leads to early embryonic 

lethality (between E6.5-7.5) and defects in endoderm differentiation as well as 

widespread cell death within the embryonic ectoderm164. Tissue-specific 

deletion of Gata6 in vascular smooth muscle cells165 or in the neural crest165 

results in perinatal mortality from a spectrum of cardiovascular defects such as 

persistent truncus arteriosus and interrupted aortic arch165, thus suggesting a 

role for Gata6 in the proper patterning of the cardiac outflow tract and aortic 

arch arteries165. It has been also found that Gata6 regulates posterior cardiac 

development together with Wnt2 in a feedforward transcriptional loop166.  

In humans, and in similar fashion to GATA4 and GATA5, several mutations in 

the GATA6 gene have been found in patients of different cardiac conditions 

such as tetralogy of Fallot, atrioventricular septal defects and persistent 

truncus arteriosus among others167,168. 

1.3.4. MEF2 family 

The myocyte enhancer factor 2 family of transcription factors is characterized 

by the presence of a highly conserved N-terminal MADS box domain169, which 

mediates the binding to DNA target sequences in muscle-specific genes, and a 

MEF2-specific domain which modulates MEF2 function and thus the activation 

or repression of its target genes169. Nuclear localization signals and 

transcriptional activator domains can be found in the C-terminal domain of the 

members of this family, which is the main source of divergence between 

them169. In vertebrates, the MEF2 family is comprised of four members: 
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MEF2A, MEF2B, MEF2C and MEF2D. These members of the MEF2 family 

present different, but overlapping, spatial and temporal expression pattern 

during developmental and adult stages. All four of them are primarily found in 

striated muscle and brain, but they can also be found in other tissues and cell 

types such as lymphocytes, neural crest and endothelium among 

others111,169,170.  

During these last decades, many studies have confirmed MEF2 factors as one 

of the core components of the muscle gene regulatory networks, and they are 

the only myogenic transcription factors that regulate the differentiation of all 

muscle cell types171. MEF2 cooperates and interacts with other core cardiac 

transcription factors such as TBX5172 and GATA4154 in order to regulate 

contractile gene expression in cardiac muscle cells, whereas in skeletal muscle, 

MEF2 interacts with the MyoD family of transcription factors173. 

All MEF2 family members are expressed during cardiac development at 

different time points during murine development. Mef2b and Mef2c can be 

found as early as E7.5 in the cardiac mesoderm169,174, with Mef2c being also 

expressed at this stage in the sinus venosus, which contributes to the cardiac 

atria169,174. Around E8.5, Mef2a and Mef2d are expressed in the linear heart 

tube, and after this point, all four Mef2 members are expressed across the 

developing heart169,174.  

The generation of knockout models for each one of the MEF2 family members 

have confirmed their essential role during heart development. Complete 

Mef2a ablation in mice leads to an 80% of perinatal lethality175. These pups also 

present dilation of the right ventricle, myofibrillar fragmentation, 

mitochondrial disorganization and activation of a fetal cardiac gene 

program175. Surviving mice also shows deficiency of cardiac mitochondria and 

susceptibility to sudden death175. Global knockout of Mef2c leads to embryonic 

lethality, defective cardiac looping morphogenesis and cardiovascular 

malformations176,177. In contrast, knockout models of Mef2b177 and Mef2d179 

are viable and they display a completely normal cardiac phenotype. Mef2 

family members have also been overexpressed in mouse; overexpression of 

Mef2a or Mef2c in neonatal cardiomyocytes leads to dilated 

cardiomyopathy179, whereas overexpression of Mef2d in cardiomyocytes 

produces extensive fibrosis and enlargement of the atria180. 

1.3.5. HAND1 and HAND2 

HAND1 and HAND2 are members of the basic helix-loop-helix (bHLH) family of 

transcription factors. As all the other transcription factors mentioned in this 

chapter, HAND factors also regulate the transcription of cardiac genes by 
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cooperating with other core members of the cardiac regulatory network such 

as GATA4.180 

During the initial stages of cardiogenesis, Hand1 and Hand2 are expressed 

throughout the cardiac region; however, later on their expression becomes 

more restricted; Hand1 is predominantly expressed in the left ventricle, 

whereas Hand2 is mainly expressed in the right one181,182. Regarding animal 

models, embryos homozygous for a Hand1 null-allele present embryonic 

lethality at E9.5, showing deficiencies in extraembryonic mesoderm and 

abnormal heart development, as the heart did not progress beyond the 

cardiac-looping stage183. In the case of the complete ablation of Hand2 in 

mouse embryos, this model dies at E10.5 and displays right ventricular 

hypoplasia as well as vascular malformations182. 

Mutations in the HAND1 and HAND2 genes have been also found in CHD 

patients. HAND1 has been shown to be linked to double outlet right ventricle 

and ventricular septal defects184,185, whereas mutations in the HAND2 gene 

have been discovered in patients with pulmonary stenosis, tetralogy of Fallot 

and ventricular septal defects186,187.  

1.3.6. Other cardiac developmental genes 

Even though the previously described families of transcription factors 

constitute the core set of cardiac transcription factors implicated in heart 

development and in the onset of CHD, there are hundreds of other genes and 

factors involved in the control and regulation of cardiac development. Among 

them are other transcription factors, such as SALL4188 or FOG2189; and other 

types of genes, including sarcomeric proteins such as MYH6190 or ACTC174. In 

addition, their relevance to cardiac development has been extensively proved 

as mutations in each have been found in CHD patients presenting a variety of 

conditions128. 
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Figure 1.6. Transcriptional networks involved in mammalian heart development. At first, 

inductive signals activate a group of upstream activators both in the primary heart field (e.g. 

NKX2.5, GATA4) and in the secondary heart field (ISL1, FOXH1). These transcription factors then 

proceed to activate the expression of genes in the core regulatory network, which include 

members of the NKX, MEF2, GATA, TBX and HAND families. These core components have the 

ability to cross- and autoregulate their expression, and cooperate with each other in order to 

strengthen transcriptional activity. This way, these factors activate the expression of muscle-

specific genes as well as the expression of growth and patterning genes of the primary and 

secondary heart fields. During cardiogenesis, the primary heart field will give rise to the left 

ventricle and parts of the atria, whereas the secondary heart field will give rise to the right 

ventricle, the outflow tract and the remaining portions of the atria. Rv: right ventricle; lv: left 

ventricle; a: atria. Primary heart field-derived structures are shown in blue, whereas secondary 

heart field-derived ones are shown in pink. The atria are shown in purple, as these structures 

are derived from both heart fields. Adapted from Olson, 200670. Note: in the heart picture, it 

looks like a small area from the right ventricle is derived from the PHF.  However, in the 

reference is indicated that the right ventricle is exclusively derived from the SHF, as previously 

indicated in this thesis. 

1.4. Genome-editing technologies in cardiovascular 

biology 

Thanks to the recent advances in the field of genome-editing technologies, we 

now have many tools for rapidly modelling disease causative-mutations and 

studying new candidate genes of interest using both in vitro and in vivo models. 

Taking into account that genetic mutations are one of the main contributing 

factors to CHD, these technologies are quickly becoming one of the most useful 
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tools to ultimately understand the molecular mechanisms controlling 

cardiogenesis, to discover new disease causative-genes and also for their 

potential therapeutic applications. 

1.4.1. Tools for genome editing 

Nowadays, the most-prominent and widely-used genome-editing technologies 

are zinc-finger nucleases (ZFN), transcription activator-like effector nucleases 

(TALEN) and clustered regularly interspaced short palindromic repeats 

(CRISPR)/Cas9191. Although different in many ways, these 3 technologies share 

the same principle of action, which consists in introducing directed changes in 

the genome by inducing double strand breaks (DSB) in the targeted region191. 

Upon cleavage, this DSB can be repaired through one of two endogenous DNA 

repair pathways: non-homologous end joining (NHEJ) or homology-directed 

repair (HDR). In the first case, broken ends are directly ligated without the need 

for a homologous template. Since this process is error-prone, it typically leads 

to the introduction of short insertions or deletions that can lead to frameshifts 

and premature stop codons192. In the second pathway, a homologous DNA 

sequence must be used to guide repair. After the endonuclease performs the 

DSB, the homologous DNA sequence recombines with the sequences flanking 

the DSB, thereby being incorporated into the genome at the target site 

position192,193. Apart from ZNFs, TALENs and CRISPR/Cas9, other genome-

editing tools such as meganucleases are also available194. However, their low 

efficiency and adaptability have made of them a secondary option when 

compared to any of the three previously mentioned195. 

1.4.1.1. Zinc-finger nucleases (ZFNs) 

Zinc-finger nucleases are engineered restriction enzymes which recognize DNA 

sequences flanking the genomic target site of interest. ZNFs are chimeric 

proteins, as they are created through the joining of two genes that originally 

coded for independent proteins: a zinc-finger DNA-binding protein, and a DNA 

cleavage domain which typically comprises the nuclease domain of the 

bacterial restriction endonuclease FokI (Fig. 1.6A)196,197. The DNA-binding 

domains of ZNFs usually contain between three and six zinc-finger repeats. 

Each one of these repeats recognizes 3-4 base pairs (bp), thus accounting for a 

total recognition of 9-18 bp, which ultimately comprises the length of the DNA 

target sequence. Following binding of the DNA-binding domain to the target 

site flanking regions, the two DNA cleavage domains dimerize, producing a DSB 

which activates the DNA repairing machinery196,197. ZNFs offer many 

advantages in terms of flexibility over other classic genome-editing 

technologies (e.g. RNAi, viral transgene expression); however, the design of 

constructs is highly time-consuming, laborious and potentially expensive. In 
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addition to this, ZFNs target site are rather limited, as generally they cannot be 

designed to target sequences with low guanine content198. 

1.4.1.2. Transcription activator-like effector nucleases (TALENs) 

TALENs are conceptually and structurally similar to the already described ZFNs: 

they are comprised of a TAL-effector DNA binding domain fused to a DNA 

cleavage domain (bacterial FokI)199. The main difference between TALENs and 

ZFNs resides in the DNA binding domain:  in TALENs, this domain contains 

highly conserved 33-35 amino acids repeats (TAL repeats) with variable amino 

acids in the 12th and 13th position200. These two positions are referred to as the 

Repeat Variable Diresidue (RVD), which is able to bind specific nucleotides 

depending on the di-residue sequence. Since different RVD sequences can bind 

different nucleotides, TAL repeats can be engineered and modified in order to 

have specific RVDs which bind specific nucleotide sequences199–201 (Fig. 1.6B). 

One of the main advantages of TALENs in comparison to ZFNs is that they are 

much easier to engineer than the latter. In addition to this, TALENs do not have 

the target site limitations ZFNs show, as they have numerous dimeric target 

sequences that, on average, are found every 3 bp in the genome202,203. In spite 

of this, engineering TALENs is still considered a time-consuming task when 

compared to newer genome-editing technologies like CRISPR/Cas9, and their 

relatively large size (TALEN cDNA is 3kb, ZFN cDNA is 1kb) makes them harder 

to deliver and express into cells, and subsequently less attractive for their use 

in therapeutic applications204. 

1.4.1.3. Clustered regularly interspaced short palindromic repeats 

(CRISPR)/Cas9 

One of the genome-editing technologies that is gaining prominence very 

quickly is the CRISPR (Clustered Regularly Interspaced Short Palindromic 

Repeats)/Cas9 system, a defense mechanism system originally discovered in 

bacteria that works against invasion of foreign nucleic acids derived from virus 

or plasmids205. The system is comprised of three different components: an 

array of small CRISPR RNAs (crRNAs), an auxiliary trans-activating crRNA 

(tracrRNA) and a nuclease associated with the CRISPR locus (Cas9 protein) 
206,207. The CRISPR locus carries short palindromic repeats flanking unique 

spacer sequences, which result from the incorporation of foreign nucleic acids 

into the CRISPR locus after infection of the bacterium by a virus or plasmid 

DNA206,207. Upon transcription, these short sequences generate short RNAs 

(crRNAs), which recognize the original invading nucleic acid sequence by 

Watson-Crick complementarity206,207. After binding of the sequence specific 

crRNA to the foreign nucleic acid, the tracrRNA is recruited and subsequently 

promotes the incorporation of the Cas9 protein to the crRNA/tracrRNA/foreign 

DNA complex. Then, Cas9 cleaves the foreign DNA, thereby inactivating the 
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invading pathogen206,207. Recent in vitro work showed that the crRNA and 

tracrRNA can be fused to generate a single guide RNA (sgRNA) sufficient for 

Cas9 endonuclease-mediated cleavage of a target DNA sequence208. sgRNAs 

can be modified to include a 20-nt sequence complementary to a specific 20-

nt sequence in the genome (target site) (Fig. 1.6C). The only constraint for the 

design of sgRNAs is that the genomic site chosen for targeting must be adjacent 

to a three nucleotide sequence called PAM (protospacer adjacent motif), which 

sequence is NGG and it is required for Cas9 activity. Thus, following sgRNA 

transcription, this binds to its complementary DNA sequence in the genome 

and recruits Cas9 endonuclease to this target site, resulting in target site 

cleavage 3-4 bp upstream of the PAM sequence208. 

The main advantage of the CRISPR/Cas9, and perhaps the main reason for its 

exponential growth in popularity, is its ease of design and use. For each target 

site, all that is needed is the 20-nt sequence in the sgRNA sequence, which can 

be generated in a day. This allows for the possibility of screening several 

sgRNAs in a short period of time, greatly reducing optimization times and costs. 

Another of the great advantages of the system is its high efficiency in 

comparison to ZFNs or TALENs, with efficiency levels as high as 95% being 

reported209,210. However, CRISPR/Cas9 system are not without their limitations. 

As mentioned previously, cleavage requires the presence of a PAM sequence 

in the target site, which only occurs every 8 bp in the genome on average211, a 

great limitation when a mutation is needed to be introduced in a specific 

position with no PAM sequence nearby. Also, in a similar fashion to other 

genome-editing technologies, the CRISPR/Cas9 system still suffers from off-

target effects, a drawback that is currently being addressed by performing 

different alterations in the Cas9 protein, such as converting it to a nickase212,213.  

1.4.1.4. Uses of the genome-editing tools 

In cardiovascular biology, as in many other fields, genome-editing technologies 

are routinely used for three different purposes: the generation of in vitro 

disease models, the generation of in vivo disease models and for gene therapy 

approaches. 

1.4.1.4.1. Generation of in vitro disease models 

Historically, the generation of in vitro disease models has involved the harvest 

of somatic cell from patients. These cells can be then reprogrammed into 

induced pluripotent stem cells (iPSC), which have the ability to differentiate 

into many different cell types, thus allowing for the functional analysis of this 

specific mutation214–216. However, this approach is far from perfect, as each  
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Figure 1.7. Genome-editing technologies. Illustration showing the structure and mechanism 

of action of (A) ZFNs, (B) TALENs and (C) CRISPR/Cas9. (A) ZFNs recognize a target site that is 

comprised of two zinc-finger binding domains flanking a central 5 to 7 bp spacer sequence. A 

double-strand break is performed by the FokI endonuclease domain in this spacer sequence 

following dimerization. (B) TALENs bind to target sites consisting of two TALE DNA-binding sites 

that flank a 12 to 20 bp spacer sequence recognized by the FokI endonuclease domain. (C) 

CRISPR/Cas9 system is comprised of a guide RNA (gRNA) and the Cas9 endonuclease. The gRNA 

recognizes a 20 nt sequence (target site) located immediately upstream of a protospacer 

adjacent motif (PAM), whereas the Cas9 endonuclease performs a double-stand break in that 

target site after binding. Adapted from Gaj et al, 2016217 

iPSC derived from patients present a different epigenetic profile218 and 

geneticbackground219, so the results obtained from one of them might not be 

applicable to a different patient.  An alternative approach to avoid these 

problems consists on the introduction of patient-derived mutations in hPSCs 

by using genome-editing technologies. This allows for a more consistent, 

reproducible and rigorous characterization of the impact of the mutation. By 

using ZFNs, TALENs and CRISPR/Cas9, many cardiovascular diseases have been 

already modelled in hPSCs. For example, Wang et al. were the first to 

successfully model a cardiovascular disease in iPSCs by introducing mutations 

found in patients with Barth syndrome (a mitochondrial cardiomyopathy).220 In 

another study, a dilated cardiomyopathy model was generated in iPSCs by 

mutating the Titin gene221, whereas valvular disease has also been modelled in 

iPSC-derived endothelial cells by introducing mutations in the NOTCH1 gene222.  
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1.4.1.4.2. Generation of in vivo disease models 

Due to the ease of use and efficiency of the latest genome-editing technologies, 

strains of genetically modified animals can be generated in the course of 

several weeks. The most-widely used animal model for genetic modification is 

the mouse. Traditionally, transgenic mouse lines are generated by introducing 

the desired mutation in mouse embryonic stem cells223. Following appropriate 

selection, stem cells carrying the mutation of interest are subsequently injected 

into mouse blastocysts for the production of chimeric mice, and the stable 

transgenic line is finally obtained through breeding223. Nowadays, and with the 

development of the CRISPR/Cas9 system, a more direct approach is used: the 

genome-editing machinery is directly injected into 1-cell stage embryos to 

knock-out the targeted gene, or, if inserted with a piece of DNA with 

homologous arms, to produce a knock-in line. To date, hundreds of disease in 

vivo models have been generated, and cardiovascular diseases as well as 

cardiovascular development have been modelled and explored in many 

organisms, including mouse224, rat225, rabbit226 and zebrafish227 among others. 

1.4.1.4.3. Genetic therapy 

Many cardiovascular diseases have their cause in genetic mutations. Taking this 

into account, the ability to easily modify the genome offered by the latest 

genome-editing technologies entails an exciting new approach for the 

prevention and treatment of cardiovascular diseases228. Genome-editing 

technologies can be potentially used to disrupt genes that promote the onset 

of specific cardiovascular diseases, as well as to correct or repair mutations 

leading to disease228. In the last five years, the CRISPR/Cas9 system has been 

used to disrupt disease-promoting genes or to correct disease-causing DNA 

mutations related to cardiovascular diseases, ranging from a single nucleotide 

to large deletions.  For example, the PCSK9 gene has been successfully targeted 

in a “humanized” mouse model. When dysregulated, this factor promotes 

hypercholesterolemia; however, targeting of this gene using the CRISPR/Cas9 

system leads to reduced levels of cholesterol and consequently the risk of 

myocardial infarction229,230.  CRISPR/Cas9 targeting of the Fah gene in adult 

mouse has been also used to treat tyrosinemia and prevent cardiovascular 

diseases231; and Duchenne muscular dystrophy has also been a gene therapy 

target in a mouse model by restoring dystrophin expression232. Even though 

the potential of these technologies for therapeutics application is substantial, 

they still have challenges and limitations, including potential off-target effects 

(that could lead to other diseases such as cancer), dysregulation of other 

biological processes and the difficulty of targeting specific tissues in vivo, 

among others. 
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1.5. Animal models for the study of cardiac 

development and CHD 

Due to the extensive contribution of genetic causes to the onset of CHDs, 

model organism studies have become crucial in order to decipher the role of 

specific genes in CHD and cardiac development. Four organisms are used 

routinely for the study of vertebrate heart development and congenital heart 

disorders: mouse, zebrafish, chick and Xenopus. During this chapter, I will 

exclusively focus on mouse and zebrafish as these are the two animal models 

used during this thesis.  

1.5.1. Mouse 

1.5.1.1. Heart development in mouse 

As in many other biological research fields, the mouse is perhaps the most 

popular animal model for the study of cardiogenesis and cardiac diseases. 

Murine heart development is extremely similar to human heart 

development233. This is one of the main reasons it has become the model 

organism of choice for studying human cardiogenesis. Most of the 

developmental processes explained in section 1.2 also take place during 

murine cardiogenesis; however, there are still certain differences between 

these species. The most prominent anatomical differences are found in the 

venous components of the atria, which reflect the differences in development 

of the venous tributaries that connect to the inferior atrial wall. In the human 

heart, four pulmonary veins connect to the left atrium, whereas in mouse these 

pulmonary veins join in a pulmonary confluency that joins the heart via a single 

orifice233. Differences can be also found in the venous drainage into the right 

atrium. Both in humans and mice, the left and right superior caval veins (LSCV 

and RSCV) drain into the sinus venosus during early cardiogenesis234,235. In 

humans, as development proceeds, the left caval vein regresses and the 

remaining structure forms the coronary sinus; however, in mouse, the left caval 

vein does not regress and can be found in postnatal life236. In fact, the lack of 

left caval vein regression in humans lead to persistent LSCV, a congenital 

malformation with an incidence of 1:100236. Finally, another remarkable 

difference resides in the valve leaflets of the atrioventricular junction: in 

human, by CS23, these structures are thin and resemble what is seen in the 

postnatal heart; whereas in mouse the development and refinement of the 

valves continues through development (e.g. the septal leaflet of the tricuspid 

valve keeps maturating even after birth)237.  
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1.5.1.2. Advantages and disadvantages of using mouse as animal 

model 

In spite of the differences described above, the sequence of events leading to 

the formation of a four-chambered heart is remarkably similar in mice and 

humans233,236, thus constituting an excellent model for the study of 

cardiogenesis and cardiac disease. The mouse genome is very similar to the 

human one, with 99% of human genes having murine orthologs238, so 

potentially any human disease can be modelled in mouse. On top of this, mice 

are excellent models for studying complex biological systems like the endocrine 

system, and they can naturally develop diseases like diabetes239 and cancer240. 

Mice are also small rodents and relatively cheap to maintain. Adult mice can 

reproduce quite quickly (as often as every three-four weeks) and on average, 

litters are comprised of 5-8 pups, thus allowing for the quick growth of the 

colony. Amongst mammals, the mouse has one of the shortest gestation 

periods, giving birth to new pups in just 3 weeks approximately. The short 

lifespan of mice (around two years) is another great advantage of this model: 

one mouse year roughly equals to roughly 40 human years241, a characteristic 

that allows for the study of the effect of diseases or mutations at an accelerated 

pace.  

The mouse is indeed an invaluable animal model; however, as with every 

animal model, it has its drawbacks. The maintenance of mouse colonies is much 

more expensive than the maintenance of other animal models such as 

zebrafish, and this is still a limitation for many labs. When compared to this 

same model, mice gestation is intrauterine, so in order to perform 

developmental studies the mother needs to be culled. Also, unlike zebrafish, 

mouse embryos are not transparent, so the imaging of the cardiovascular 

system is rather challenging. 

1.5.1.3. Genetic modification in mouse 

Nowadays, the mouse is the golden standard for reverse genetics studies and 

for disease modelling. Since the creation of the first transgenic mouse in the 

early 1980s242, each one of the genetic engineering techniques developed over 

the years have been successfully implemented in this model. In order to 

produce genetically modified mice, two different approaches are typically 

followed: in the first one, the genetic engineering system of choice is injected 

into 1-cell stage mouse embryos, where it will produce a genetic modification 

that will be present in all future cells derived from that one and eventually, in 

the transgenic animal. The second approach involves the modification of 

mouse embryonic stem cells with a DNA construct containing homologous 

sequences to the target gene, as well as a selection marker. These embryonic 



Genetic studies on congenital hearts disorders Page 45 
 

stem cells are initially modified in vitro, and after selection, cells carrying the 

modification are injected into mouse blastocysts.  

Nowadays, generation of transgenic mouse lines is performed using the three 

most prominent and widely-used genome-editing technologies: ZFNs, TALENs 

and CRISPR/Cas9. In the field of cardiovascular development, there are 

thousands of mouse models available that have allowed us to study the role of 

genes involved in cardiogenesis and to model human cardiac diseases243. Due 

to the massive number of models available nowadays, it would be practically 

impossible to list all of them in this thesis, so just a few selected examples are 

described next. For instance, the mouse has been successfully used to model 

many congenital heart disorders, the main topic of this thesis. Holt-Oram 

syndrome, a condition characterized by the presence of cardiac defects (such 

as ASD or VSD) and limb abnormalities, was successfully modelled by 

introducing mutations in the Tbx5 gene in mouse77,94 using the ES cell 

approach. Another complex disease that has been partially modelled in mouse 

in the DiGeorge syndrome, also known as the 22q11.2 syndrome. This 

syndrome, which often include congenital heart defects (interrupted aortic 

arch, truncus arteriosus and tetralogy of Fallot commonly) and thymus and 

parathyroid defects among others244, is produced by the deletion of a small 

section of the chromosome 22, which contains approximately 30 genes245. 

Between all these genes, studies have pointed out that haploinsufficiency of 

Tbx1 is the cause of many of the symptoms found in this condition. Indeed, 

mutations in the Tbx1 gene in mouse leads to several defects similar to those 

seen in humans, mainly affecting the development of the arteries246,247. Other 

syndromic-CHD conditions for which mouse models have been generated 

include Marfan syndrome (mutations in the FBN1 gene)248, Williams syndrome 

(microdeletion of a section of chromosome 7, which includes the ELN gene)249 

and Alagille syndrome (mutation in the JAG1 or NOTCH2 genes)62,250. In 

addition to these syndromic-CHD transgenic lines, mouse models of 

cardiomyopathies have also been generated, including hypertrophic251, 

dilated252 and noncompaction cardiomyopathy253; as well as models of 

arrhythmias and conduction system defects254,255. 

1.5.2. Zebrafish 

1.5.2.1. Heart development in zebrafish 

The zebrafish heart has some differences in comparison to the human and 

murine hearts. The main difference resides in its architecture, as this is much 

simpler than that of the mammalian models. It is composed of single 

ventricular and atrial chambers, which are separated by valve leaflets situated 

in the atrioventricular canal which prevent the backflow of blood256. In addition 
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to this, the zebrafish does not require separation of the cardiovascular system 

by atrial, ventricular or outflow tract septation as it lacks a proper pulmonary 

system237. Although the morphological and anatomical differences between 

the zebrafish and human heart may seem significant and substantial, many 

studies have demonstrated that the fish and mammalian hearts undergo 

similar morphogenetic processes. At the blastula stage (5 hours post-

fertilization), two populations of cardiac progenitor cells (atrial precursors and 

ventricular precursors) are situated in the lateral marginal zone in a bilateral 

fashion257. During the gastrulation process, these two lateral populations of 

cardiac progenitors migrate towards the midline to end up in the anterior 

lateral plate mesoderm (ALPM), posterior to another bilateral population of 

cells which are the endocardial precursors258. At this point, the cardiogenic 

differentiation of the ventricular and atrial precursors to ventricular and atrial 

myocytes starts taking place259, and in parallel, the endocardial precursors start 

migrating from the ALPM towards the mid-line260. Atrial and ventricular 

myocardial cells start this migration process slightly later, and when the 

bilateral populations fuse in the mid-line, a disc-shaped cardiac structure is 

formed261. In this cardiac disc, endocardial cells can be found within the hole at 

the centre, ventricular myocytes at the circumference and atrial myocytes right 

at the periphery of the disc. Then, morphological changes start taking place, 

and by a complex rotation and elongation perpendicular to the plane of the 

cardiac disc, this transforms into a cardiac tube262,263. At 28 hpf, the linear heart 

tube is fully formed, with the arterial pole (ventricle) fixed at the mid-line and 

the venous pole (atrium) situated at the anterior left region of the 

embryo262,263. At the arterial pole, a population of cells with similar 

characteristics to the secondary heart field, which are present in mammals, 

contribute with the addition of new cardiomyocytes to the cardiac tube259. At 

36 hpf, cardiac looping begins. Through this process, the ventricle is displaced 

towards the mid-line and the heart tube forms an inverted S-shaped loop264. 

After this, the epicardium layer is formed by the re-localization of extra-cardiac 

pro-epicardial cells, which cover the myocardium265. A graphic overview of 

zebrafish heart development is shown in Fig. 1.7. 
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Figure 1.8. Stages of zebrafish cardiac development. (A) At 5 hours post fertilization (hpf), 

cardiac progenitor cells (atrial and ventricular precursors) are located bilaterally in the lateral 

marginal zone (pink and light blue). (B) By the 12-somite stage (15 hpf), these populations have 

already migrated towards the mid-line, sitting in a bilateral fashion. (C) At 17 hpf, endocardial 

precursors (green) situated anterior to the atrium and ventricular precursors starts migrating 

towards the mid-line, in between these two bilateral populations. Migration of the already 

differentiated cardiac cells (orange and purple) occurs slightly later. (D) By 22 hpf, the bilateral 

heart fields have already fused in the mid-line, forming a cardiac disc structure with the 

endocardial cells located in the centre. (E)  Cardiac morphogenesis transforms the cardiac disc 

into a cardiac tube (28 hpf). (F) At 36 hpf, new cardiomyocytes are added to the arterial pole. 

Cardiac looping starts taking place as well, a process that is mostly completed at 48 hpf (G). At 

this stage, the atrioventricular canal is also visible, and the epicardium precursors start covering 

the myocardium. Adapted from Bakkers, 2011266 

1.5.2.2. Advantages and disadvantages of using zebrafish as 

animal model 

The zebrafish has emerged as one of the best options for the study of 

cardiovascular disease, as it offers several advantages as a genetic and 

embryonic model system. Zebrafish embryos are transparent, thereby 

facilitating the visualization of developmental processes (especially heart 

development, as it is one of the organs more easily visualized) and the use of 

fluorescent markers to tag specific cell types and visualize their location during 

embryogenesis. They also have a relatively fast developmental time, reaching 

the larval stage with most of the major organs fully developed 3 days post-

fertilization. The zebrafish is one of the vertebrates models more closely 
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related to humans, with 70% of zebrafish genes having human counterparts267, 

and they are particularly well-suited to simulate human cardiac disorders as 

82% of the disease-related genes listed in the Online Mendelian Inheritance in 

Man (OMIM) database have at least one zebrafish orthologue267. Another 

advantage is that zebrafish embryos do not completely depend on a functional 

cardiovascular system for their development. Thanks to their small embryonic 

size, oxygen can still enter embryos lacking blood circulation and reach all 

tissues by passive diffusion. This feature permits the embryos to overcome the 

initial phase of embryonic development and allows for the study of embryos 

with severe cardiovascular defects266,268,269. Also, the zebrafish embryonic 

heart has a beating rate of 140-180 beats per minute, more in line with the 

human heart rate than other organisms like mouse (between 300-600 beats 

per minute)270; and the zebrafish conduction system is homologous to the 

human one271. Last but not least, the zebrafish heart has unique regenerative 

capabilities, as it is able to regenerate myocardial tissue upon injury272. This has 

made of the zebrafish an ideal model in order to identify novel therapeutic 

targets of interest for inducing heart regeneration in humans. 

The zebrafish also has its disadvantages as an animal model. First and foremost, 

the main limitation of using zebrafish for the study of cardiogenesis resides in 

the morphological and anatomical differences with the human heart. As 

explained above, the zebrafish has a two-chambered heart instead of a four-

chambered heart like mammals, and some cardiac developmental processes 

like cardiac septation do not take place273,274. Another important thing to take 

into account is that the zebrafish has a duplicated genome, with many genes 

having two copies instead one267. This poses a real problem for genetic 

manipulation studies, as sometimes, it is necessary to target both of these 

copies in order to produce a complete ablation of its function. Finally, and even 

though the zebrafish is one of the most popular choices of animal models, there 

is still a limited number of biological reagents (e.g. antibodies) for this 

organism275. 

1.5.2.3. Genetic modification in zebrafish 

Due to the ease of delivery of morpholinos (MOs), RNA or DNA constructs via 

microinjection, genetic manipulation in zebrafish is pretty straightforward and 

easy to achieve, thereby making them an ideal animal model for reverse 

genetics approaches. During recent years, a number of tools have been 

developed to disrupt specific genes of interest or alter gene expression, 

including morpholinos276, TALEN277 and CRISPR/Cas9278.  

Although not a genetic manipulation tool per se, morpholinos have been the 

standard knockdown tool used by the zebrafish community until recently. 
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Morpholinos are antisense oligos that bind to a target mRNA and thus, they 

prevent translation of the mRNA by steric blocking279. Shortly after their 

development, morpholinos were quickly and broadly adopted by the zebrafish 

research community to disrupt gene function276,280 due to their easiness of 

design and delivery and their ability to phenocopy already characterized 

mutants281,282. However, a series of recent reports indicate that morpholinos 

have greater off-target effects than previously thought283. This, together with 

the discovery and exponential growth in use of genome-editing technologies 

like CRISPR/Cas9 has led to a general feeling of scepticism towards the use of 

morpholinos in the community, as it has been proven that MO-induced 

phenotypes can be different to those of the corresponding genetic 

mutants280,283. In spite of all of this, morpholinos are still a valuable tool in gene 

function studies: MOs can quickly provide initial information and preliminary 

data about the function of a gene of interest, and when the MO-induced 

phenotype is similar to the mutant one, then the morphant can be considered 

an acceptable alternative for follow-up studies and certain experiments that 

cannot be performed using genome-editing technologies (e.g. generating a 

partial loss-of-function model using low doses of morpholino). In addition to 

this, recent evidence has emerged suggesting that the differences seen in 

morphant vs mutant phenotypes might be due to a genetic compensation 

effect induced by deleterious mutations but not gene knockdowns284,285, thus 

providing a new potential explanation for these differences other than the 

morpholino-induced off-target effects. All in all, morpholinos are not a perfect 

tool, but when the correct experimental guidelines are followed280,286, they can 

still provide useful information in gene function studies and serve as a valuable 

alternative to mutants. Taking into account the potential off-target effects 

coming from morpholinos and the genetic compensatory mechanisms that can 

be triggered by using genome-editing technologies, a properly designed 

reverse genetics study should always include the generation of both 

ZFN/TALEN/CRISPR-Cas9-mediated mutants and morpholino-mediated 

knockdowns280. 

Even though morpholinos have been extensively used to analyse gene and 

protein function in zebrafish, this approach knocks down a specific gene but 

just for a relatively short period of time. In order to generate stable transgenic 

lines, most of the genome-editing technologies developed in the last decade 

have been successfully adapted to zebrafish as well, including ZFN287, TALEN288 

and CRISPR/Cas9289. Thanks to this, the zebrafish is extensively used nowadays 

for reverse genetics studies in order to identify new genes involved in 

developmental processes (including cardiogenesis) or for the generation of 

stable transgenic lines of genes involved in development and disease. For 
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example, by using CRISPR/Cas9 ribocomplexes, Burger et al. generated tbx5a 

crispants290 whose cardiac and limb phenotype recapitulate that of the 

previously described tbx5a mutant heartstrings (hst)126 and morpholino-

mediated tbx5a knockdown126. The phenotype of these mutants also 

recapitulates some of the phenotypic features found in Holt-Oram syndrome 

patients291. Recently, and by using the CRISPR/Cas9 system, Tessadori et al. 

demonstrated the introduction of human cardiovascular disorder-causing 

mutations in the zebrafish orthologs of the KCNJ8, SUR2 and ABCC9 genes, 

which in humans are linked to Cantú syndrome (a syndromic-CHD condition)292. 

These knockout lines recapitulated the phenotypic features found in human 

patients, including heart defects among others292. 

1.6. Hypothesis and aims 
Although our knowledge of the molecular mechanisms underlying CHD and 

heart development have been greatly extended in recent years, we are still far 

from fully understanding them. Every year, novel factors regulating cardiac 

development and involved in CHD are discovered, but in order to have a clear 

picture of the complex network of genes and factors during cardiogenesis, we 

still need an even greater global effort. 

In this PhD thesis, my main goal is to contribute to this field by discovering and 

characterizing novel factors implicated in cardiac development and linked to 

the onset of CHD. Throughout this thesis, I have worked on three different 

projects encompassed in the field of genetic studies of congenital heart 

disorders: 

 The discovery and study of novel upstream regulators of TBX5, one of 

the key regulators of cardiac development and the main gene involved 

in Holt-Oram syndrome 

 The in vitro characterization of novel CHD4 de novo mutations found in 

patients of syndromic-CHD 

 The maintenance, setup and basic characterization of CHD4- and 

CDK13-null mouse models, which will serve as the basis for the 

characterization of congenital heart defects using a novel 3D imaging 

technique (high-resolution episcopic microscopy) 

Further details about the background, hypotheses and aims of each one of 

these projects can be found in their respective chapters.  
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2. MATERIALS AND METHODS 
 

2.1. Basic techniques 
 

2.1.1. DNA and RNA manipulation techniques 

 

2.1.1.1. Polymerase chain reaction 

Several polymerases and PCR systems were used in this project depending on 

the application. For routine PCR amplification and genetic screening, regular 

NEB Taq polymerase was used (New England Biolabs, USA). For long-fragment 

amplification, screening of mutations or DNA amplification for sequencing, 

Phusion High-Fidelity DNA polymerase was used (New England Biolabs, USA). 

Finally, for mice genotyping I used Platinum Taq DNA Polymerase High Fidelity 

(ThermoFisher Scientific, USA) according to the protocol provided by the 

Wellcome Sanger Institute. Amplification reactions were carried out in 0.2-ml 

PCR tubes using a T100 Thermal-Cycler (Bio-Rad, USA) and using the reaction 

components and reagents indicated in Table 2.1. Cycling conditions are 

summarised in Table 2.2. 

Table 2.1. PCR reaction volumes for Taq, Phusion and Platinum polymerases 

 Taq 
polymerase (25 

/ 50 ul 
reaction) 

Phusion 
polymerase (20 / 

50 ul reaction) 

Platinum 
polymerase (25 
/ 50 ul reaction) 

Buffer 2.5/5 µl (10x) 4/10 µl (5x) 2.5/5 ul (10x) 

10 mM dNTPs 0.5/1 µl 0.4/1 µl 0.5/1 µl 

10 µM Forward 
Primer 

0.5/1 µl 1/2.5 µl 0.5/1 µl 

10 µM Reverse 
Primer 

0.5/1 µl 1/2.5 µl 0.5/1 µl 

Template DNA Genomic DNA – 
1 ng-1 µg 

Plasmid DNA –  
1 pg – 1 ng 

Genomic DNA – 
50-250 ng 

Plasmid DNA –  
1 pg – 10 ng 

Genomic DNA – 
1 ng-1 µg 

Plasmid DNA –  
1 pg – 1 ng 

Polymerase 0.125/0.25 µl 0.2/0.5 µl 0.1/0.2 µl 

50 mM MgCl2 or 
MgSO4 

- - 1/2 µl 

DMSO (optional) - 0.6/1.5 µl - 

Nuclease-free 
H2O 

To 25/50 µl To 20/50 µl To 20/50 µl 
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Table 2.2. PCR cycling conditions for Taq, Phusion and Platinum polymerases 

 Taq 
polymerase 

Phusion 
polymerase 

Platinum 
polymerase 

Initial denaturation 94°C for 30 
sec-2 min 

98°C for 30 
sec 

94°C for 30 
sec-2 min 

 
25-35 
PCR 
cycles 

Denaturation 
 

94°C for 15 
sec 

98°C for 10 
sec 

94°C for 15 
sec 

Annealing 45-68°C for 30 
sec 

45-72°C for 30 
sec 

45-68°C for 30 
sec 

Extension 68°C for 1 
min/kb 

72°C for 30 
sec/kb 

68°C for 1 
min/kb 

Final extension 68°C for 5 min 72°C for 10 
min 

68°C for 5 min 

Hold 4°C 
indefinitely 

4°C 
indefinitely 

4°C 
indefinitely 

 

2.1.1.2. Agarose gel electrophoresis 

Agarose gels were made by dissolving the required amount of agarose powder 

(Sigma-Aldrich, USA) in 1x TAE buffer (40 mM Tris, 20 mM acetic acid, and 1 

mM EDTA) and subsequently boiling the mixture in a microwave. Typically, 

1.5% agarose gels (0.75 g of agarose in 50 ml 1xTAE buffer) were used, but in 

some instances, 2% agarose gels (1 g of agarose in 50 ml 2xTAE buffer) were 

also used in order to promote a better separation of DNA fragments. After 

cooling down, 2 µl of Ethidium Bromide 10 mg/mL solution (Sigma-Aldrich, 

USA) was added to the dissolved agarose, the mixture was then poured inside 

a gel cassette and left to solidify for 45 min. To facilitate the visualization of 

samples and the determination of fragment sizes, all samples were mixed with 

10x DNA Loading Buffer (30% (v/v) glycerol, 0.25% (w/v) bromophenol blue and 

0.25% (w/v) xylene cyanol FF) before loading and electrophoresis alongside a 

100 bp or 1 kb DNA ladder. After loading, samples were typically run at 80-100V 

for 30 min-1 hour, or until the dye front is close to the bottom end of the gel. 

Following electrophoresis, DNA was visualized by exposing the gel to UV light 

inside a Gel Doc XR+ System (Bio-Rad, USA). Images were taken using the 

Quantity One software (Bio-Rad, USA). 
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2.1.1.3. DNA gel purification 

In order to purify DNA from agarose gels, the gels were exposed to UV light and 

DNA-containing fragments excised from the gel using a scalpel. DNA was 

subsequently extracted from these fragments by using a DNA Gel Extraction Kit 

(QIAGEN, Germany). Agarose gel slices were weighted, and 3 volumes of Buffer 

QG was added to 1 volume gel (100 mg gel~100 µl). Gel slices were then 

incubated at 50°C until the gel slice had completely dissolved (~10 min 

typically), with brief vortexing every 2 min to help dissolve the gel. One gel 

volume of isopropanol was then added to the sample, followed by brief mixing. 

After this, the sample was applied to a QIAquick column (which was previously 

placed in a 2 ml collection tube) and centrifuged for 1 min to allow the sample 

to pass through the column. The flow-through was discarded, and 750 μl Buffer 

PE was added to the QIAquick column in order to wash the DNA. The column 

was centrifuged for 1 min and the flow-through was discarded again. The 

column was centrifuged again for 1 min to remove any residual wash buffer, 

and subsequently placed into a clean 1.5 ml microcentrifuge tube. To elute 

DNA, 25 µl of water was added to the center of the QIAquick membrane and 

the column was subsequently centrifuged for 1 min. Finally, DNA Concentration 

and purity was finally measured on a NanoDrop 2000 spectrophotometer 

(ThermoFisher Scientific, USA). 

2.1.1.4. Restriction enzyme digestion 

All restriction enzyme digestions in this project were performed with NEB 

restriction enzymes (NEB, UK), following the recommendations and protocol 

provided by the manufacturer. Typically, a 20 µl (screening purposes) or a 50 

µl (cloning purposes) digestion reaction was set-up as indicated in Table 2.3. 

For screening purposes, reactions were usually incubated at 37°C for 1 hour in 

a heat block; whereas digestions for cloning purposes were incubated at 37°C 

for 4 hours to overnight to ensure that the template DNA was fully cleaved. 

Reactions were then run on an agarose gels as indicated in 2.1.1.2. for 

examination and to ensure that DNA digestion has taken place. 

Table 2.3. Restriction digestion volumes 

 20 µl reaction 50 µl reaction 

Enzyme buffer (10x) 2 µl 5 µl 

Restriction enzyme 1 µl 2.5 µl 

Template 200-300 ng 3-4 µg 

Nuclease-free H2O To 20 µl To 50 µl 
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2.1.1.5. Ethanol precipitation of DNA 

In order to purify and/or concentrate DNA, ethanol precipitation was routinely 

used293. 1/10 volume of 3M sodium acetate pH 5.2 and 3 volumes of 100% 

ethanol was added to the DNA sample, which was subsequently incubated at -

80°C for 4 hours to overnight. Following incubation, DNA was precipitated by 

centrifugation at full speed in an Eppendorf Centrifuge 5415R (Eppendorf, 

Germany) at 4°C for 30 min. After centrifugation, DNA pellet was usually visible. 

Supernatant was discarded and 500 µl of 70% ethanol was added to the sample 

to wash the pellet. Following a second centrifugation, the supernatant was 

discarded and the pellet was left to dry at RT for 30 min. The DNA pellet was 

finally resuspended in 20 to 50 µl of H2O (depending on the desired DNA 

concentration) and the concentration and purity was measured on a NanoDrop 

2000 spectrophotometer (ThermoFisher Scientific, USA). 

2.1.1.6. DNA ligation 

Ligation of DNA fragments for cloning purposes was performed using T4 Ligase 

(Promega, USA). The amount of insert and vector needed to have a 1:1 or 1:3 

ratio (these were the two insert:vector ratios typically used) was initially 

calculated by using a Promega webtool 

(https://www.promega.com/a/apps/biomath/?calc=ratio). Once calculated, 

both the insert and vector were incubated along with T4 Ligase and buffer as 

indicated in Table 2.4. Ligation reactions were usually incubated at RT for 1 

hour; however, in the case a large insert was used, they were performed at 4°C 

overnight. Proper ligation was checked via agarose gel electrophoresis or via 

Sanger sequencing. 

Table 2.4. Ligation reaction volumes 

 10 µl reaction 

Ligase buffer (10x) 1 µl 

T4 Ligase 1 µl 

Insert 10-50 ng (depends on length and ratio) 

Vector 50 ng 

Nuclease-free H2O To 10 µl 

 

2.1.1.7. Plasmid DNA transformation 

Following DNA ligation, these reactions were transformed into chemically 

competent bacteria (E.coli DH5α) using the heat shock method294. 50 µl-

aliquots of competent cells were taken out of -80°C and thawed on ice for 10 

min. After this, ligation reactions were mixed with 50 µl of competent cells and 

incubated on ice for 30 min. Competent cell/DNA mixture were then subjected 

to heat shock by placing it at 42°C for 1 min, and put back on ice for 2 min. 1 ml 

https://www.promega.com/a/apps/biomath/?calc=ratio
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of LB media was then added to the mixture and cells were allowed to recover 

for 1 hour at 37°C with agitation (200 rpm). Following recovery, cells were spun 

down at 300 rpm for 2 min on a microcentrifuge. Media was discarded and the 

cell pellet was then resuspended in 100 µl of fresh LB media. Finally, 100 µl of 

transformed cells were spread on LB-agar plates containing the appropriate 

antibiotic for selection and incubated at 37°C overnight to allow for colony 

formation. All bacterial-related procedures were performed next to a lit 

Bunsen burner used to create a sterile field. 

2.1.1.8. Plasmid DNA isolation 

Isolation of plasmid DNA transformed into chemically competent cells was 

achieved by using the GenElute Plasmid Miniprep Kit (Sigma-Aldrich, USA) for 

small-volume cultures (mini-prep) or the EndoFree Plasmid Maxi Kit (QIAGEN, 

Germany) for large-volume cultures (maxi-prep). First, cultures of clones 

containing the plasmid of interest were prepared by picking (using sterile 

toothpicks and next to a lit Bunsen burner) and inoculating transformed 

bacterial colonies into 5 ml of LB media with antibiotics. These cultures were 

grown overnight at 37°C with agitation (200 rpm). For mini-preps, the next 

morning 2 ml of each culture were spun down at 12000 rpm for 1 minute. 

Supernatant was then discarded and the pellet was resuspended in 200 µl of 

Resuspension Solution by pippeting up and down. Cells were then lysed by 

adding 200 µl of the Lysis Solution, followed by mixing by gente inversion and 

a 5-min incubation. Cell debris were precipitated by adding 350 µl of the 

Neutralization/Binding solution and mixing by inversion. Then, these cell debris 

were spinned down by centrifugation at 12000 rpm for 10 min. A GenElute 

Miniprep Binding Column was then inserted into a microcentrifuge tube, and 

500 µl of the Column Preparation Solution was added to the column, which was 

then centrifuged at 12000 rpm for 1 min. Following discard of the flow-through, 

the cleared lysate obtained after the precipitation of cell debris was transferred 

to the column and centrifuged at 12000 rpm for 1 min. The flow-through was 

discarded and 750 µl of Wash Solution was added to the column, followed by 

centrifugation at 12000 rpm for 1 min (the flow-through was again discarded). 

Finally, the column was transferred to a new microcentrifuge tube and the 

plasmid DNA was eluted by adding 50 µl of nuclease-free water followed by 

centrifugation at 12000 rpm for 1 min. DNA concentration and purity was 

measured on a NanoDrop 2000 spectrophotometer (ThermoFisher Scientific, 

USA). 

For maxi-preps, 1-2 ml of the initial 5 ml culture were inoculated in 100 ml of 

LB media with antibiotics and incubated overnight at 37°C with agitation (200 

rpm). The next morning, 100 ml cultures were spun down at 4500 rpm for 20 

min at 4°C, and the bacterial pellet was resuspended in 10 ml of Buffer P1 by 
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pippeting up and down. 10 ml of Buffer P2 was then added, followed by 

thoroughly mixing and a 5-min incubation at RT. After this, 10 ml of chilled 

Buffer P3 was added to the tube, followed by mixing by inversion (4-6 times). 

This lysate was then poured into the barrel of a QIAfilter Cartridge (included in 

the kit) and let to settle down for 10 min at RT. Following this incubation period, 

a plunger was inserted into the Cartridge and the cell lysate was filtered into a 

50 ml Falcon tube. Once the lysate was filtered, 2.5 ml of Buffer ER was added 

and the tube was incubated on ice for 30 min. In the meantime, a QIAGEN-tip 

500 (included in the kit) was equilibrated by applying 10 ml of Buffer QBT and 

by allowing the column to empty by gravity flow.  After this, the filtered lysate 

was poured into the QIAGEN-tip and allowed to enter the tip. Then, it was 

washed twice with 30 ml of Buffer QC, and the plasmid DNA was eluted by 

adding 15 ml of Buffer QN, which was recovered in a 50 ml Falcon tube. In order 

to precipitate the DNA, 10.5 ml of isopropanol were added to the eluted DNA, 

followed by mixing and centrifugation at 5000 rpm for 1 h at 4°C. Finally, the 

supernatant was carefully discarded, and the air-dried DNA pellet (5-10 min) 

was resuspended in 300 µl of nuclease-free water. DNA concentration and 

purity was measured on a NanoDrop 2000 spectrophotometer (ThermoFisher 

Scientific, USA). 

2.1.1.9. Sanger sequencing 

DNA samples were typically sent to Source Bioscience (UK) for sequencing 

following the requirements provided by the company: 5-µl samples at a 

concentration of 100 ng/µl. 5-ul samples of sequencing primers at a 

concentration of 3.2 pmol/µl were also provided. Once received, sequencing 

data was analysed by using the Chromas software (Technelysium, Australia). 

2.1.1.10. Total RNA extraction from zebrafish embryos 

Total RNA was isolated from pooled zebrafish embryos using the TRI Reagent 

(Sigma-Aldrich, USA)295. Embryos pooled in microcentrifuge tubes (20 to 40) 

were first homogenized in 250 µl of TRI Reagent and then 750 µl of TRI Reagent 

was added to produce a final volume of 1 ml. Following a 5 min incubation at 

RT, homogenized embryos were centrifuged at 12000 g for 10 min at 4°C. 

Supernatant was then transferred to a fresh microcentrifuge tube and 100 µl 

of bromochloropropane (BCP) was added. After a 15 min incubation, tubes 

were centrifuged again at 12000 g for 10 min at 4°C leading to separation of 

phases inside the tube. The aqueous phase (top) was transferred to a new tube 

and after addition of 500 µl of isopropanol, vortexing, and incubation for 10 

min tubes were subjected to centrifugation at 12000 g for 10 min at 4°C. 

Supernatant was discarded and 1 ml of 75% EtOH was added to each tube to 

wash the RNA pellet. Tubes were centrifuged at 7500 g for 5 min at 4°C and 

after discarding the ethanol, they were let to dry at RT for 20 to 30 min. Finally, 
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the RNA pellet was resuspended in 30 µl of nuclease-free H2O and stored at -

80°C. 

2.1.1.11. RNA quality assessment using the Bioanalyzer 

In order to assess the concentration, quality and integrity of total RNA or 

sgRNAs prior to use in downstream application, samples were analysed using a 

2100 Bioanalyzer (Agilent Technologies, USA). Two different kits were used 

according to the source material: for total RNA, the Agilent 6000 Nano Kit was 

used (Agilent Technologies, USA) whereas for the analysis of sgRNAs the Agilent 

6000 Small RNA Kit was employed (Agilent Technologies, USA). In both cases 

samples were analysed following the protocol provided by the manufacturer.  

2.1.1.12. Reverse transcription and cDNA synthesis 

First strand cDNA was synthesized from total RNA by using M-MLV Reverse 

Transcriptase (Promega, USA). To achieve this, 1 µg of total RNA and 1 µl of 

random primers in a total volume of 14 µl (nuclease-free H2O) were mixed in a 

microcentrifuge tube and subsequently incubated at 70°C for 5 min in order to 

melt secondary structures within the template. Tubes were then put back on 

ice immediately in order to prevent secondary structure from reforming and to 

promote primer annealing to template. After this, 1 µl of M-MLV 

RetroTranscriptase (Promega, USA), 1 µl of RNAsin inhibitor (Promega, USA) 

and 4 µl of 5x ReT buffer (Promega, USA) was added to the tube (final volume 

of 20 µl) and after mixing, ReT reactions were vortexed and incubated for 60 

min at 37°C. Tipically, a RetroTranscriptase negative control was also prepared. 

Reactions were then further incubated for 20 min at 65°C to deactivate the 

retrotranscriptase and 80 µl of nuclease-free H2O to bring up the final volume 

to 100 µl. Finally, cDNA was stored at -20°C. 

2.1.1.13. Relative quantitative PCR 

In order to measure the expression level of different genes in zebrafish 

embryos, relative quantitative PCR was performed on cDNA generated from 32 

hpf zebrafish embryos. Initially, primers chosen for qPCR amplification were 

tested by performing a qPCR standard curve using different template DNA 

dilutions. To achieve this, eight 1:3 serial dilutions of cDNA template were 

prepared in H2O. Then, a master mix was prepared by mixing 10 µl of SYBR 

Green 2X (Bio-Rad, USA), 0.5 µl of forward primer, 0.5 µl of reverse primer and 

7 µl of nuclease-free water. On a 96-well plate (ThermoFisher Scientific, USA), 

18 µl of master mix were mixed with 2 µl of each cDNA dilution on individual 

wells, performing three technical replicates per dilution. After all reactions 

were set up, the plate was sealed with a MicroAmp Optical Adhesive Film 

(ThermoFisher Scientific, USA) and the qPCR reaction was performed on a 7500 

Real-Time PCR system (Applied Biosystems, USA) using the following cycling 



Genetic studies on congenital hearts disorders Page 58 
 

conditions: 95°C for 10mins, [95°C for 15 seconds, 62°C for 30 seconds, 72°C 

for 40 seconds] (40 cycles), 95°C for 60 seconds. Finally, for each pair of 

primers, Ct values were plotted against the logarithm of the cDNA 

concentration used on Excel, and a standard curve was generated. The 

efficiency of the reaction was calculated by using the equation E = -1+10(-1/slope), 

whereas the R2 value was automatically calculated using Excel. Typically, 

desired amplification efficiencies range from 90% to 110% efficiency and a R2 

value ≥0.99. Once primers were validated, qPCR analysis of actual samples was 

carried out by preparing the setting up the same reactions but substituting 2 µl 

of cDNA dilution for 2 µl of the actual sample. Typically, three biological 

replicates were used in each qPCR experiment, and three technical replicates 

were set up for each biological one. A retrotranscriptase negative control and 

a nuclease-free water negative control were also included. Cycling conditions 

were identical to the ones used for the standard curve generation. Finally, 

analysis of gene expression was performed by using the 2-ΔΔCT method296 in 

Excel. 

2.1.2. Protein manipulation techniques 
 

2.1.2.1. Protein extraction from cultured cells 

In order to perform protein extraction on cultured cells297, cells grown on 

100mm cell culture dishes (ThermoFisher Scientific, USA) were first scrapped 

in 1 ml PBS (ThermoFisher Scientific, USA) using the bottom of a 1 ml pipette 

tip. Cells were then collected in 1.5 ml Eppendorf tubes and spun down by 

centrifugation at 5000 rpm for 5 min at 4°C. PBS was then removed and the cell 

pellet was resuspended in 250 µl of cell lysis buffer (150 mM NaCl, 20 mM 

TrisHCl pH 7.6, 0.5 mM EDTA pH 8.0 and 1% NP-40) with 2.5 ul of 100x 

proteinase inhibitor cocktail (Cell Signaling Technology, USA) to avoid protein 

degradation. Cells were then left under ice for 3 hours (with vortexing every 20 

min) to allow for efficient lysis to occur. Finally, cell debris was removed by 

centrifugation at 12000 rpm for 10 min at 4°C and the clear supernatant 

containing proteins was stored at -80°C until further use.  

2.1.2.2. Determination of protein concentration 

Concentration of protein samples was determined by using the DC Protein 

Assay (Bio-Rad, USA), which is based on the well-documented Lowry assay298. 

First, 20 µl of reagent S was added to each ml of reagent A needed for the run 

to generate reagent A’. Then, six dilutions of a Bovine Serum Albumin (BSA; 

Sigma-Aldrich, USA) standard containing 0.125, 0.250, 0.5, 1, 1.5 and 2 mg/ml 

of protein were prepared by diluting BSA in protein buffer in order to generate 

a standard curve, which should be prepared each time the assay is performed. 
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Following this, 5 µl of both standards and samples was added to individual wells 

of a 96-well plate, and 25 µl of reagent A’ and 200 µl of reagent B was added 

into each well. The plate was then gently agitated to mix the reagents and 

incubated for 15 min at RT. After this, absorbances were read at 750 nm using 

a microplate absorbance reader and samples concentration were calculated 

from the standard curve (which was generated by plotting the absorbance of 

each standard against the concentration). 

2.1.2.3. Western blot 

To detect the presence of specific proteins in whole cell lysates, western blot 

was routinely performed299. First, 20 µg of protein samples were mixed with 

1/4 volume of NuPAGE LDS Sample Buffer 4X (ThermoFisher Scientific, USA) 

and 1/10 volume of NuPAGE Sample Reducing Reagent (ThermoFisher 

Scientific, USA) in a total volume of 15 µl and they were incubated for 5 min at 

95°C to denature proteins. After this, they were loaded on a NuPAGE Novex 

10% Bis-Tris Protein Gel (ThermoFisher Scientific, USA) alongside 10 µl of 

SeeBlue Plus2 Pre-stained Protein Standard (ThermoFisher Scientific, USA) and 

5 µl of MagicMark™ XP Western Protein Standard (ThermoFisher Scientific, 

USA). Gels were then placed inside a XCell SureLock Mini-Cell (ThermoFisher 

Scientific, USA) filled with 800 ml of running buffer (prepared by mixing 40 ml 

of NuPAGE MOPS SDS Running Buffer 20X (ThermoFisher Scientific, USA) and 

760 ml of H2O) and they were run using a PowerEase 500 Power Supply 

(ThermoFisher Scientific, USA) at 200 V for 1 hour. Once the run was finished, 

proteins in the gel were transferred to an Invitrolon™ PVDF membrane by 

preparing a “sandwich” as indicated in Figure 2.1: 

 

Figure 2.1. Drawing showing the structure of a western blot “sandwich” prior to transfer. 

Prior to “sandwich” preparation, the PVDF membrane was incubated for 5 min 

with gentle agitation (40 rpm) in 100% MeOH, and both the sponges and filter 

papers were soaked in transfer buffer (prepared by mixing 40 ml of NuPAGE 

Transfer Buffer 20X (ThermoFisher Scientific, USA), 80 ml of 100% MeOH and 

680 ml of H2O). The sandwich was then placed in a XCell II Blot Module 
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(ThermoFisher Scientific, USA) filled with 800 ml of transfer buffer and the 

transfer was performed at 30 V for 1 hour. After transfer, the membrane was 

recovered, placed on a small tray with the protein-containing side looking 

upwards and washed twice with H2O for 5 min, followed by blocking with 5% 

non-fat dry milk (Santa Cruz Biotechnology, USA) dissolved in TBS-T (20 mM 

Tris, 150 mM NaCl and 1% Tween-20) for 2 hours at room temperature. 

Membrane was then washed 3 times with TBS-T for 5 min and it was incubated 

overnight at 4°C in the presence of primary antibody diluted in TBS-T containing 

5% BSA (primary antibody dilutions used in this thesis are indicated below). The 

next day, the membrane was washed again 3 times with TBS-T for 10 min prior 

to incubation for 1 hour at RT in the presence of secondary antibody diluted in 

TBS-T containing 5% BSA (secondary antibody dilutions used in this thesis are 

indicated below). After secondary antibody incubation, the membrane was 

washed 3 times in TBS-T for 10 minutes and bands were developed by 

incubating it with ECL Blotting Substrate (Bio-Rad). This substrate was prepared 

by mixing the reagents A and B in a 1:1 ratio, and 1.5 ml of the reagents A+B 

mix was then applied to the membrane, so it covered its whole surface. After a 

5-minute incubation, the developing reagent was removed and bands were 

detected using a LAS-3000 Imaging System (Fujifilm, Japan) and analysed using 

the software AIDA Image Analyzer (Elysia-Raytest, Belgium). A list of the 

antibodies used in this thesis can be found in the following table: 

Table 2.5. List of primary and secondary antibodies used in this thesis 

Antibody Company SKU Dilution used 

Monoclonal ANTI-
FLAG® M2 antibody 
produced in mouse 

Sigma-Aldrich F1804 1:1000 for WB, 
1:500 for IF 

ANTI-FLAG® antibody 
produced in rabbit 

Sigma-Aldrich F7425 1:500 for IF 

Monoclonal Anti-HA 
antibody produced in 
mouse 

Sigma-Aldrich H9658 1:1000 for WB 

Monoclonal Anti-c-
Myc antibody 
produced in mouse 

Sigma-Aldrich M4439 1:1000 for WB 

Mouse anti-human 
CRM1 Antibody (C-1) 

Santa Cruz 
Biotechnology 

sc-74454 1:250 for IF 

Mouse monoclonal 
Anti-CHD4 antibody 
[3F2/4] 

Abcam ab70469 1:1000 for WB 

Anti-CDK13 antibody 
produced in rabbit 

Sigma-Aldrich SAB2700810 1:1000 for WB 
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Anti-Mouse IgG (Fab 
specific)–Peroxidase 
antibody produced in 
goat 

Sigma-Aldrich A9917 1:10000 for WB 

Anti-Rabbit IgG (whole 
molecule)–Peroxidase 
antibody produced in 
goat 

Sigma-Aldrich A0545 1:10000 for WB 

Goat anti-mouse 
Alexa-488 

Invitrogen A-11001 1:5000 for IF 

Goat anti-rabbit Alexa-
594 

Invitrogen A-11005 1:5000 for IF 

* WB = western blot, IF = immunofluorescence 

2.1.2.4. Coomassie staining of proteins 

 

Coomassie staining of proteins was routinely performed by using the 

SimplyBlue SafeStain reagent (ThermoFisher, USA). Following electrophoresis 

of proteins, the gel was placed in a tray and was rinsed 3 times for 5 min with 

100 mL of water in order to remove SDS and buffer salts. The gel was then 

stained by adding enough SimplyBlue SafeStain reagent to cover the gel, and 

incubated for 1 hour at RT with gentle shaking (50 rpm). Following incubation, 

the stain was discarded and the gel was washed with 100 mL of water for 2 

hours. Finally, a second wash with water for 1 hour was performed to obtain 

the clearest background for photography using a Gel Doc XR+ System. 

2.1.3. Cell culture 

 

2.1.3.1. Cell lines 

Three different mammalian cell lines were used during this project: COS7, 

C2C12 and Sf9 cells. For pull-down assays, acetylation assays and 

immunofluorescence studies COS7 cells were primarily used, which are 

fibroblast-like cells derived from monkey kidney tissue and suitable for 

transfection by vectors requiring expression of the SV40 T antigen300. The 

C2C12 cell line was also used for immunofluorescence studies, which is an 

immortalized mouse myoblast cell line301. Finally, for recombinant protein 

production using baculovirus the Sf9 cell line was employed, which is an insect 

cell line derived from ovaries of the Spodoptera frugiperda moth species302. 

Both COS7 and C2C12 cell lines are adherent lines which were typically grown 

and maintained in Nunc T75 cm2 flasks (ThermoFisher Scientific, USA) at 37°C 

in the presence of 5% CO2, whereas the Sf9 cell line was maintained either 

adherent (T25 cm2 flasks) or in suspension in flat-bottom glass flasks (with 
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agitation at 150 rpm) at 28°C. All cell culture-related work was carried out 

inside a laminar flow hood in sterile conditions. 

2.1.3.2. Media and solutions 

For the maintenance of COS7 and C2C12 cells, Dulbecco’s Modified Eagle 

Medium (DMEM; ThermoFisher Scientific, USA) supplemented with 4.5 g/L D-

Glucose, L-Glutamine, 10% Fetal Bovine Serum (Sigma-Aldrich, USA) and 5% 

Penicilin-Streptamycin solution (Sigma-Aldrich, USA) was used. For T75 flasks, 

cells were maintained in 20 ml of media, which was typically changed every 3-

5 days.  For the growth of Sf9 cells, Insect-XPRESS Protein-free Insect Cell 

Medium (Lonza, Switzerland) supplemented with L-glutamine, 10% Fetal 

Bovine Serum and 5% Penicilin-Streptomycin solution was employed. For Sf9 

cells maintenance in adherent form, 10 ml of media was added to a T25 flask. 

Other solutions typically used for the maintenance of cells were Dulbecco’s 

Phosphate Buffered Saline (ThermoFisher Scientific, USA) and 0.05% Trypsin-

EDTA 1X solution (ThermoFisher Scientific, USA). All media and solutions used 

in cell culture were pre-warmed in a 37°C water bath for 10-15 min before any 

procedure with cells was carried out. 

2.1.3.3. Passaging of cells 

Typically, all three cell lines used in this project were sub-cultured after 

reaching 80% confluency, which was daily checked under the microscope. For 

adherent cells, media was first removed and cells were then washed with 5 ml 

of PBS. After this, 1.5 ml of 0.05% Trypsin-EDTA 1X solution was added to the 

cells and they were incubated for 5 min at 37°C in the presence of 5% CO2 to 

let the cells detach from the surface of the flask. Disassociation of cells was 

confirmed under the microscope, and they were then homogenously dissolved 

in 10 ml of media by pipetting up and down. Finally, between 1.5-2 ml of cell 

suspension was added to a new T75 cm2 and media was added to a final volume 

of 20 ml. In the case of Sf9 cells in suspension, cells were typically diluted to a 

density of 3-5 x 105 cells/ml once they reached a density of 4-5 x 106 cells/ml. 

2.1.3.4. Cryopreservation of cells and storage 

In order to cryopreserve cells for future use, DMSO was used as a 

cryopreserving agent. Briefly, cells were trypsinized and detached from the 

surface of the flask as indicated in 2.1.3.3. After this, cells were centrifuged for 

5 min at 1000 rpm, the supernatant was discarded and the pellet was 

resuspended in 10 ml of media containing 10% DMSO. The cell suspension was 

then aliquoted into 1.8 ml Nunc CryoTubes (ThermoFisher Scientific, USA) and 

tubes were left at -80°C overnight. The next day, cryotubes were transferred to 

a liquid nitrogen container and the lab inventory was updated. 
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2.1.3.5. Revival of cells from liquid nitrogen 

Cells stored in liquid nitrogen were typically revived by incubating the cryotube 

in which they were contained at 37°C (in a water bath) for 10 min. After this, 1 

ml of pre-warmed media was added drop-wise into the cryotube, and the 

solution was then transferred to another tube containing 8 ml of pre-warmed 

media. The cell suspension was then centrifuged for 5 min at 1000 rpm, the 

supernatant was discarded and the cell pellet was resuspended in 10 ml of pre-

warmed media. Cells were centrifuged again for 5 min at 1000 rpm and they 

were resuspended in 20 ml of pre-warmed media after discarding the 

supernatant. Finally, cell solution was transferred to a T75 cm2 flask and they 

were allowed to recover at 37°C in the presence of 5% CO2 for 4-5 days before 

starting experimental procedures. 

2.1.3.6. Transfection of cells 

Transfection of plasmid DNA into COS7 cells was achieved by using Polyfect 

Transfection Reagent (QIAGEN, Germany), whereas C2C12 cells were 

transfected using Amaxa Cell Line Nucleofector Kit V (Lonza, Switzerland).  

COS7 cells (for protein extraction) 

For COS7 cells transfection, 1.6 million cells (counted manually using a 

Neubauer chamber) were plated onto 100 mm plates in a total volume of 8 ml 

(for each construct to be transfected, two 100 mm plates were prepared). 

Plates were incubated O/N at 37°C in the presence of 5% CO2. The next day, 12 

µg of plasmid DNA (6 µg per plate, so 12 µg in total as two plates were prepared 

per construct) were mixed with 600 µl of free-serum media and 50 µl of 

Polyfect. These reagents were mixed by pipetting up and down and incubated 

for 15 min at RT. During the incubation, media was removed from the 100 mm 

plates and they were washed once with 1 ml of PBS, followed by addition of 7 

ml of DMEM containing 10% FBS and 5% P/S. Then, 2 ml of this same medium 

was added to the DNA-polyfect mix, mixed by pipetting up and down and 1.3 

ml was added to each 100 mm plate of the two plates prepared per construct. 

The plates were put back in the incubator and incubated 37°C in the presence 

of 5% CO2 for 48 hours. After this, cells were subjected to protein extraction as 

indicated in 2.1.2.1. 

COS7 cells (for immunofluorescence) 

For immunofluorescence purposes, the transfection protocol followed was 

similar to the one used for protein extraction. In this case, 4x105 cells were 

seeded onto rounded coverslips placed in the wells of a 6-well plate (in 3 ml of 

DMEM). The next day, 2 µg of plasmid DNA were mixed with 100 µl of free-

serum media and 10 µl of Polyfect. During incubation, media was removed and 
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cells were washed with 0.5 ml of PBS, followed by addition of 1.5 ml of DMEM 

containing 10% FBS and 5% P/S. Then, 0.6 ml of this same medium was added 

to the DNA-polyfect mix, mixed by pipetting up and down and the mix was 

added to each corresponding well. The plates were put back in the incubator 

and incubated 37°C in the presence of 5% CO2 for 24 hours. After this, cells 

were subjected to immunofluorescence analysis as indicated in 2.2.1.5. 

C2C12 cells (for immunofluorescence) 

Transfection of C2C12 cells was also carried out in 6-well plates. To achieve this, 

1x106 cells grown originally in flasks were spun down at 90xg for 10 minutes at 

RT and resuspended in 100 µl of Nucleofector® Solution. This cell suspension 

was then mixed with 2-2.5 µg of DNA and transferred into one of the cuvettes 

included in the kit and ensuring that no air bubbles were formed. The cuvette 

was then closed with the cap and inserted into the cuvette holder of the 

Nucleofector® I Device. Program B-032 was selected and then applied by 

pressing the X-button. Following program application, the cuvette was taken 

out of the holder and 500 µl of DMEM was added to the DNA-cells mix, which 

was then gently transferred into a the well of a 6-well plate containing 1 ml of 

DMEM (final volume of 1.5 ml per well). Plates were then placed back in the 

incubator for 24 hours and cells were subjected to immunofluorescence 

analysis as indicated in 2.2.1.5. 

2.1.3.7. MTT assay 

In order to assess cell cytotoxicity following drug exposure, an MTT assay303 

was carried out using a Cell Proliferation Kit I (Roche, USA). 5x104 COS7 cells 

were plated in the wells of a 96-well plate (100 µl total volume), and following 

drug exposure, media was removed and fresh media was added to each well. 

Then, 10 µl of the MTT labelling reagent was added to each well, and the plate 

was incubated at 37°C in the presence of 5% CO2 for 4 hours. Following this, 

100 µl of the Solubilization solution was added into each well, and the plate 

was allowed to stand O/N in the incubator. Finally, absorbance of each well 

(OD=590 nm) was measured in duplicates using a microplate absorbance 

reader. 

2.1.4. Bacteriological techniques 
 

2.1.4.1. Preparation of LB agar plates 

For the preparation of LB agar plates, 300 ml of LB agar were initially heated up 

in the microwave until it was completely melted. Melted LB agar was then left 

to cool down at 55°C until the bottle was able to be picked up without a glove. 
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At this point, an appropriate amount of antibiotic was added to the LB agar to 

have a working concentration as indicated in Table 2.6: 

Table 2.6. Stock and working concentrations for different antibiotics 

 Stock concentration Working concentration 

Ampicilin 100 mg/ml 100 µg/ml 

Chloramphenicol 25 mg/ml 25 µg/ml 

Gentamycin 10 mg/ml 10 µg/ml 

Kanamycin 50 mg/ml 50 µg/ml 

Tetracyclin 10 mg/ml 10 µg/ml 

 

LB agar solution was then poured into 100 mm dishes and left to cool at RT 

until the LB agar was completely solid again. Plates were stored at 4°C until 

further use for a period of up to 3 weeks. 

2.2. ACETYLATION OF TBX5 AND ITS ROLE DURING 

CARDIAC DEVELOPMENT 

 

2.2.1. In-vitro studies 
 

2.2.1.1. Plasmids and constructs 

Several plasmids and constructs generated by Dr. Tushar Ghosh were used for 

this part of the thesis. A FLAG tagged TBX5 PCR product was generated from 

plasmid pcDNA-TBX5 described previously304 and cloned into NheI and BamHI 

of pcDNA3.1 (Invitrogen, USA) to give rise to pcDNA-TBX5-FLAG. KAT2A-HA PCR 

product was generated from IMAGE clone 6137532 (Source Bioscience, UK). 

The PCR products were then digested and cloned into NheI and XhoI sites of 

pcDNA3.1 to generate pcDNA-KAT2A-HA. The construct pcDNA-KAT2B-HA was 

generated by subcloning KAT2B-HA from pBSSK-KAT2B-HA into XhoI and XbaI 

sites of pcDNA3.1. Generation of promoter-reporter plasmid pGL3-MYH6-I was 

reported previously73,304.  

2.2.1.2. Pull-down assays 

For pull-down assays, TBX5-FLAG, p300-FLAG, KAT2A-HA and/or KAT2B-HA 

were transfected into COS7 cells as indicated in 2.1.3.6. and lysed 48 hours 

post-transfection as indicated in 2.1.2.1. Two plates were transfected per 

construct so a sufficient protein amount was obtained following cell lysis. 

Purification of FLAG-tagged proteins was performed by using Anti-FLAG M2 

Affinity Beads (Sigma-Aldrich, USA) following manufacturer’s protocol. Briefly, 

cell extracts were incubated overnight with 40 ul of washed beads (in wash 
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buffer, 20mM Tris (pH7.6), 150mM NaCl, 0.5% NP40 and 0.5mM EDTA) at 4˚C 

with gentle agitation. The following day, non-specific proteins were removed 

by washing the beads 5 times in wash buffer, 5 min per wash. FLAG-tagged 

proteins and interacting partners were released from the beads by incubating 

them with 500 µg/ml of 3x FLAG peptide (Sigma-Aldrich, USA) diluted in wash 

buffer for 2 hours at 4˚C with gentle agitation. Purified proteins were then 

fractionated on 10% Bis-Tris gel followed by western blotting as indicated in 

2.1.2.3.. FLAG-tagged proteins were detected using a mouse monoclonal Anti-

FLAG antibody (Sigma-Aldrich, F1894, 1:1000 dilution), whereas HA-tagged 

proteins were detected using a mouse monoclonal Anti-HA antibody (Sigma-

Aldrich, H9658, 1:1000 dilution). 

2.2.1.3. Luciferase-reporter assay 
For reporter assays, COS7 cells were transfected as indicated in 2.1.3.6. with 

1.5 µg of reporter plasmid pGL3-MYH6-I, 1.0 µg of pcDNA-TBX5 or pcDNA-

TBX5K339R, 1.0 µg pcDNA-KAT2B or pcDNA-KAT2A, and 4 ng of pRL-TK as an 

internal control to normalize variation in transfection efficiency between the 

plates. 24 hours post-transfection, reporter assay was carried out by using the 

Dual-Luciferase Reporter Assay System (Promega) following manufacturer’s 

instructions. 

2.2.1.4. Immunofluorescence and cell imaging 
For cell localization studies, COS7 and C2C12 cells were seeded on coverslips in 

6-well plates and transfected with TBX5-WT-FLAG or TBX5-K339R-FLAG using 

Polyfect Transfection Reagent or Amaxa Cell Line Nucleofector Kit V 

respectively as indicated in 2.1.3.6. 24 hours post-transfected cells were then 

washed with 1 ml of PBS and fixed with 1 ml of 4% paraformaldehyde (PFA) for 

10 mins, followed by three washes with 1 ml of PBS, 5 minutes each. Cells were 

then permeabilized with 1 ml of 0.25% Triton-X in PBS for 5 mins, washed 3 

times in 1 ml of PBS and incubated in 1 ml of 5% BSA in PBS for 1 hour to supress 

non-specific binding of IgG. Following blocking, cells were washed in 1 ml of 

PBS and incubated with 1 ml of mouse monoclonal Anti-FLAG antibody (Sigma-

Aldrich, F1894, 1:250 dilution) or with rabbit anti-human CRM1 antibody (Santa 

Cruz Biotechnology, sc-74454, dilution 1:50) diluted with PBS containing 3% 

BSA for 1 hour at RT. Cells were then washed 3 times with 1 ml of PBS each for 

5 minutes and incubated with 1 ml of goat anti-mouse Alexa-488 or goat anti-

rabbit Alexa-594 secondary antibody (ThermoFisher Scientific, 1:500 dilution) 

diluted with PBS containing 3% BSA for 1 hour at RT. Cells were again washed 

3 times with 1 ml of PBS and incubated with 1 ml of Hoechst solution (Sigma-

Aldrich, USA, 1:1000 dilution) diluted with PBS for 10 min in the dark for nuclei 

staining. Cells were washed with 1 ml of PBS for 3 times, 5 min per wash, and 

coverslips were finally mounted on glass slides containing a small drop of 
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Vectashield mounting media without DAPI (Vector Laboratories, UK). After 

sealing the slides with nail polish, cell imaging was performed on a Zeiss 

LSM880F confocal microscope (Carl Zeiss, Germany) using a 63X 1.4 oil 

objective. Images were captured using the ZEN software (Carl Zeiss, Germany) 

and analysis was performed using the Fiji software (open source). 

2.2.1.5. Drug treatment (cultured cells) 

COS7 and C2C12 cells were treated with two different drugs in this project: 

leptomycin B (a potent inhibitor of the exportin CRM1305) and Garcinol (an 

inhibitor of the acetyl-transferase activity306). For leptomycin B, the 

concentration used for the treatment of COS7 (10 ng/ml) and C2C12 cells (10 

ng/ml) was similar to those already reported elsewhere307,308. In the case of 

Garcinol, a drug titration experiment was initially performed. To do this, 5x104 

COS7 cells were plated in 96-well plates and treated with 8 different 

concentrations (0.1 µM, 1 µM, 2.5 µM, 5 µM, 10 µM, 25 µM, 50 µM and 100 

µM) of Garcinol diluted in DMEM for 16 hours. After this period, cell 

cytotoxicity was measured by performing an MTT assay as indicated in 2.1.3.7. 

A concentration of 20 µM was chosen for subsequent experiments, in which 

cells were typically treated for 16 hours with the required compound before 

fixation and subsequent immunofluorescence staining as indicated in 2.2.1.4. 

2.2.2. In-vivo studies 

2.2.2.1. Zebrafish maintenance and harvesting of embryos 

Zebrafish used in this project were raised and maintained by the BioSupport 

Unit (BSU) of The University of Nottingham according to Home Office 

regulations and guidelines, local and national ethical guidelines and best animal 

welfare practices. In order to obtain zebrafish embryos, adult breeding pairs 

were placed in a small tank with a transparent divider between them in the 

afternoon before injection day. Next morning, the dividers were removed to 

allow the fish to breed. Eggs were then collected, subjected to microinjection 

as indicated in 2.2.2.7. and kept at 28˚C in fish water until they reached the 

desired developmental stage. 

2.2.2.2. sgRNA design 

In order to generate kat2a, kat2b and tbx5a knockouts using the CRISPR-Cas 

system, sgRNAs for each target gene were designed using the web tool 

CHOPCHOP309 (http://chopchop.cbu.uib.no/). The cDNA sequence for each 

gene was uploaded to the software and the top 3 sgRNAs in terms of predicted 

activity were chosen for posterior DNA template synthesis and sgRNA 

transcription. Possible off-target effects for each sgRNA were further analysed 

using Cas-OFF finder webtool310 (http://www.rgenome.net/cas-offinder/) in 

order to make sure that none of them presented any potential off-target 

http://chopchop.cbu.uib.no/
http://www.rgenome.net/cas-offinder/
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effects. The sequences of each sgRNA generated in this thesis can be found in 

section 3.3.4. 

2.2.2.3. sgRNA template generation and transcription 

DNA templates for sgRNA transcription were generated using a cloning-free 

method previously described311,312 (Fig. 2.2.). Briefly, a 52-nt primer (sgRNA 

primer) containing the T7 promoter sequence (5’-TAATACGACTCACTATA-3’), 

the 20 nt target site without the PAM sequence and a constant 15-nt tail region 

(5’-GTTTTAGAGCTAGAA-3’) were annealed with an 80-nt constant 

oligonucleotide (5’- 

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAA

AGTGGCACCGAGTCGGTGCTTTT-3’) to add the sgRNA invariable 3’ end. For the 

annealing reaction, 1 µl of sgRNA primer 100 µM, 1 µl of constant 

oligonucleotide 100 µM and 8 µl of water were mixed and annealed in a 

thermocycler by using the following program: 

- Heat to 95°C and maintain the temperature for 2 min 

- Cool to 25°C over a period of 45 min 

- Cool to 4 °C for temporary storage 

After annealing, the ssDNA overhangs were then filled in with T4 DNA 

polymerase (New England Biolabs, USA) by setting up the following reaction: 

Table 2.7. sgRNA template generation reaction 

Component Volume 

Annealing reaction 10 µl 

dNTPs (10 mM) 2.5 µl 

10x NEB Buffer 2 2 µl 

100x NEB BSA 0.2 µl 

T4 NEB DNA polymerase 0.5 µl 

Water 4.8 µl 

 

Reactions were then incubated for 20 min at 12˚C in a thermocycler, and the 

sgRNA template was run on an agarose gel in order to verify the presence of a 

product of the expected size (~120 bp), followed by DNA gel purification as 

indicated in 2.1.1.3. Once the template for sgRNA transcription was generated, 

sgRNA transcription was carried out using the MAXIscript T7 kit (ThermoFisher, 

USA) by setting up the following transcription reaction in a microcentrifuge 

tube: 

 

Table 2.8. Components of the sgRNA transcription reaction 

Component Volume 

ATP 1 µl 
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GTP 1 µl 

CTP 1 µl 

UTP 1 µl 

10x Buffer 2 µl 

Enzyme Mix 2 µl 

Nuclease-free water 2 µl 

Template 10 µl 

 

Transcription reactions were incubated for 4 hours at 37˚C. After this, 1 µl of 

TURBO DNase (included in the kit) was added to the reactions followed by 15 

min incubation at 37˚C. In order to precipitate and purify the sgRNA, 2 µl of 3M 

ammonium acetate and 60 µl of pre-chilled 100% EtOH was added to the 

reactions and these were incubated for 1 hour at -20˚C to promote sgRNA 

aggregation and precipitation. After this, reactions were centrifuged for 30 min 

at 4˚C, maximum speed. The supernatant was discarded and 1 ml of pre-chilled 

70% EtOH was added to wash the sgRNA pellet. Tubes were centrifuged again 

for 10 min at 4˚C, maximum speed, and after removing the supernatant, these 

were let to dry at RT for a few minutes to remove any residual EtOH. Finally, 

sgRNA was resuspended in 50 µl of nuclease-free water, and sgRNA 

concentration and integrity was analysed in a Bioanalyzer as indicated in 

2.1.1.11. sgRNAs were stored at -80˚C in 5-µl aliquots until further use. 

 

Figure 2.2. Cloning-free method for the generation of sgRNA templates.  An oligonucleotide 

containing the T7 promoter (green), the 20 nt of the specific sgRNA DNA binding sequence 

(red) and a constant 15-nt tail for annealing is used in combination with an 80-nt reverse oligo 

(tail primer) to add the sgRNA constant 3′ end (in blue). Figure from Moreno-Mateos, 2015311 

2.2.2.4. Cas9 mRNA transcription 

Cas9 mRNA for in vivo injection was generated from the pCS2-nCas9n plasmid 

(Chen lab, Addgene plasmid #47929). This plasmid contains a zebrafish codon-

optimized Cas9 cDNA flanked by two nuclear localization sequences313. pCS2-



Genetic studies on congenital hearts disorders Page 70 
 

nCas9n plasmid was first linearized using NotI-HF restriction enzyme as 

indicated in 2.1.1.4. Cas9 mRNA was then in vitro transcribed using a 

mMESSAGE mMACHINE SP6 Transcription Kit (ThermoFisher, USA), using a 

protocol remarkably similar to that of section 2.2.2.3.  Cas9 mRNA precipitation 

was performed by using ethidium chloride and EtOH instead of ammonium 

acetate and EtOH.. The product of the Cas9 mRNA transcription was checked 

by running an aliquot on a 1% agarose diagnostic gel prior to storage at -80˚C. 

2.2.2.5. sgRNA in vitro activity assay 

sgRNAs activity were checked in vitro in order to choose the best candidate for 

in vivo injection314. Briefly, 30 nM sgRNA were mixed with 30 nM Cas9 Nuclease 

(New England Biolabs, USA) and 10x Cas9 nuclease reaction buffer in 20 µl total 

reaction volume. Following 10 min incubation at RT, 250 ng of a PCR product 

containing the sgRNA target site was added and the reaction was incubated for 

1 hour at 37˚C. Reactions were then run on a 2% agarose gel for fragment 

analysis as indicated in 2.1.1.2. The presence of smaller bands besides the 

original PCR product band indicate that the sgRNA is active. 

2.2.2.6. RT-PCR analysis 

Wild type zebrafish embryos were isolated and collected at various 

developmental stages; they were subsequently dissected using surgical 

microlances to produce tail and cardiac sections (Fig. 2.3). Due to the difficulty 

of dissecting the zebrafish heart, some cardiac tissue dissections inevitably 

contained tissue from other body parts like the lower part of the head or the 

yolk. Dissected sections were collected on dry ice and immediately frozen for 

storage prior to processing. Total RNA was isolated from pools of 20-40 

zebrafish embryos of the respective section using TRI-Reagent according to as 

indicated in 2.1.1.10. DNase treatment was also carried out at 37˚C for 30 

minutes. First strand cDNAs were synthesised from 1 μg of total RNA as 

indicated in 2.1.1.12. Primers shown in Table 2.9 were used to detect the 

expression of kat2a and kat2b and a reference control gene β-actin1 in 

zebrafish via PCR amplification using Taq polymerase and cDNA as template (as 

indicated in 2.1.1.1.) 

Table 2.9. Primers used for reverse transcription PCR 

Primer name Sequence 

kat2aF CCTAAGCCAACAGCAATGGT 

kat2aR GCTTGGTGTCCGTGTCTTCT 

kat2bF GGTACGAGGCCACACAGATT 

kat2bR GTAGGAAACATCCGGAAGCA 

β-actin1F ACATCAGCATGGCTTCTGCT 

β-actin1R GTGTACAGAGACACCCTGGC 
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Following PCR amplification, products were resolved by electrophoresis on 

1.5% agarose gels and visualized with ethidium bromide. 

 

Figure 2.3. Drawing of a 48hpf zebrafish embryos indicating transection points. Transections 

are represented by red dashed lines. Zebrafish drawing adapted from 

https://zfin.org/zf_info/zfbook/stages/figs/fig1.html 

2.2.2.7. Injection of morpholinos and CRISPR-Cas system in 

zebrafish embryos  

Initially, to assess the function/phenotype of kat2a and kat2b, antisense 

morpholino oligonucleotides were used. A translation blocking morpholino as 

well as a splice blocking morpholino targeting kat2a or kat2b intron1-exon2 

splice sites were designed and made by Gene Tools, USA. A translation-blocking 

morpholino targeting tbx5a previously described was also used as a positive 

control126. A 5-bp mismatch morpholino was also used as a negative control. 

The sequence of each one of these morpholinos can be found in Table 2.10. A 

graphical representation of the binding site for the translation and splice 

blocking morpholinos is shown in Fig. 2.4: 

Table 2.10. Morpholinos used for kat2a and kat2b knockdowns in zebrafish 

Morpholino name Sequence 

kat2a trans blocking TCCGCCATAACAGCAGCCACACTTC 

kat2a splice ATTCGCCTGAGATAAGAAGAGTGCA  

kat2b trans blocking GATCCCCGTGCTTTCCGACATCGAA 

kat2b splice TCAGCCTGTGTGAAAGAAAGAAGAGTGCA 

tbx5a trans blocking GAAAGGTGTCTTCACTGTCCGCCAT 

Mismatch morpholino TCCGGCATATCAGAAGCTACAGTTC 
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Figure 2.4. Representation of kat2a, kat2b and tbx5a morpholinos-binding site in their 
respective pre-mRNAs. Translation blocking morpholinos for kat2a, kat2b and tbx5a bind to 

the translation start site of their respective pre-mRNAs, whereas splice-blocking morpholinos 

for kat2a and kat2b bind to the splice acceptor site situated in the boundary of the intron 1-

exon in both genes. 

For morpholino experiments, a morpholino dose-titration was initially 

performed. Pools of 20 zebrafish embryos were injected with increasing doses 

of morpholinos, ranging from 0.5 ng to 8 ng (0.5 ng, 1 ng, 2 ng, 4 ng and 8 ng), 

until a dose which produced a consistent and reproducible phenotype at 48-72 

hpf without inducing toxicity or extremely severe development defects was 

found (4 ng for kat2a and kat2b splice MOs; both translation blocking MOs led 

to toxicity and severe development defects across all MO amounts tested. For 

the tbx5a translation blocking MO, 1.7 ng were used as reported in the original 

publication126). For injections, several morpholino dilutions containing 1/10 of 

phenol red dye were prepared in DEPC water right before injection so the 

desired amount morpholino was injected during the procedure. In order to 

generate CRISPR-Cas knockouts of kat2a, kat2b and tbx5a, 100 ng/µl of active 

sgRNA targeting each one of these genes were mixed with 500 ng/µl of Cas9 

mRNA or Cas9 protein (New England Biolabs, USA), 1/10 of phenol red dye for 

visualization of the injection and 300 mM KCl when using Cas9 protein (to 

stabilize the ribonucleoprotein complex). For both morpholino and CRISPR-Cas 

injection, 1-cell stage zebrafish embryos were collected and lined up on a 90 

mm dish with the help of a microscope slide (see Fig. 2.5.).   
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Figure 2.5. Setup used for the injection of 1-cell stage zebrafish embryos 

Injection mix was then loaded into a microinjection needle by using a 

Microloader pipette tip (Eppendorf, Germany) and the needle was then 

coupled to a microinjection rig as shown in Fig. 2.6. The microinjection rig is 

connected to a Picospritzer III Injection System (Parker, USA), which is also 

connected to a CO2 bottle and a foot pedal to initiate the pulse. The duration 

of the pulse was set up so the injection volume per pulse was approximately 1 

nl.  

 

Figure 2.6. Microinjection rig used for injection of 1-cell stage zebrafish embryos. 

It is important to insert the needle inside the embryo cell and avoid injecting 

into the yolk sac to reach maximum morpholino/CRISPR-Cas efficiency (see 

Figure 2.7). Approximately 50 to 60 embryos were injected per batch, and 
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following injection, embryos were transferred to a new 90 mm dish containing 

fish facility water and incubated at 28˚C for 48-72 hours. 

 

Figure 2.7. Representation on a microinjection into a 1-cell stage zebrafish embryo. 

2.2.2.8. Zebrafish embryos screening 

Injected embryos were screened 48 or 72 hpf for the presence of cardiac or 

limb defects, respectively. Following addition of 1 ml of an anaesthetic 

compound (tricaine) to the plate were embryos were maintained, screening 

and capturing of images of live zebrafish embryos were performed using a Zeiss 

Stereo Lumar V12 microscope with a camera. Images were then analysed using 

ImageJ software. 

2.2.2.9. Zebrafish genomic DNA extraction 

Upon screening, genomic DNA was extracted from injected zebrafish in order 

to check for the presence of mutations. Individual embryos were incubated in 

microcentrifuge tubes with 50 µl of DNA extraction buffer (10 mM Tris-HCl pH 

8.2, 10 mM EDTA, 200 mM NaCl, 0.5%SDS, 200 µg/ml proteinase K) for 4 hours 

at 55˚C. Genomic DNA was subsequently precipitated with ethanol  as indicated 

in 2.1.1.5. and the final DNA concentration was measured using a Nanodrop 

spectrophotometer.  

2.2.2.10. T7 endonuclease assay 

The presence of mutations in the CRISPR-Cas9 target site was analysed using 

the T7 endonuclease assay315 (Fig. 2.8). T7 endonuclase I recognises and 

cleaves non-perfectly matched DNA (heteroduplexes). Due to zebrafish 

biallelism and mosaicism induced by the CRISPR-Cas9 system, PCR products of 

mutant embryos contain mixtures of molecules with different mutations in the 

target site. This leads to the formation of heteroduplexes once these PCR 

products are denatured and re-annealed. Following incubation with T7 

endonuclease, heteroduplexes derived from mutant embryos will be digested, 

therefore producing smaller fragments that can be subjected to gel analysis. 
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For the T7 endonuclease assay, a 700-800bp PCR product harbouring the 

sgRNA target site was generated from previously extracted genomic DNA by 

setting up 50 µl PCR reactions using Phusion high-fidelity polymerase (as 

described in section 2.1.1.1.). Following the cycling reaction, the whole PCR 

reaction volume was then run on a 1.5% agarose gel as described in 2.1.1.2. in 

order to verify the generation of the correct PCR product. PCR products were 

then purified via agarose gel purification as described in 2.1.1.3., and 

concentration was measured using a Nanodrop spectrophotometer (typically, 

30-70 ng/µl in 20 µl total volume). For denaturation and re-annealing, 200 ng 

of PCR products were mixed with 2 µl of 10x NEBuffer 2 and water up to a total 

volume of 19 µl. This reaction was then subjected to the following temperature 

cycles on a thermocycler: 

- Heat to 95°C and maintain the temperature for 2 min 

- Cool to 25°C over a period of 45 min 

- Cool to 4 °C for temporary storage 

After re-annealing, 1 µl of T7 endonuclease was added to each reaction and 

these were incubated for 1 hour at 37°C. Finally, samples were ran on a 2% 

agarose gel and visualized using ethidium bromide. Embryos harbouring 

mutations should present two or more bands depending on where the T7 is 

cutting (target site). WT embryos only present 1 band corresponding to the 

uncut PCR product 

 

Figure 2.8. Diagram of the T7 endonuclease assay.  Following gene knockout by the 

introduction of indels, the target site is amplified from zebrafish embryo cells. PCR products 

harbouring different mutations (red) are then denatured and re-annealed, therefore leading 

to the generation of heteroduplexes (yellow spheres). T7 endonuclease will recognise and 

cleave these heteroduplexes, and small fragments will be produced. 

2.2.2.11. Individual alleles isolation  

In order to analyse and sequence individual mutations in the target site, PCR 

products used for T7 endonuclease were isolated and sent for Sanger 

sequencing. Briefly, amplicons were ligated into a pGEM-T vector using a 
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pGEM®-T Easy Vector System (Promega, USA) as indicated in 2.1.1.6. and 

subsequently transformed into chemically competent E.coli as indicated in 

2.1.1.7. After bacterial growth, ligated products were extracted using a 

GenElute Plasmid Miniprep Kit (Sigma-Aldrich, USA) as indicated in 2.1.1.8. Five 

clones from each individual embryo were then sent for sequencing and 

sequences were analysed for the presence of insertions, mutations or 

substitutions in the target site using the Chromas software (Technelysium, 

Australia). 

2.2.2.12. In-situ hybridization 

In order to study heart and fin morphology, injected embryos were fixed 

overnight in 4% PFA solution in PBS and subjected to in situ hybridization (ISH) 

according to a method previously described316.  

Probe design and PCR template generation 

Initially, in order to generate both antisense and sense RNA probes for the 

detection of gene expression, 500-1000 bp PCR products containing a fragment 

of the cDNA sequence of the gene of interest were generated. The primers used 

for the generation of these products contained either the T7 promoter 

sequence (F primer, 5’-TAATACGACTCACTATAGGG-3’) or the T3 promoter 

sequence (R primer, 5’- CATTAACCCTCACTAAAGGGAA-3’), thus allowing the 

generation of both sense and antisense probes from the same PCR product. 

The full list of probes generated in this thesis and their corresponding pair of 

primers can be found in Table 2.11: 

Table 2.11. In situ hybridization probes used in this thesis and their respective 
primer sequences 

Probe Probe Size Primer sequences 

kat2a 600 bp F: TAATACGACTCACTATAGGGCAACATAGAGCAGGGGGTGT 
R: CATTAACCCTCACTAAAGGGAAACCGATTGTTGGTTCAGAGG 

kat2b 620 bp F: TAATACGACTCACTATAGGGTGGCTGGAAGAGTCAAAACC 
R: CATTAACCCTCACTAAAGGGAAAACACAGAGCGCAGGAAAAT 

cmlc2 410 bp F: TAATACGACTCACTATAGGGCTCTTCCAATGTCTTCTCC 
R: CATTAACCCTCACTAAAGGGAATATTTCCAGCCACGTCTA 

bmp4 1000 bp F: TAATACGACTCACTATAGGGTGCCAAGTCCTACTGGGAC 
R: CATTAACCCTCACTAAAGGGAACGTGATTGGTGGAGTTGAG 

fgf10a 533 bp F: TAATACGACTCACTATAGGGTGCTTCTGTTCCTGTGTTCG 
R: CATTAACCCTCACTAAAGGGAACACGATAGGAATGGGGAGAA 

nppa 328 bp F: TAATACGACTCACTATAGGGACACGTTGAGCAGACACAGC 
R: CATTAACCCTCACTAAAGGGAAAGGGTGCTGGAAGACCCTAT 

 

In order to generate the PCR templates for probe generation, a 50-µl PCR 

reaction using zebrafish cDNA as template and Taq polymerase was set up as 
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indicated in 2.1.1.1. PCR reactions were then run on an 1.5% agarose gel in 

order to confirm the generation of the expected PCR products, and these were 

subsequently purified as indicated in 2.1.1.3.  

Synthesis of the antisense and sense RNA probes  

To generate the antisense or sense RNA probes, the following reactions were 

prepared in a microcentrifuge tube: 

Table 2.12. Components for the generation of DIG-labelled RNA probes 

Component Amount 

Template DNA 150 ng 

5x Transcription buffer 1 µl 

DTT (0.1 M) 0.5 µl 

DIG-RNA labeling mix (10x) 0.5 µl 

RNAsein (40 U/ml) 0.25 µl 

T7 or T3 RNA polymerase (20 U/ml) 0.25 µl 

RNAse-free water Up to 5 µl total volume 

 

Reactions were incubated for 2 hours at 37˚C. After this, 2 µl of RNase-free 

DNAse (Roche, Switzerland) was added and reactions were incubated for 30 

min at 37˚C. Reactions were finally stopped by adding 1 µl of 0.5M EDTA and 9 

µl of RNAase-free water. For the purification of RNA probes, Sigmaspin 

purification columns (Sigma-Aldrich, USA) were used. Columns were placed on 

top of a microcentrifuge tube and centrifuged for 15 s at 750g. Then, the base 

of the column was broken and the lid was discarded, followed by centrifugation 

at 2 min for 750 g. Reactions were then applied to the centre of the column (on 

top of the resin) and centrifuged for 4 min at 750g.The column was discarded, 

and probes were then stored in 5-µl aliquots (to avoid repeated freeze-thaw 

cycles) at -80˚C. Typically, an aliquot was also saved in order to measure probe 

concentration on a Nanodrop spectrophotometer and to check its integrity on 

a 1% agarose gel (at 230V for 30 min). Good probes should appear as one or 

two discrete bands of the gel. 

Removal of pigmentation and embryo fixation 

If post-gastrulation stages are going to be examined via in-situ hybridization, 

the formation of melanin pigments needs to be prevented. To achieve this, 

embryos were kept in a 0.0045% solution of 1-Phenyl-2-thiourea (PTU) (Sigma-

Aldrich, USA) in zebrafish water starting from the end of gastrulation (around 

10 hpf) onwards. This medium was changed once a day until the desired 

developmental stage was reached. After reaching this stage, embryos were 

dechorionated using a pair of forceps and fixed on freshly prepared 4% PFA 
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solution in 1xPBS overnight at 4˚C (typically, they were placed on 6-well plates 

for fixation and subsequent washes steps. For all washes steps indicated in this 

protocol, 1 ml of each solution was used unless stated otherwise). The 

following morning, embryos were dehydrated by incubating them in 100% 

MeOH for 15 min at RT. At this point, embryos can be stored in 100% MeOH at 

-20˚C for several months. 

Permeabilization and hybridization of the embryos 

Embryos were rehydrated by incubating them in successive dilutions of MeOH 

in 1xPBS at RT: 5 min in 75% (vol/vol) MeOH, 5 min in 50% (vol/vol) MeOH, and 

5 min in 25% (vol/vol) MeOH. Then, embryos were washed four times in 1x PBS-

T (PBS and 0.1% of Tween-20 (Sigma-Aldrich, USA)) for 5 min each wash, and 

permeabilization was achieved by digesting the embryos with a 10 µg/ml 

proteinase K (Roche, Switzerland) solution in 1xPBS-T at RT for the time 

indicated in the table below: 

Table 2.13. Proteinase K treatment duration according to zebrafish 
developmental stage 

Developmental stage Duration of Prot K treatment 

1 somite stage 30 sec 

1-8 somite stage 1 min 

9-18 somite stage 3 min 

18 somite stage – 24 hpf 10 min 

36 hpf – 5 days 30 min 

 

Proteinase K digestion was stopped by incubating the embryos in 4% PFA in 

1xPBS for 20 min at RT, being followed by four washes, 5 min per wash, in 

1xPBS-T to remove any residual PFA (at this point, embryos can be pooled 

according to the probe which will be used for hybridization). Pools of 15 

embryos were prehybridized by incubating them in 1 ml of Hybridization Mix 

(HM) for 5 hours at 70˚C, a solution made of: 

- 50% deionized formamide (Sigma-Aldrich, USA) 

- 5xSaline Sodium Citrate (SSC): 20x stock solution is prepared by 

dissolving 175.3 g of NaCl (Sigma-Aldrich, USA) and 88.2g of Citric acid 

trisodium (Sigma-Aldrich, USA) in 1L of water 

- 0.1% Tween-20 

- 50 µg/ml of heparin (Sigma-Aldrich, USA) 

- 500 µg/ml of RNAse-free tRNA (Sigma-Aldrich, USA) 

- 460 µl of 1M citric acid for 50 ml of HM to adjust pH (6.0) 
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These prehybridized embryos can be stored in HM at -20˚C for several weeks. 

After prehybridization, HM was discarded and replaced with 200 µl of HM 

containing 50 ng of antisense (or sense) probe, and embryos were hybridized 

overnight at 70˚C. 

Washes and antibody incubation 

Following hybridization, HM was gradually changed to 2xSSC by performing a 

series of washes in HM (without heparin nor tRNA) diluted with 2xSSC: 75% 

HM, 50% HM, 25% HM and 100% 2xSSC. All these washes were performed for 

10 min at 70˚C with gentle agitation. Embryos were then washed twice, for 30 

min per wash, in 0.2xSSC at 70˚C with gentle agitation. Then, 0.2xSSC was 

progressively replaced with 1xPBS-T through a series of 10 min washes in 

0.2xSSC diluted in PBS-T: 75% 0.2xSSC, 50% 0.2xSSC, 25% 0.2xSSC and 1xPBS-T. 

These washes were performed at RT with gentle agitation (50 rpm). Once all 

washes were performed, embryos were incubated in blocking buffer (1xPBS-T, 

2% sheep serum (vol/vol) (Sigma-Aldrich, USA), 2 mg/ml BSA (Sigma-Aldrich, 

USA)) for 4 hours at RT. After blocking, embryos were incubated in 500 µl of 

anti-DIG antibody (Roche, 11093274910, 1:10000 dilution) diluted in blocking 

buffer overnight at 4˚C with gentle agitation (50 rpm). 

Washes and staining 

The following morning, the antibody solution was discarded and embryos were 

washed 6 times, for 15 min each wash, in PBS-T with gentle agitation (50 rpm) 

at RT. Then, embryos were incubated in alkaline Tris buffer (100 mM Tris HCl, 

pH 9.5, 50 mM MgCl2, 100 mM NaCl and 0.1% Tween 20) three times, 5 min 

per wash, with gentle agitation (50 rpm) at RT. After the washes, alkaline Tris 

buffer was replaced with 1 ml of staining solution prepared fresh and protected 

from light (staining solution was prepared by diluting 225 µl of 50 mg/ml nitro 

blue tetrazolium (NBT; Sigma-Aldrich, USA) and 175 µl of 50 mg/ml 5-bromo 4-

chloro 3-indolyl phosphate (BCIP; Sigma-Aldrich, USA) with 50 ml of alkaline 

Tris Buffer). Color reaction was then monitored periodically (every 10 min) 

under a dissecting scope, keeping the embryos protected from light between 

checks. Once the desired staining intensity was reached (based on my 

experience, this time may vary from 20 minutes to 3 hours depending of the 

gene analysed), the staining reaction was stopped by removing the staining 

solution and incubating the embryos with 1 ml of stop solution (1x PBS, pH 5.5, 

1 mM EDTA, 0.1% Tween-20) three times, 15 min each incubation, with gentle 

agitation (50 rpm) at RT. 

Mounting and visualizing embryos 
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Using a pipette and a 1-ml pipette tip cut to get a wider opening, embryos were 

transferred, in the minimum possible volume of stop solution, to a new 6-well 

plate containing 100% glycerol. Following this, embryos were incubated 

overnight in the dark with gentle agitation (50 rpm) at RT. This step allows the 

exchange of water and glycerol, which is a mild clearing agent that imparts a 

degree of transparency to the biological material it impregnates. Next day, 

embryos visualization and images acquisition were performed using a Zeiss 

Stereo Lumar V12 microscope with a camera. Images were then analysed using 

ImageJ software. 

2.2.2.13. Cardiac looping measurement 

Cardiac looping angle was determined by measuring the angle formed by the 

plane of the atrioventricular junction (AVJ) relative to the anterior/posterior 

axis of the embryo as described elsewhere317. Fig. 2.9. shows a graphical 

representation of how cardiac looping is measured. Angle of looping was 

calculated using either ImageJ or Photoshop software. 

 

Figure 2.9. Graphical representation of how cardiac looping angle is measured. The 

anterior/posterior axis of the embryo is used as reference (vertical red line), and the angle 

formed by the plane of the atrioventricular junction (avj) relative to the anterior/posterior axis 

is measured. Cardiac looping angle in unlooped hearts (left, 47˚) is greater than in looped hearts 

(right, 13˚). Adapted from Chernyavskaya et al, 2012317  

2.2.2.14. Heart rate measurement 

Zebrafish heart rate measurement was performed manually at room 

temperature using a manual mechanical clicker. Embryos were removed from 

the 28˚C incubator, and heart rate measurement was performed by counting 

the heart rate manually under a Zeiss Stereo Lumar V12 microscope. One-

minute measurements were performed in all cases. 

2.2.2.15. Drug treatment (zebrafish embryos) 

In order to chemically inhibit the acetyltransferase activity, Garcinol was used 

(Santa-Cruz Biotechnology, USA). First, pools of 10-15 embryos were treated 

using a range of different concentrations (0.1 µM, 1 µM, 5 µM, 10 µM, 50 µM, 

100 µM, 250 µM and 500 µM) of Garcinol diluted with zebrafish water. 

Treatments were carried out for 24 hours starting at 20 hpf (initial stages of 

cardiogenesis). Embryos were washed at 48 hpf to remove the drug and then 
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embryo toxicity was calculated by counting the number of dead embryos or 

embryos showing severe developmental defects/delay at each concentration. 

For subsequent drug treatments, Garcinol 100 µM was used as at this 

concentration, embryos showed a consistent cardiac phenotype without 

compromising viability in excess (<30% of embryo toxicity). 

2.2.2.16. qPCR analysis of tbx5a target genes 

Expression levels of tbx5a and tbx5a target genes were measured using a 7500 

Real-Time PCR system (Applied Biosystems, USA). Total RNA was extracted 

from 32 hpf kat2a, kat2b and tbx5a KO embryos for posterior cDNA synthesis 

and qPCR analysis as indicated in 2.1.1.13. Primers shown in Table 2.14, which 

had been already described and validated elsewhere318,319, were used to detect 

the expression levels of tbx5a and its target genes, as well as the expression 

levels of two tbx5a unrelated genes which have been demonstrated to be 

expressed during zebrafish development (akt1320 and igf3321) . Two-well 

established zebrafish housekeeping genes, ef1a322 and lsm12b323, were used 

for normalization. Typically, three biological replicates and three technical 

replicates were included in each qPCR experiment. 

 

Table 2.14. Primers used for relative quantitative PCR 

Primer name Sequence 

nppaF CAGACACAGCTCTGACAGCAACAT 

nppaR CTCTGTGTGTCAAATCCATCCGAG 

fgf10F CTCATCGTCTGCCGTGGTG 

fgf10R GTCAATGCCGAAATCCCTC 

bmp4F CACAGTATCTGCTCGACCTCTA 

bmp4R GATATGAGTTCGTCCTCTGGGATG 

hey2F GAAAGAAGCGGAGAGGGATCATTG 

hey2R AGAAGTCCATGGCCAGAGAATGAG 

tbx2bF GTCCCTTTCCCTTTCATCTGTCTC 

tbx2bR CTGGGAGCTGATAAGGGTTGAATC 

tbx5aF ACACCTTTCGGCTCCAAAACT 

tbx5bR CTTTGTCCACAGCTCTCGCTC 

akt1F TCGGCAGGTGTCTTCTCAAT 

akt1R ACCCATTGCCATACCACGAG 

igf3F CGCATAATTCAATCAAAGTCCG 

igf3R GCTGCTCCAGGTTTGCCTATGT 

ef1aF CGGTGACAACATGCTGGAGG 

ef1aR ACCAGTCTCCACACGACCA 

lsm12bF AGTTGTCCCAAGCCTATGCAATCAG 

lsm12bR CCACTCAGGAGGATAAAGACGAGTC 
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2.2.2.17. Rescue experiment 

For rescue experiments, capped mRNA transcripts were synthesized from the 

SP6 promoter of linearized plasmid pCS2-TBX5-K339Q, which was generated 

via cloning by myself. For the generation of this construct, the cDNA sequence 

of the WT Tbx5a gene was cloned into the expression vector pCS2, which was 

then used as template for site-directed mutagenesis as indicated in 2.2.1.2. The 

primers for the generation of the K339Q variant are F: 5’- 

CATACGGCTTCTGATAGGGGTGTTCTCCTGCAGG-3’ and R: 5’- 

CCTGCAGGAGAACACCCCTATCAGAAGCCGTATG-3’. Then, capped TBX5-K339Q 

mRNA was in vitro transcribed using a SP6 mMessage mMachine kit 

(ThermoFisher, USA) as indicated in 2.2.2.4. 300 pg of TBX5 K339Q mRNA were 

co-injected with 100 pg of sgRNA and 500 pg of Cas9 protein (New England 

Biolabs, USA) into 1-cell stage zebrafish embryos. Injected embryos were 

screened 48 and 72 hpf for the presence of cardiac and fin defects 

2.3. ANALYSIS OF CHD4 MUTATIONS FOUND IN 

SYNDROMIC CHD PATIENTS 

2.3.1. Plasmids and constructs 

FLAG-tagged CHD4, MYC-tagged HDAC1, MYC-tagged HDAC2, MYC-tagged 

MTA2 and MYC-tagged RBBP4 PCR products were generated from IMAGE 

clones 5528023, 4976514, 5271899, 5531965 and 6526200 respectively 

(Source Bioscience, UK). PCR products as well as the mammalian expression 

vector pcDNA3.1 were digested with KpnI-HF and NotI-HF (CHD4, HDAC1 and 

HDAC2) or EcoRI-HF and NotI-HF (MTA2 and RBBP4) restriction enzymes, and 

they were subsequently ligated together using T4 Ligase to generate pcDNA3.1-

CHD4-FLAG and pcDNA3.1-HDAC1/HDAC2/MTA2/RBBP4-MYC. Ligation 

products were transformed into chemically competent E.coli. After bacterial 

growth, ligated products were extracted using a GenElute Plasmid Miniprep Kit 

(Sigma-Aldrich, USA) and verified via Sanger sequencing. The expression vector 

pcDNA3.1-TBX5-MYC was kindly provided by Dr. Tushar Ghosh. Protocols 

followed for the ligation, transformation and purification of these constructs 

can be found in sections 2.1.1.4 to 2.1.1.8.  For the generation of FLAG-tagged 

CHD4 mutant variants (M1 to M5), QuikChange II Site-Directed Mutagenesis Kit 

(Agilent Technologies, USA) was carried out as indicated in 2.3.1.1. Introduction 

of specific mutations was finally confirmed via Sanger sequencing.  

2.3.1.1. Site-directed mutagenesis  

Site directed mutagenesis was carried out using the QuickChange Site Directed 

Mutagenesis Kit (Agilent Technologies, USA) in order to generate the mutants 
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CHD4 M1 to M5 (pcDNA-CHD4-FLAG was used as a template). First, mutagenic 

oligonucleotide primers were designed according to the desired mutation using 

the QuickChange Primer Design web tool 

(https://www.agilent.com/store/primerDesignProgram.jsp). In this web tool, 

the sequence of the original DNA template is introduced, as well as the desired 

deletions, insertions or substitutions to be introduced, in order for the tool to 

generate a pair of mutagenic primers for the generation of mutant variants. 

Primers used for the generation of the five CHD4 mutant variants are indicated 

in Table 2.15. 

Table 2.15. Primers used for the generation of CHD4 mutant variants 

Mutant variant Primers for mutagenesis 

CHD4 C467Y (M4) F: CTGCTCTGCTGTGATACCTATCCTTCTTCCTACCA 
R: TGGTAGGAAGAAGGATAGGTATCACAGCAGAGCAG 

CHD4 S851Y (M3) F: ATTCCATGTGCTGCTGACATACTATGAATTGATCACCATTG 
R: CAATGGTGATCAATTCATAGTATGTCAGCAGCACATGGAAT 

CHD4 
L1009_V1011 del 
(M5) 

F: CTTAAGATCCATCACCAGAGACACCTGGTTGCCA 
R: TGGCAACCAGGTGTCTCTGGTGATGGATCTTAAG 

CHD4 R1068H 
(M2) 

F: TAAGGAGGGTGGGCATCATGTACTCATCTTTTCCC 
R: GGGAAAAGATGAGTACATGATGCCCACCCTCCTTA 

CHD4 V1608I 
(M1) 

F: CAGAGGATGAAAAGGTCATTGTTGAACCCCCTGAG 
R: CTCAGGGGGTTCAACAATGACCTTTTCATCCTCTG 

 

Once the mutagenic primers were generated and commercially synthesized 

(Thermofisher, USA), the PCR reactions shown in Table 2.16. were set up. A 

control reaction using a pWhitescript 4.5-kb control plasmid (included in the 

kit) was also prepared for each mutagenesis experiment. Cycling conditions are 

shown in Table 2.17.: 

Table 2.16. PCR reaction for site-directed mutagenesis 

Component Amount 

10x Reaction buffer 5 µl 

DNA template 10 ng 

F primer 125 ng 

R primer 125 ng 

dNTP mix 1 µl 

H2O To 50 µl 

 

Table 2.17. Cycling conditions used for site-directed mutagenesis 

Segment Cycles Temperature Time 

1 1 95°C 30 sec 

https://www.agilent.com/store/primerDesignProgram.jsp
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2 12-18 95°C 30 sec 

55°C 1 min 

68°C 1 min/kb of 
plasmid length 

 

Segment number 2 of the cycling reaction was adjusted according to the type 

of mutation introduced in the DNA template as follows: 

- Point mutations: 12 cycles 

- Single aminoacid changes: 16 cycles 

- Deletions or insertions: 18 cycles 

Once the cycling reaction was finished, mutagenesis reactions were placed on 

ice for 2 min. After cooling down, 1 µl of DpnI restriction enzyme (included in 

the kit) was added to each reaction. Following thorough mixing by pipetting the 

solution up and down several times, reactions were spun down for 1 minute 

and subsequently incubated at 37°C for 1 hour in order to digest the parental, 

non-mutated DNA. 

Transformation of XL1-Blue Supercompetent Cells 

XL-1 Blue supercompetent cells (included in the kit) were gently thaw on ice for 

15 min. For each reaction, a 50 µl sample was aliquoted, and 1 µl of Dpn I-

treated DNA was transformed into XL-1 Blue cells as indicated in section 

2.1.1.7. After transformation, 50 µl of each transformation reaction were 

plated on agar plates containing the appropriate antibiotic for the plasmid 

vector (ampicilin in the case of the pcDNA3.1 vector). For the pWhitescript 

mutagenesis control, cells were plated on LB-ampicilling agar plates containing 

80 µg/ml X-gal and 20 mM IPTG. Plates were finally incubated overnight at 37°C 

and the next day, plates were checked for colony formation. Successful 

mutagenesis reactions was indicated by the presence of 10-100 colonies in 

actual samples and 50-800 in the control sample. In addition to this, greater 

than 80% of the colonies in the control reaction should appear as blue colonies 

on agar plates containing IPTG and X-gal. Finally, mutated DNA vectors were 

purified as indicated in 2.1.1.8., and the presence of the desired mutation in 

the vector plasmid was verified via Sanger sequencing. 

2.3.2. Expression of CHD4 mutant variants in mammalian 

cells 

Expression vectors for each CHD4 variant were transfected into COS7 cells 

using Polyfect reagent (QIAGEN, Germany) as indicated in 2.1.3.6. Cells were 

harvested from two 100 mm plates in 1 ml of PBS, pelleted down and 
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resuspended in 200 ul of lysis buffer (150 mM NaCl, 20 mM TrisHCl pH 7.6, 0.5 

mM EDTA pH 8.0, 1% NP-40 with 2.5 ul of 100x proteinase inhibitor cocktail). 

The cell suspensions were then placed under ice for 1h followed by brief 

sonication. Cells were then centrifuged and the supernatant (whole protein 

lysate) was stored at -80 ˚C. In order to check CHD4-FLAG expression, 20 µg of 

total protein lysate were fractionated on NuPAGE 10% Bis-Tris gels 

(ThermoFisher, USA) followed by western blotting as indicated in 2.1.2.3. 

CHD4-FLAG expression was detected using a mouse monoclonal Anti-FLAG 

antibody (Sigma-Aldrich, F1894, 1:1000 dilution). 

2.3.3. Pull-down assays 

For pull-down assays, CHD4-FLAG and HDAC1-MYC, HDAC2-MYC, MTA2-MYC, 

RBBP4-MYC or TBX5-MYC were co-transfected into COS7 cells and lysed 48 

hours post-transfection (see 2.1.3.6. and 2.1.2.1.). Purification of CHD4-FLAG 

was performed by using Anti-FLAG M2 Affinity Beads (Sigma-Aldrich, USA) 

following manufacturer’s protocol. Briefly, cell extracts were incubated 

overnight with 40 ul of washed beads (in wash buffer, 20mM Tris (pH7.6), 

150mM NaCl, 0.5% NP40 and 0.5mM EDTA) at 4˚C with gentle agitation. The 

following day, non-specific proteins were removed by washing the beads 5 

times in wash buffer, 5 min per wash. CHD4-FLAG and its interacting proteins 

were released from the beads by incubating them with 500 µg/ml of 3x FLAG 

peptide (Sigma-Aldrich, USA) diluted in wash buffer for 2 hours at 4˚C with 

gentle agitation. Purified proteins were then fractionated on 10% Bis-Tris gel 

followed by western blotting as indicated in 2.1.2.3. CHD4-FLAG expression was 

detected using a mouse monoclonal Anti-FLAG antibody (Sigma-Aldrich, F1894, 

1:1000 dilution), whereas HDAC1-MYC, HDAC2-MYC, MTA2-MYC, RBBP4-MYC 

and TBX5-MYC expression was detected using a mouse monoclonal Anti-MYC 

antibody (Sigma-Aldrich, M4439, 1:1000 dilution). 

2.3.4. Immunofluorescence and cell imaging 

For cell localization studies, COS7 cells were grown on coverslips in 6-well 

plates and co-transfected with CHD4-FLAG and HDAC1-mCherry using Polyfect 

Transfection Reagent. 24 hours post-transfection, cells were washed with 1 ml 

of PBS and fixed with 1 ml of 4% paraformaldehyde (PFA) for 10 mins, followed 

by three washes with 1 ml PBS, 5 minutes each. Cells were then permeabilized 

with 1 ml of 0.25% Triton-X in PBS for 5 mins, washed 3 times with 1 ml of PBS 

and incubated in 1 ml of 5% BSA in PBS for 1 hour to supress non-specific 

binding of IgG. Following blocking, cells were washed with 1 ml of PBS and 

incubated with 1 ml of mouse monoclonal Anti-FLAG antibody (Sigma-Aldrich, 

F1894, 1:250 dilution) diluted with PBS containing 3% BSA for 1 hour at RT. Cells 

were then washed 3 times with 1 ml of PBS each for 5 minutes and incubated 
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with 1 ml of goat anti-mouse Alexa-488 (ThermoFisher Scientific, 1:500 

dilution) diluted with PBS containing 3% BSA for 1 hour at RT. Cells were again 

washed 3 times with 1 ml of PBS and incubated with 1 ml of Hoechst solution 

(Sigma-Aldrich, USA, 1:1000 dilution) diluted with PBS for 10 min in the dark 

for nuclei staining. Cells were washed with 1 ml of PBS, 3 times for 5 min, and 

coverslips were finally mounted on glass slides containing a small drop of 

Vectashield mounting media without DAPI (Vector Laboratories, UK). After 

sealing the slides with nail polish, cell imaging was performed on a Zeiss 

LSM880F confocal microscope (Carl Zeiss, Germany) using a 63X 1.4 oil 

objective. Images were captured using the ZEN software (Carl Zeiss, Germany) 

and analysis was performed using the Fiji software (open source). 

2.3.5. Recombinant CHD4 production in E.coli 

2.3.5.1. Plasmids and constructs 

In order to perform a functional characterization of the CHD4 mutant variants, 

recombinant CHD4 protein was produced and purified in Escherichia coli first. 

A truncated version of CHD4 cDNA (covering residues 359 to 1213) was 

amplified via PCR from IMAGE clone 5528023 (Source Bioscience, UK) and 

subsequently cloned into the NcoI and SalI restriction sites of the bacterial 

expression vector pET28a, which also contains a 6xHis-tag for purification. 

Ligation products were transformed into chemically competent E.coli. After 

bacterial growth, ligated products were extracted using a GenElute Plasmid 

Miniprep Kit (Sigma-Aldrich, USA) and the construct pET28a-CHD4-6xHIS was 

verified via Sanger sequencing. Protocols followed for the ligation, 

transformation and purification of these constructs can be found in sections 

2.1.1.4 to 2.1.1.8.  For the generation of the mutant variants M2 to M5, 

QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies, USA) was 

used as indicated in 2.2.1.2. Primers used for mutagenesis were those used in 

2.3.1. Introduction of specific mutations was finally confirmed via Sanger 

sequencing. 

2.3.5.2. Transformation and production in E.coli 

For expression purposes, pET28A-CHD4-6xHis or its respective mutant variants 

were transformed into chemically competent E.coli BL21 DE3 using the heat 

shock procedure294 (section 2.1.1.7.) and plated on antibiotic (ampicillin) 

selection plates. Following overnight incubation, a single colony was 

resuspended in 10 ml LB media with antibiotics and incubated at 37°C with 

agitation until OD600 reached 0.5-0.7. This 10 ml culture was then inoculated 

into a 500 ml LB culture with antibiotics, and protein expression was induced 

by adding 0.7 mM IPTG followed by overnight incubation at 20°C. 
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2.3.5.3. Protein extraction 

Following protein expression induction, cells were harvested by centrifugation 

at 4500 rpm at 4°C for 30 min and the pellet was then frozen at -20°C in order 

to increase lysis efficiency. For lysis and protein extraction, the frozen cell pellet 

was thawed at RT and resuspended in 4 ml/g of cell pellet of B-PER Bacterial 

Protein Extraction Reagent (ThermoFisher, USA) until the solution was 

completely homogenous. Following incubation for 30 min at RT, lysate was 

centrifuged at 15000g for 5 min to separate soluble proteins from the insoluble 

ones. 10 µl samples of both the soluble and insoluble fractions (before and 

after induction) were analysed by fractionation on NuPAGE 10% Bis-Tris gels 

(ThermoFisher, USA) followed by protein staining using SimplyBlue SafeStain 

(ThermoFisher, USA) in order to check for the induction of CHD4-6xHis 

expression. Protocols for fractionation and protein staining can be found in 

sections 2.1.2.3. and 2.1.2.4., respectively. 

2.3.5.4. Purification of CHD4-6xHis 

In order to purify CHD4-6xHis protein (or any of its mutant variants), the whole 

protein lysate was applied to a TALON CellThru Resin Kit (Takara Bio, USA) and 

purification was performed according to manufacturer’s protocol.  

Resin equilibration 

First, the TALON resin was thoroughly resuspended and the required amount 

of resin that will accommodate 15 times the resin bed volume was transfer to 

one of the provided sterile tubes. The resin was centrifuged for 2 min at 700 x 

g in order to pellet it, and the supernatant was then removed and discarded. 

Subsequently, 10 bed volumes of Equilibration Buffer was added and mixed by 

inversion to pre-equilibrate the resin, followed by recentrifugation for 2 min at 

700 x g. The supernatant was discarded again, and the resin was washed once 

more with Equilibration Buffer.  

Sample application 

After resin pre-equilibration, the whole protein lysate obtained in 2.3.5.3. was 

applied to the resin, which was gently agitated on ice for 30 min on a platform 

shaker to allow binding of the His-tagged protein to the resin. After this 

incubation, the resin was centrifuged at 700 x g for 5 min, and as much 

supernatant as possible was removed without disturbing the pellet.  

Washing 

The resin was then washed twice by adding 15 bed volumes of Equilibration 

Buffer and incubating the suspension on ice for 10 min on a platform shaker, 

followed by centrifugation at 700 x g for 5 min and removal of the supernatant. 
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One bed volume of Equilibration Buffer was added to the resin, and this was 

resuspended by vortexing. The resin was then transferred to a 2 ml gravity-flow 

column (provided with the kit). The end-cap of the column was removed, and 

the buffer was allowed to drain until it reached the top of the resin bed. The 

column was then washed once with 5 bed volumes of Wash Buffer. 

Elution 

The His-tagged protein was eluted by adding 5 bed volumes of Elution Buffer 

to the column, and the eluate was collected in 500 μl fractions (a total of 6-8 

fractions were collected typically). The presence of purified CHD4-6xHis in the 

eluate was detected by fractionation on NuPAGE 10% Bis-Tris gels 

(ThermoFisher, USA) followed by protein staining using SimplyBlue SafeStain as 

indicated in 2.1.2.4. 

2.3.6. Recombinant CHD4 production using the 

baculovirus-insect cell expression system 

2.3.6.1. Plasmids and constructs 

In order to generate recombinant bacmid DNA for the production of CHD4 

protein in insect cells, the Bac-to-Bac TOPO Cloning Kit (ThermoFisher, USA) 

was used following manufacturer’s protocol. First, a blunt-end PCR product 

containing CHD4 cDNA was amplified from IMAGE clone 5528023 (Source 

Bioscience, UK), whereas the blunt-end PCR products containing CHD4 M1 and 

M2 cDNA variants were amplified from vectors pcDNA-CHD4-M1 and pcDNA-

CHD4-M2 respectively. These cDNA fragments were cloned into the 

pFastBac/CT-TOPO vector by setting up the following reaction: 

Table 2.18. Components for the ligation of CHD4 cDNA and the TOPO vector 

Component Volume 

PCR product 2 µl 

Salt solution 1 µl 

TOPO vector 1 µl 

Sterile water 2 µl 

 

Components were mixed by pipetting up and down and the reaction was 

incubated for 5 min at RT. Following incubation, reactions were placed on ice 

and subsequently transformed into One Shot® Mach1™ T1R Chemically 

Competent E. coli by following the same protocol described in section 2.1.1.7. 

For the selection of colonies carrying the ligated pFastBac/CT-TOPO vector-

CHD4 construct, LB-agar plates containing ampicillin were used. Plasmid DNA 

isolation (maxi-prep) was carried out as indicated in 2.1.1.8. 
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After this, the pFastBac-CHD4 constructs were transformed into the DH10Bac 

E. coli strain (as indicated in 2.1.1.7), which contains a bacmid for insect cell 

infection. By transposition, the CHD4 sequence contained in the pFastBac 

vector is incorporated into the bacmid, which will be used for posterior 

transfection into insect cells, virus generation and production of recombinant 

CHD4 protein. In this case, in order to select only the colonies carrying the CHD4 

bacmid, LB agar plates containing 30 µg/ml kanamycin, 7 µg/ml gentamicin, 10 

µg/ml tetracycline, 100 µg/ml X-gal and 40 µg/ml IPTG were used. Only the 

large, white colonies contain the recombinant bacmid, whereas blue colonies, 

or white colonies with a blue centre do not. Several white candidates and one 

blue control were picked and streaked to fresh plates (followed by overnight 

incubation at 37°C) in order to verify their phenotype. A small (5 ml) overnight 

culture in LB containing 30 µg/ml kanamycin, 7 µg/ml gentamicin and 10 µg/ml 

tetracycline was also started from each restreaked colony. Next day, these 

cultures were used to prepare glycerol stocks (500 µl of bacterial culture + 500 

µl of 50% glycerol) of clones verified as white upon restreaking. Finally, glycerol 

stocks were stored at -80°C 

2.3.6.2. Transfection of Sf9 insect cells 

Bacmid DNA for transfection into insect cells was typically purified the day 

before transfection by using the PureLink HiPure Plasmid DNA Miniprep Kit 

(ThermoFisher, USA) following manufacturer’s instructions. For transfection, 

1x106 Sf9 cells were transferred into one well of a 6-well plate and left to 

adhere for 1 hour. Between 2 to 3 µg of bacmid DNA were diluted in 500 µl of 

Xpress media (serum and P/S free) for each transfection, and this bacmid DNA 

solution was then mixed with 5 µl of Escort IV Transfection Reagent (Sigma-

Aldrich, USA) diluted in 500 µl of Xpress media (serum and P/S free). Escort-

DNA mix was incubated at RT for 45 minutes to allow for complex formation. 

After washing the plated cells with fresh Xpress media, transfection mix was 

added to the cells and these were incubated for 5 hours at 28°C. Transfection 

mix was then removed and replaced with 3 ml of Xpress media (containing 2% 

FBS and 2% P/S), and plates were incubated for at least 3 days. Cells were 

screened after 48-72 hours for signs of successful transfection and subsequent 

virus infection (cells stop growing and proliferating, their diameter is increased 

by 20-30% and they have irregular morphology, among others). Virus was 

usually harvested 5 to 7 days after transfection by spinning down the 

transfection media (1300 rpm for 5 min) and keeping the supernatant. Virus 

stocks (passage 1) were protected from light with aluminium foil and stored at 

4°C until further use (they are stable for 6 months at 4°C). A 0.5 ml aliquot was 

also stored at -80°C for long-term storage. 
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2.3.6.3. Generation of baculovirus Infected Insect Cells (BIIC) 

stocks 

The classic protocol for baculovirus-mediated protein expression consists of 

expanding the virus stock from passage 1 to passage 3 and then use the passage 

3 for large-scale protein expression. However, this procedure is quite time-

consuming and the virus loses infectivity over time when stored at 4°C. In this 

project we used the previously established baculovirus-infected insect cells 

(BIIC) method324, in which cells are infected using the passage 1 virus and frozen 

before they lyse. Such BIIC stocks are then used for large-scale protein 

expression. Briefly, 50 ml of 0.5x106 Sf9 cells/ml were infected with 1 ml of 

passage 1 (P1) virus stock. Cell diameter were then monitored using the Moxi 

Z Mini Automated Cell Counter (Orflo, USA) at 24 and 36 hours post-infection. 

As soon as the mean diameter of the infected cells reached 17-18 µm, BIIC 

stocks were prepared by harvesting the cells at 1500 rpm for 5 min. Cell pellet 

was resuspended in 2.5 ml of Xpress media supplemented with 10% DMSO and 

2% P/S, and the cell solution (BIIC stock) was aliquoted in cryotubes and frozen 

down at -80°C prior to transfer to liquid nitrogen for long-term storage. 

2.3.6.4. Large-scale CHD4 protein expression and purification 

For large-scale production of recombinant CHD4, 100 µl of BIIC stock was added 

to 300 ml of 1.5x106 Sf9 cells/ml diluted in Xpress media supplemented with 

2% P/S and cells were incubated at 28°C with shaking (150 rpm) for 64 hours. 

After this, cells were spun down by centrifugation at 4000 rpm for 10 min at 

RT, and the cell pellet was resuspended in 2 ml/g wet weight of cell lysis buffer 

(20 mM HEPES pH 7.5, 200 mM KCl, 0.1% NP-40 and 10% glycerol) followed by 

incubation on a roller at 4°C for 1 hour. Cell lysate was then centrifuged at 

20000 rpm for 1 hour at RT, and the supernatant was incubated with 1 ml of 

previously washed (three times in ultra-pure water) Ni-NTA Agarose Beads 

(QIAGEN, Germany) on a roller at 4°C for 1 hour. The cell lysate-beads 

suspension was transferred to a Poly-Prep Chromatography Column and the 

supernatant was allowed to flow-through (FT) the column and was collected in 

a tube situated beneath he column. The column was then washed 3 times with 

5 ml of 40 mM imidazole Ni-affinity buffer (20 mM HEPES pH 7.5, 200 mM KCl, 

0.1% NP-40, 10% glycerol and 40 mM imidazole) discarding the flow-through 

(WASH) every time. Finally, recombinant CHD4 protein was eluted by adding 

2.5 ml of 200 mM imidazole Ni-affinity buffer to the column and collecting the 

flow-through (ELUTE) in 8-10 fractions of ~300 µl each. For storage, protein 

tubes were snap-frozen in liquid nitrogen and subsequently store at -80°C until 

further use. 10 µl aliquots of the FT, WASH and ELUTE fractions were run on 

NuPAGE 10% Bis-Tris gels (ThermoFisher, USA) followed by protein staining 

using SimplyBlue SafeStain (ThermoFisher, USA) as indicated in 2.1.2.4. 
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2.3.7. Nucleosome assembly 

In order to perform nucleosome binding assays and nucleosome sliding assays, 

the Epimark Nucleosome Assembly Kit (New England Biolabs, USA) was used 

according to manufacturer’s protocol. This kit is based on the well-known salt 

gradient method for nucleosome assembly325, by which histones H3-H4 

tetramer and H2A-H2B dimer progressively bind to a linear fragment of DNA by 

decreasing the salt concentration and ionic strength subsequently. Finally, at a 

concentration of 0.25 M salt, the H3-H4 tetramer and H2A-H2B dimer are 

stably associated to the DNA, forming the nucleosome structure. For this 

project, nucleosomes were assembled on a 194 bp long DNA fragment which 

contains the ‘601’ nucleosome position sequence, which produces end-

positioned mononucleosomes with a 47 bp overhang that allow for 

nucleosome repositioning after remodelling by the CHD4 protein (0-601-47 

mononucleosome). This 194 bp DNA fragment was amplified by PCR from the 

pGEM-3z/601 plasmid, which was a gift from Jonathan Widom (Addgene 

plasmid # 26656). Nucleosome assembly reaction was then prepared in the 

following order (a positive control using supplied DNA was also prepared): 

Table 2.19. Components used for the nucleosome assembly reaction 

Component Volume 

Water 0 to 7 µl 

5M NaCl 4 µl 

DNA  50 pmol 

20 µM Dimer (supplied in 2M NaCl) 5 µl 

10 µM Tetramer (supplied in 2M NaCl) 5 µl 

 

Reactions were incubated for 30 minutes at RT. Then, 7 µl of room temperature 

Dilution buffer (10 mM Tris, pH 8.0) was added to each reaction followed by 

incubation at RT for 30 min. Subsequently, 13 µl of room temperature Dilution 

buffer was added to each reaction followed by incubation at RT for 30 min. 

Next, 27 µl of room temperature Dilution Buffer was added again to each 

reaction and these were incubated at RT for 30 min. Finally, 93 µl of room 

temperature Dilution Buffer was added to each reaction to bring up the final 

volume to 160 µl and the NaCl concentration to 0.25M. After this procedure, 

proper nucleosome assembly was checked on a 1.5% agarose gel. Nucleosomes 

were stored at 4°C until further use. 

2.3.8. Nucleosome/DNA binding assay 

In order to exert its nucleosome remodelling activity, CHD4 physically binds to 

and interacts with nucleosomes before carrying out their remodelling. This 

binding of CHD4 to the nucleosomes can be assessed by performing a 
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nucleosome binding assay, which works in a similar way to DNA binding assays: 

purified CHD4 protein is incubated alongside in vitro assembled nucleosomes 

(as indicated in 2.3.7) and if binding does take place, this can be visualized on 

an acrylamide DNA retardation gel as a shift of the nucleosome-only band to a 

higher position. The nucleosome and DNA-binding ability of recombinant CHD4 

variants was analysed by using the 0-601-47 nucleosome and 0-601-47 free 

DNA respectively. A typical reaction was performed in 15 µl total volume 

containing 1.5 µL of 10x CHD4 buffer (0.5M Tris-Hcl pH 7.5, 0.5M NaCl, 30 mM 

MgCl2), 300 nM of 0-601-47 mononucleosome or DNA, varying concentrations 

of recombinant CHD4 protein (50, 100, 300 and 600 nM) and nuclease-free 

water up to 15 µl. Reactions were incubated at 30°C for 30 minutes and then 

mixed with 4 µl of 5x Novex Hi-Density TBE Sample Buffer (ThermoFisher 

Scientific, USA) before loading on 6% DNA Retardation Gels (ThermoFisher 

Scientific, USA). Gels were run inside a XCell SureLock Mini-Cell (ThermoFisher 

Scientific, USA) filled with 800 ml of 0.5X TBE at 100 V and 15 mA for 90 minutes 

using a PowerEase 500 Power Supply (ThermoFisher Scientific, USA). Gels were 

stained with 1x SYBR Gold (ThermoFisher Scientific, USA) for 40 minutes 

followed by two 5 min washes in water. Nucleosomes/DNA were visualized by 

exposing the gel to UV light inside a Gel Doc XR+ System (Bio-Rad, USA). Images 

were taken using the Quantity One software (Bio-Rad, USA). 

2.3.9. Nucleosome sliding assay 

Nucleosome sliding assays were performed under the same conditions as the 

nucleosome-binding assay, but since the ability of CHD4 to remodel the 

nucleosome was monitored, 1.5 µl of 10 mM ATP solution (ThermoFisher 

Scientific, USA) was added to the reaction. In this case, reactions were pre-

incubated at 30°C for 5 minutes before the addition of ATP and further 

incubation at 30°C for 45 minutes. After this, reactions were stopped by adding 

1 µl of competitor plasmid DNA (this is, a plasmid DNA containing the 601 

nucleosome positiong sequence in order to compete away the recombinant 

CHD4 protein from the nucleosome) at a concentration of 200 ng/µl and 

incubation on ice for 15 minutes. Reactions were analysed on 6% DNA 

Retardation Gels as indicated in 2.3.8. 

2.3.10. ATPase activity assay 

ATPase activity of CHD4 variants was measured using an ADP-Glo™ Kinase 

Assay Kit (Promega, USA) following manufacturer’s protocol. Reactions were 

carried out in 96-well plates, and three technical replicates were performed per 

experiment. Initially, a standard curve for conversion of ATP to ADP was 

generated. To do this, 1ml of 1 mM ATP and 500µl of 1 mM ADP were prepared 

by diluting the supplied Ultra Pure ATP and ADP in 1x kinase reaction buffer 



Genetic studies on congenital hearts disorders Page 93 
 

(40mM Tris pH 7.5, 20mM MgCl2, 0.1mg/ml BSA). Then, the 1 mM ATP and 1 

mM ADP solutions were combined in individual wells of the plate as indicated 

in Table 2.20 to simulate increasing rates of ATP to ADP conversion: 

Table 2.20. Preparation of the ATP+ADP standards 

Well 
number 

A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 

1 mM 
ADP (µl) 

100 80 60 40 20 10 5 4 3 2 1 0 

1 mM 
ATP (µl) 

0 20 40 60 80 90 95 96 97 98 99 100 

 

Then, 25-µl ATPase reactions were set up in individual wells of the plate by 

mixing 600 nM of CHD4 protein, 1 mM of ATP, 300 nM of nucleosome/free DNA 

and 1x kinase buffer, followed by incubation at 37°C for 30 min. After the 

incubation, 25 µl of ADP-Glo reagent was added to remove excess ATP and 

terminate the ATP-to-ADP reaction. Reactions were incubated with ADP-Glo 

reagents for 40 min at room temperature. Finally, 50 µl of Kinase Detection 

Reagents was added to each well and reactions were incubated for 60 min at 

room temperature to convert ADP into ATP and to introduce luciferin and 

luciferase. Luminescence was quantified using a Tecan Infinite 200 PRO plate 

reader (Tecan, Switzerland), and the relative ATPase activity of samples was 

calculated from the ATP-to-ADP conversion standard curve. 

 

2.4. MOUSE WORK  

2.4.1. Mouse lines 

Two different transgenic mouse lines were used in this project: 

Chd4tm1b(EUCOMM)Wtsi and Cdk13tm1b(EUCOMM)Hmgu, which were generated by the 

Wellcome Trust Sanger Institute (UK). Both of these lines carry a LacZ tagged 

null allele (tm1b), which is considered a true knockout as skipping over of the 

LacZ cassette will no longer restore gene expression. In addition to this, the 

knock-in casette expresses LacZ in tissues where the gene of interest is knocked 

out, which can be used to follow the tissue expression of the targeted gene 

following β-galactosidase staining. In the case of the Chd4tm1b transgenic line, 

the missing exons are 11 and 12 (240 bp and 204 bp, respectively), whereas in 

the Cdk13tm1b line the missing exons are 3 and 4 (171 bp and 140 bp, 

respectively). Fig. 2.10A shows the structure of the Chd4tm1a and Cdk13tm1a 

alleles (right before Cre-loxp recombination), whereas Fig. 2.10B shows the 

structure of the tm1b allele and how it is generated. 
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Figure 2.10. Structure of the tm1a and tm1b alleles. (A) Structure of the Chd4tm1a and 

Cdk13tm1a alleles. (B) The tm1b allele is generated from the tm1a allele after Cre recombinase-

mediated excision of the critical exon and the neomycin cassette. 

2.4.2. Mice maintenance and welfare 

The mice studied in this project were raised and maintained by the BioSupport 

Unit (BSU) of The University of Nottingham according to Home Office 

regulations and guidelines, local and national ethical guidelines and best animal 

welfare practices.  The breeding of genetically modified mice and relevant 

experimental procedures were performed in accordance with the guidelines 

and regulations of the Animal Procedures Act, under license number 

P375A76FE (Nottingham), issued 2018-08-22, and granted by The Home Office. 

2.4.3. DNA extraction for genotyping 

Genotyping of pups or embryos was performed by using ear notches (collected 

by the personnel of the Animal Facility) or the embryo carcass. In an eppendorf 

tube, 500 µl of lysis buffer (100mM Tris-HCl pH 8.8, 5mM EDTA pH 8.0, 0.2% 

SDS, 200mM NaCl) and 25 µl of 10 mg/ml proteinase K (MP-Bio, UK) was added 

to the ear notch/embryo carcass, and tubes were incubated in a water bath at 

55°C overnight. The next day, tubes were vortexed briefly and tissue debris was 

spun down at 10000 rpm for 10 min. The supernatant was transferred to a 

clean Eppendorf tube, and an equal volume of isopropanol (500 µl) was added 

to precipitate the DNA. After mixing by inversion, tubes were centrifuged at 

13000 rpm for 10 min and the supernatant was discarded. The genomic DNA 

pellet was washed with 500 µl of 70% EtOH and after discarding it, the pellet 

was left to air dry at room temperature for 30 minutes. Genomic DNA was 
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finally resuspended in 30 µl of nuclease-free water and its concentration was 

measured on a NanoDrop 2000 spectrophotometer (ThermoFisher Scientific, 

USA). 

2.4.4. Genotyping 

After DNA extraction, mouse samples were genotyped by PCR amplification of 

the targeted allele using the Platinum Taq DNA Polymerase High Fidelity 

(ThermoFisher Scientific, USA), following the protocol provided by the 

Wellcome Sanger Institute. PCR reaction setup using Platinum Taq polymerase 

is indicated in section 2.1.1.1., whereas the primer sequences used for each 

line are indicated in Table 2.21. PCR cycling conditions are summarised in Table 

2.22: 

Table 2.21. Primers used for the genotyping of the CHD4 and CDK13 lines 

Line WT reaction Mutant reaction LacZ reaction 

Chd4tm1b F: 
GTCACCACCCAAGTTCCCTG 
R: 
CCCTCTTCTGTCACTGCACATC 

F: 
GTCACCACCCAAGTTCCCTG 
R: 
TCGTGGTATCGTTATGCGCC 

F: 
GGTAAACTGGCTCGGATTAGGG 
R: 
TTGACTGTAGCGGCTGATGTTG 

Cdk13tm1b F: 
GCTCTAAGGGCAACCTTGAA 
R: 
AGCTGGGAAGATGGTGTTGT 

F: 
GCTCTAAGGGCAACCTTGAA 
R: 
TCGTGGTATCGTTATGCGCC 

F: 
GGTAAACTGGCTCGGATTAGGG 
R: 
TTGACTGTAGCGGCTGATGTTG 

 

Table 2.22. PCR cycling conditions for the genotyping of Chd4tm1b and 
Cdk13tm1b lines using Platinum polymerase 

 Chd4tm1b Cdk13tm1b 

Initial denaturation 94°C for 5 min 94°C for 5 min 

 
35 
PCR 
cycles 

Denaturation 
 

94°C for 30 sec 94°C for 30 sec 

Annealing 58°C for 30 sec 58°C for 30 sec 

Extension 72°C for 45 sec 72°C for 45 sec 

Final extension 72°C for 5 min 72°C for 5 min 

Hold 4°C indefinitely 4°C indefinitely 

 

After amplification, PCR reactions were run on a 2% agarose gel for genotype 

analysis, as indicated in 2.1.1.2. 

2.4.5. Embryonic heart dissection 

For embryonic heart dissection, pregnant females were culled by cervical 

dislocation. The mouse was then placed with its belly facing upwards and after 

spraying it with 70% ethanol, the skin was lifted over the belly and a small 

horizontal incision performed using surgical scissors. The incision was then 

enlarged and the string of embryos was pulled out and transferred to a Petri 
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dish containing warm PBS. Embryos were dissected out of the uterus by using 

a pair of surgical forceps, making sure that all membranes were properly 

removed. For E14.5 embryos or older, decapitation was also performed to 

ensure the death of the embryo. The umbilical cord was also removed in order 

to promote exsanguination. When the downstream application required the 

full removal of blood (e.g. HREM), embryos were placed inside a 15 ml tube 

containing warm PBS and washed for 10-15 min with gentle agitation. Embryos 

were then transferred to a container with fresh, warm PBS and heart dissection 

was performed using a pair of surgical forceps. Briefly, the thoracic cavity was 

opened by cutting the costal cartilages at their point of union with the bone, 

starting from the last rib and proceeding until the sternum was reached. With 

the help of forceps, both sides of the thoracic cavity were pinned to expose the 

heart, and this was removed by pinching right underneath it and pulling 

upwards. Any lung tissue still attached to it was then carefully removed, and 

the heart was snap-frozen in liquid nitrogen or placed in a tube with warm PBS 

depending on the downstream application. The carcass was routinely saved for 

genotyping purposes. 

2.4.6. β-Galactosidase staining of whole embryos/organs 

β-Galactosidase staining of whole embryos or individual organs was performed 

on samples from the Chd4tm1b and Cdk13tm1b lines, as they both carry a lacZ 

reporter gene into the knockout construct. Staining was typically performed on 

whole embryos up to embryonic day 12.5-13.5, after which is advisable to 

isolate organs or perform sectioning as the penetration of fixative and staining 

reagents becomes much more difficult. The protocol used in this thesis is based 

on one previously published326. After embryo harvesting, these were placed on 

individual wells of a 24-well plate and washed in PBS three times at RT for 10 

minutes each. Embryos were then fixed in cold LacZ fixative solution (1% PFA, 

0.2% glutaraldehyde, 2 mM MgCl2, 5 mM EGTA pH 8.0 and 0.2% NP-40 in 1X 

PBS) for 5 to 15 min (depending on embryo stage) and subsequently washed in 

LacZ wash solution (2 mM MgCl2, 0.01% sodium deoxycholate and 0.02% NP40 

in 1X PBS) 3 times for 30 minutes each at RT. Staining of the embryos was 

performed by incubating them in LacZ staining solution (5 mM potassium 

ferrocyanide, 5 mM potassium ferricyanide, 2 mM MgCl2, 0.01% sodium 

deoxycholate, 0.02% NP40 and 1 mg/ml X-gal) overnight at 37°C. The next day, 

embryos were washed 3 times in PBS at RT for 20 minutes each and post-fixed 

in 4% PFA (in 1x PBS) overnight at 4°C prior to imaging, which was performed 

using a Zeiss Stereo Lumar V12 microscope with a camera. All washing steps 

were carrying out with 1 ml of the corresponding solution. 
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2.4.7. HREM Sample Preparation 

In preparation for embedding and HREM imaging, samples are initially 

dehydrated and subsequently infiltrated with a JB-4 resin-dye mix. The exact 

procedure, incubation times and conditions depends on the size and tissue 

density of the samples processed. The methods described below serve as a 

general guideline of the whole procedure for embryonic and adult mouse 

hearts: however, some adjustments might be required for the processing of 

other samples. 

2.4.7.1. JB-4 dye mix preparation 

For the preparation of the JB-4 dye mix, JB4 solution A (Sigma-Aldrich, USA), 

benzoyl peroxide (Sigma-Aldrich, USA), eosin B (Sigma-Aldrich, USA) and 

acridine orange (Sigma-Aldrich, USA) were mixed as indicated in Table 2.23: 

Table 2.23. JB-4 dye mix volumes 

Final volume 100 ml 200 ml 300 ml 

Solution A (ml) 100 200 300 

Benzoyl peroxide 
(g) 

1.25 2.50 3.75 

Eosin B (g) 0.275 0.550 0.825 

Acridine Orange (g) 0.056 0.113 0.169 

 

Solution A was measured and placed on a stirrer. While mixing vigorously, 

benzoyl peroxide was slowly added to avoid the formation of lumps. Eosin B 

and acridine orange dyes were then added slowly, and the solution was left to 

stir overnight at room temperature. The next day, the mix was filtered through 

a 0.22 µm PES membrane (Sigma-Aldrich, USA) to remove any dust and 

undissolved dye. After this, the JB-4 dye mix was stored at 4°C for 3 weeks. 

2.4.7.2. Preparing mouse embryos hearts for HREM 

For imaging purposes, the amount of blood inside mouse embryos hearts which 

will undergo HREM analysis has to be reduced to a minimum. In order to 

achieve this, hearts removed from the body cavity were kept immersed in PBS 

at 37°C (with occasional flipping over to avoid pooling of blood on one side of 

the embryo) until the heart stops beating. Hearts were then fixed in freshly 

diluted 4% PFA for 30 min at RT, and subsequently washed extensively in tap 

water to remove PFA. Hearts were then placed on 15 ml tubes filled with water 

and incubated on roller bars for 1 hour, or until all blood was lysed (indicated 

by the white coloration of the heart). Typically, the water was changed 3 o 4 

times during the 1-hour incubation. Finally, hearts samples were transferred 

back to 4% PFA for overnight fixation. 
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2.4.7.3. Dehydration of samples 

Heart samples fixed in 4% PFA were first dehydrated before embedding in the 

JB-4 dye mix. To achieve this, hearts were washed 4 times for 30 minutes 

(embryonic hearts) or 2 hours (adult hearts) in PBS, followed by 45 minutes 

(embryo) or 1 hour (adult) washes in a series of MeOH/PBS solutions (10%, 

20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95% and 100% MeOH). After the 

MeOH washes, hearts were incubated overnight at 4°C in a 50% MeOH/50% JB-

4 dye mix solution. The next day, they were transferred into 100% JB4 dye mix 

and incubated overnight (embryonic heart) or during 3-4 days (adult heart) at 

4°C to allow for dye infiltration. 

2.4.7.4. JB-4 embedding 

Following infiltration with JB4 dye mix, samples were embedded prior to 

sectioning and imaging. At room temperature, 0.6 ml of Solution B (Sigma-

Aldrich, USA), which catalyzes the polymerization of the JB-4 dye mix, was 

added to 10 ml of cold JB-4 dye mix and mixed vigorously. One well of the 

mould (Electron Microscopy Sciences, USA) was filled with the polymerising 

mix, and the heart sample was placed into the well immediately afterwards, 

letting it sink into the JB-4 polymerising mix. Usually we fitted 3 embryonic 

hearts or one adult heart in one well. Using glass capillaries, hearts were 

repositioned so the heart apex points up and the remnants of the great vessels 

and tissue sits on the bottom of the well. This had to be done in a 5-10 minutes 

time window, as after this the viscosity of the JB-4 mix greatly increases. Once 

the hearts were correctly positioned and were held in place, a plastic chuck 

(Indigo Scientific, UK) was placed on top of the well, ensuring that enough 

mixture is present to fill up the central hole in the chuck. A drop of mineral oil 

was also applied to the central hole in the chuck after the JB-4 mixture had 

been left to set for an hour or two. Samples were then left overnight at RT to 

allow for the complete polymerisation of the JB-4 mix and formation of the 

block. 

2.4.7.5. Preparing JB-4 blocks for imaging 

The next day, the mould was inverted onto paper towels to remove any 

unpolymerised JB-4 mix. Blocks were then removed from the mould by gripping 

the plastic chuck with an adjustable wrench and pulling each block vertically, 

and the excess resin around the outside of the chuck was removed with a blunt 

knife.  Finally, blocks were baked at 95°C overnight and then cooled down in a 

fridge for several hours/days to ensure that they were completely hard before 

sectioning. 
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Figure 2.11. Image showing a properly embedded embryonic heart sample prior to imaging.  

Samples are embedded in 8-well moulds and removed using an adjustable wrench. The block 

shown in 4 contains two embryonic hearts. 

2.4.8. High-resolution episcopic microscopy 

Sectioning and imaging of the blocks were performed in Prof. Tim Mohun’s 

laboratory (The Francis Crick Institute, London) using a HREM apparatus (Indigo 

Scientific, UK), which is comprised of a sectioning device (typically a 

microtome), a fluorescence optics system, a device for focusing and adjusting 

the field of view and a digital camera, which is connected to a PC running data 

generation software (Optical-HREM) which controls sectioning, image 

capturing and image storage. Briefly, the JB-4 resin blocks were mounted in the 

HREM apparatus and sectioned (3 µM/section). After every section, a digital 

image of the surface of the block was captured by the digital camera. This 

sectioning procedure was performed in a room at 20° Celsius, and on average 

it took around 8 hours per block to be completed. Data processing, visualization 

and 3D reconstructions were performed by Dr. Siobhan Loughna, Dr. Anna 

Wilsdon and Qazi Waheed (The University of Nottingham). 

 

. 

2.5. STATISTICAL ANALYSIS  
To determine the statistical significance of the results obtained in this thesis, 

two different statistical analysis were carried out using Microsoft Excel or 
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GraphPad: two-tailed, unpaired T-test for analysis of two independent 

conditions with equal variance (in order to assess the statistical significance of 

the difference between two sample means) ; or chi-squared test (to assess 

whether there is a statistically significant difference between the expected 

frequencies and the observed frequencies). A p-value of <0.05 was considered 

to be significant. Results are expressed as mean ± standard deviation (SD). All 

results presented are calculated from at least three independent experiments 

unless stated otherwise. 
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3. ACETYLATION OF TBX5 AND ITS ROLE DURING 
CARDIAC AND FIN DEVELOPMENT 

3.1. Introduction 

3.1.1. Acetylation as a post-translational modification 

Forming a fully-functional heart that pumps blood for approximately 80 years 

is a really difficult and challenging task. Thus, heart development is a precisely 

regulated process where multiple specific gene programmes must be tightly 

modulated in response to physiological or pathological signalling327,328. This 

translates into the need for multiple levels of transcriptional control, which 

occur through the modification of chromatin structure that in turn regulates 

the accessibility of DNA to transcriptional regulatory factors329. The main factor 

influencing chromatin structure and the control of gene expression is the 

extent to which lysine residues within the N-terminal tails of the histone core 

are acetylated and deacetylated330.  Histones are a family of basic proteins 

found in the cell nucleus that associate with and package DNA to help condense 

it into chromatin331. Their tails are subjected to reversible post-translational 

modifications (PTM), which modulate their structure and thus, chromatin 

structure and gene transcription332.  

One of the most widespread post-translational modifications of histones is 

acetylation/deacetylation, which refers to the process of introducing or 

removing an acetyl group of the N-terminal end of the protein330. Acetylation 

within the histone tails leads to the neutralization of their natural positive 

charge, thereby relaxing chromatin structure and increasing the accessibility of 

transcriptional factors and regulators that will activate gene expression in most 

cases. Conversely, deacetylation of histone tails favours a condensed 

chromatin state, thereby promoting transcriptional repression333,334.  

3.1.2. HDACs and HATs in cardiac development 

Histone acetylation is a highly dynamic process regulated by two families of 

antagonistic enzymes, histone acetyltransferases (HATs) and histone 

deacetylases (HDACs), which catalyse the acetylation/deacetylation of histone 

tails and function as transcriptional activators and repressors respectively330. 

The balance of the acetylated/deacetylated status of histones is a crucial 

mechanism to maintain correct gene expression during developmental 

processes, such as muscle differentiation and cardiac hypertrophy335,336. 

3.1.2.1. Histone deacetylases (HDACs) 

HDACs are a large protein family comprised of 11 different proteins in 

mammals, and all of them share a highly conserved deacetylase domain337. 
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HDACs are classified into four subfamilies (Class I, IIa, IIb and IV) based on their 

structure, enzymatic function, subcellular localization and expression pattern. 

Classes I and IIa are the subfamilies that have been most extensively studied 

and characterized. The class I HDAC family is comprised of HDAC1, 2, 3 and 8. 

They are expressed ubiquitously and localized predominantly inside the cell 

nucleus337,338. HDAC1 and 2 are usually found together in repressive complexes 

such as NuRD (nucleosome remodelling deacetylase) or Swi-independent 3339, 

whilst HDAC3 generally associates with N-CoR and SMRT to also form a potent 

repressive complex340. No complex has been described for HDAC8. 

Class II HDACs are subdivided into class IIa (HDAC4, 5, 7 and 9) and class IIb 

(HDAC6 and 10). Class IIa HDACs have large N-terminal domains with highly 

conserved binding sites for the transcription factor MEF2 (myocyte enhancer 

factor 2) and the chaperone protein 14-3-3337,338. Furthermore, their activity 

and binding capacity is regulated through phosphorylation by kinases such as 

calcium/calmodulin-dependent protein kinase (CAMK)341 and protein kinase D 

(PKD)331. The regulated phosphorylation of this family of HDACs provides a 

mechanism for linking extracellular signals with transcriptional regulation, 

having a crucial role in several tissues during development and disease. 

Regarding expression patterns, unlike class I HDACs, class IIa HDACs are only 

expressed in certain tissues. Hdac5 and Hdac9 are highly enriched in muscles, 

heart and brain343,344; Hdac4 is mainly expressed in brain, heart and growth 

plates of the skeleton345; and Hdac7 is enriched in endothelial cells and 

thymocytes346. 

Biochemical studies, as well as the generation of loss-of-function models, have 

given insight into the role of HDACs during cardiac development. Myocardial 

deletion of Hdac1 or Hdac2 in mice results in no apparent cardiac defects347. 

However, deletion of both genes together in the myocardium leads to severe 

cardiac phenotype, suggesting a high level of redundancy of these HDACs 

during development347. More specifically, conditional deletion of Hdac1 and 

Hdac2 in the heart results in neonatal lethality accompanied by cardiac 

arrhythmias, dilated cardiomyopathy and altered gene expression of cardiac 

genes347. Regarding other class I HDACs, it was also found that deletion of 

Hdac3 in cardiomyocytes results in lethality around 3-4 months after birth. 

These mice show cardiac hypertrophy, fibrosis, abnormal fatty acid metabolism 

and lipid accumulation in heart muscle348. Mouse embryos lacking Hdac3 in 

cardiac progenitor cells exhibit precocious cardiomyocyte differentiation, 

severe cardiac developmental defects, upregulation of Tbx5 target genes and 

embryonic lethality349. In contrast, overexpression of Hdac3 in the heart leads 

to increased thickness of the myocardium due to hyperplasia350. 
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Class II HDACs seem to have a role in the control of cardiovascular growth and 

function. Single Hdac5- or Hdac9-null mice present no apparent cardiac 

phenotype; however, when these mice are exposed to cardiac stress, they 

developed increased cardiac hypertrophy344. When both Hdac5 and Hdac9 are 

depleted together, these compound mutant mice die at E15.5 and they present 

frequent VSD and thin-walled myocardium, which usually arise from defects in 

growth and maturation of cardiomyocytes344. Given the fact that class II HDACs 

interact with MEF2, and that this factor plays a central role in cardiomyocyte 

differentiation, the cardiac defects found in these mice could be due to an 

overexpression and super activation of Mef2. Loss-of-function models for the 

remaining class II HDACs have proved that only Hdac7 is involved in 

cardiovascular development, as knockout mice for this deacetylase show 

embryonic lethality as well as loss of endothelial-cell interaction, rupture of 

blood vessels and haemorrhaging346. 

3.1.2.2. Histone acetyltransferases (HATs) 

The proteins that act in an antagonistic way to HDACs are the histone 

acetyltransferases (HAT), which add acetyl groups to histone tails and thus 

activate gene expression. HATs are divided into five different families based on 

structural and functional similarity of their catalytic domains: the GCN5 N-

acetyltransferases (GNATs), the MYST-related HATs, the KAT3 

acetyltransferases; the general transcription factor HATs; and the nuclear 

hormone-related HATs SRC1 and ACTR351. The two most predominant families 

are GNAT and MYST; however, certain proteins of the KAT3 family (such as 

p300) also play important roles during developmental processes. 

GNAT family 

The GNAT family consists of acetyltransferases that are similar in structure and 

sequence to GCN5. Proteins that belong to this family share several function 

domains, including an acetyltransferase domain, a C-terminal bromodomain 

that interacts with lysine residues, and an N-terminal domain of variable 

length351. This family includes several proteins such as GCN5 (or KAT2A), PCAF 

(or KAT2B), HAT1, ELP3 and NUT1 among others351. 

The two most well-characterized members of this family, and two of the major 

mammalian acetylases, are GCN5 and PCAF (from now on, they will be referred 

to as KAT2A and KAT2B respectively). Both KAT2A and KAT2B present the 

typical secondary structure of the members of the GNAT family, including a N-

acetyltransferase domain and a bromodomain (Fig. 3.1). They both share a high 

degree of homology, presenting 73% amino acid sequence identity and 

conserved domains352. Many publications have reported the physiological roles 
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of these two acetyltransferases, showing that they are involved in many 

different biological processes such as cancer353, genome stability354, embryonic 

development355 and brown tissue adipogenesis356 among others. During 

development, these two acetyltransferases are also part of different signalling 

pathways such as Notch and retinoic acid pathways357,358. In the adult mouse, 

Kat2a and Kat2b are expressed ubiquitously (including heart, lung, liver and 

brain among others) but in complementary amounts355,359. During 

development, Kat2a is expressed as early as E7.5, and it can be detected all the 

way up to E16.5. In contrast, Kat2b expression is relatively low during 

development, but it is highly expressed after birth and in adult tissues. In terms 

of spatial expression pattern, the information available is quite limited, as only 

certain time points during development have been checked: Kat2a is expressed 

uniformly throughout the embryo from E7.5 to E12.5, whereas Kat2b is first 

detected at E12.5 in a widespread manner as well, including cardiac, liver and 

skeletal muscle tissues355,359. 

 

Figure 3.1. Secondary structures of the KAT2A and KAT2B proteins. Both KAT2 proteins are 

comprised of two domains: a N-acetyltransferase domain (blue) and a bromodomain (yellow). 

The position (amino acids number) of each domain in both proteins are also displayed. Aa = 

amino acids 

Regarding mouse models, two studies in the early 2000s demonstrated that 

Kat2a knockout mice die during embryogenesis around E10.5 due to a failure 

in the formation of dorsal mesoderm lineages355, whereas Kat2b knockout mice 

are completely normal and survive until adulthood without apparent 

defects359. When both Kat2a and Kat2b are ablated together, embryos die 

around E7.5 instead, and the developmental defects found in embryos are 

much more aggravated355, thus suggesting the functional redundancy and 

overlapping functions of these two acetyltransferases during development. A 

different Kat2a knockout model carrying two point mutations in the HAT 

domain of the protein leads to embryonic lethality at E16.5 and cranial neural 

tube defects, suggesting that the HAT activity is crucial during development360.  

MYST family 
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The MYST family of HATs is named after four of its members: MOZ (or KAT6A), 

YBF2 (or SAS3), SAS2 and TIP60361. These HATs are characterized by the 

presence of a highly conserved MYST domain composed of an acetyl-CoA 

binding motif and a zinc finger, whereas some of the family members also have 

additional domains such as chromodomains or PHD-type zinc fingers361. This 

family of proteins is involved in many different biological processes such as 

DNA repair, cell-cycle control, stem cell homeostasis and development362,363, 

and it has also been associated with human diseases including cancer364. 

Regarding cardiac development, there are a few studies linking some MYST 

acetyltransferases to this process. For example, Tip60 is highly expressed in the 

embryonic myocardium between E8.5 and E11.5, and it has been 

demonstrated that it interacts with cardiac transcription factors such as Tbx5 

and Srf to activate target genes365. In addition to this, it has also been shown 

that the chronic ablation of Tip60 from the ventricular myocardium beginning 

at the early stages of neonatal heart development leads to cardiomyocyte 

death after 8 weeks366. Another member of this family involved in cardiac 

development is MOZ. Voss et al. reported that Moz is crucial for the activation 

of the cardiac transcription factors Tbx1 and Tbx5367, and more importantly, 

Moz homozygous mutant mice partially phenocopy DiGeorge syndrome, 

characterized by the presence of CHDs, craniofacial defects and absent of 

thymus367. In-depth analysis of these mice revealed that mesodermal 

expression of Moz is necessary for cardiac septum development368. 

P300 and CBP 

Among all the remaining HATs reported to date, P300 and its closely related 

family member CBP (KAT3 family of HATs) are also tightly linked to cardiac 

development. Expression studies on these genes demonstrated that both are 

expressed in the heart throughout development, with p300 being expressed at 

early stages and CBP at later ones369. Homozygous deletion of the p300 gene in 

mouse leads to embryonic lethality between E9.5-E11.5 and defects in cardiac 

muscle differentiation and trabeculation among others370, whereas complete 

ablation of Cbp also results in embryonic lethality and developmental defects 

similar to those of the p300 knockout370. In a different study, it was shown that 

transgenic expression of p300 in the adult heart results in cardiac hypertrophy 

and heart failure371. It has been also shown that P300 is able to regulate the 

transcriptional activity of multiple cardiac transcription factors such as TBX5349, 

GATA4372 and MEF2C373 via acetylation. 
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3.1.2.3. Acetylation of non-histone proteins 

 

Although HATs and HDACs are primarily known for their histone-acetylation 

and deacetylation capacity, they are also capable of regulating non-histone 

protein activity. This has caused HATs to be reclassified as lysine 

acetyltransferases (KATs). Thanks to in vitro studies, several non-histone 

substrates have been identified as targets for KATs, including transcriptional 

activators such as E2F1, p53, EKLF and HNF-4; or structural proteins such as 

tubulin, polyamines or members of the importin-α family374. Furthermore, 

KATs also acetylate cardiac transcription factors such as GATA4 and MEF2C, 

thereby regulating myocardial cell hypertrophy and cardiomyocytes 

differentiation375,376, and it has also been shown that acetylation of GATA4 

triggers the differentiation of embryonic stem cells into cardiomyocytes377. 

Recent studies also suggest that p300 and Hdac3 regulate early cardiogenesis 

by governing Tbx5 activity349, and a possible interaction between Kat2b, p300 

and Tbx5 have also been proposed349. 

3.1.3. Hypothesis and aims of this project 

One of the main cardiac factors governing cardiac development is TBX5, 

mutations in which cause Holt-Oram Syndrome in humans77. However, how 

TBX5 activity is regulated during cardiogenesis remains largely unknown. Thus, 

the main goal of this project is to identify TBX5 upstream and downstream 

genes, and proteins with which it interacts to elucidate its precise role in 

cardiac development.  

The initial experiments for this project were initially undertaken by Dr. Tushar 

Ghosh (post-doc in Prof. David Brook’s lab), who generated promising 

preliminary data suggesting that acetyltransferases KAT2A and KAT2B 

physically interact with and acetylate TBX5 in vitro (unpublished data at the 

time). These preliminary results served as the starting point for this project. 

Taking them into account, as well as the growing evidence suggesting that 

acetylation/deacetylation of cardiac transcription factors participate in the 

regulation of cardiogenesis, we hypothesize that KAT2A and KAT2B acetylases 

regulate heart development through their interaction with TBX5. In order to 

unravel this potential relationship, we established the following aims: 

1. To further confirm the physical interaction and acetylation of TBX5 

by KAT2A/KAT2B acetylases 

2. To study the effect of acetylation on TBX5 transcriptional activity 

3. To map the acetylation residue in the TBX5 protein, and based on 

this, to try to decipher the TBX5 regulation model via acetylation  
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4. To knockdown/knockout kat2a and/or kat2b using morpholinos and 

the CRISPR/Cas9 system in an in vivo context (zebrafish)  

5. To study and characterize the cardiac and limb phenotype of 

kat2a/kat2b KD/KO zebrafish embryos 

 

3.2. Preliminary results & data 
Preliminary experiments in this project were performed by Dr. Tushar Ghosh 

(David Brook’s lab), who performed an initial screening of the potential 

interaction between TBX5 and different mammalian acetylases. These 

experiments showed promising data regarding the potential acetylation of 

TBX5 by KAT2A, KAT2B and P300, and this is why these three acetylases were 

chosen for further experiments in this project. The experiments showed in 

sections 3.2.1., 3.2.2. and 3.2.3. were originally designed and carried out mainly 

by Dr. Tushar Ghosh and Sarah Buxton and were already on-going when I  

joined the lab. However, they will be shown in this section (permission was 

granted by Dr. Tushar Ghosh and Sarah Buxton) as they constitute the basis of 

the experiments that I carried out built upon, they serve to tell a more 

complete and coherent story, and as part of my initial training period, I was 

involved in reagents preparation, results interpretation, technical support and 

in carrying out some of the replicates in some cases (my specific contribution 

is indicated for each one of the experiments). The experiments showed in 

section 3.3 (“Results”) were planned, designed and carried out by myself. 

3.2.1. KAT2A and KAT2B interact with and acetylate TBX5 

In view of the promising results obtained in the preliminary experiments, as 

well as the growing evidence supporting an important role for 

acetylation/deacetylation of cardiac transcription factors in transcriptional 

regulation372,376,378, our first goal was to confirm whether histone 

acetyltransferases KAT2A, KAT2B and P300 are able interact physically with 

TBX5 and acetylate it. To do this, Dr. Tushar Ghosh carried out pulldown 

experiments (three independent experiments were carried out in total) in COS7 

cells using plasmids encoding the acetylases KAT2B (KAT2B-HA), KAT2A 

(KAT2A-HA), P300 (P300-FLAG) and TBX5 (TBX5-FLAG). Following pulldown and 

western blot analysis using an anti-acetyl lysine antibody, it was shown that 

TBX5 was specifically acetylated by KAT2B (Fig. 3.2A) and KAT2A (Fig. 3.2C), but 

not by P300 (Fig. 3.2A). Treatment of the cells with Trichostatin A (TSA) also 

potentiated the acetylation of TBX5 by KAT2B (Fig. 3.2A). By performing 

another set of pulldown experiments in COS7 cells (three independent 

experiments), it was also shown that both KAT2B and KAT2A are able to 

physically interact with TBX5, as demonstrated by the fact that when 
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transfected together, TBX5 is able to pulldown both acetylases from the lysate 

(Fig. 3.2B and 3.2D). 

 

Figure 3.2. TBX5 associates with, and is acetylated by KAT2B and KAT2A. (A-D) Western blots 

of pull down assays show that (A) KAT2B acetylates TBX5 (lane 4 and 6), whereas p300 does 

not (lanes 3 and 5). TSA enhances the acetylation level of TBX5 (lane 6). (B) TBX5 and KAT2B 

physically associate. (C) TBX5 is acetylated by KAT2A. (D) Physical association of TBX5 and 

KAT2A. IP- immunoprecipitation, TSA-Tricostatin A. Three independent experiments were 

performed. Experiments were designed and carried out by Dr. Tushar Ghosh, and I was 

involved in reagents preparation, technical support, and data interpretation. Figure images and 

legend were generated by Dr. Tushar Ghosh and shown here with his permission 

3.2.2. TBX5 acetylation potentiates its transcriptional 

activity 

After confirming that KAT2B and KAT2A are able to interact with and acetylate 

TBX5, we next wondered whether TBX5 acetylation has an impact on its 

transcriptional activity. In order to achieve this, luciferase-reporter assays were 

performed on C2C12 cells by transfecting plasmids encoding KAT2B and TBX5 

as well as the reporter plasmid pGL3-MYH6-I, which harbours the luciferase 

cDNA under the control of the MYH6 promoter, which is a well-characterized 

target of TBX573,379. Three independent experiments were performed (two of 

them performed by Dr. Tushar Ghosh and one by myself). Following luciferase 

activity measurement and pooled data analysis, it was demonstrated that in 

the presence of either KAT2B or KAT2A, TBX5 transcriptional activity on the 

MYH6 promoter was significantly increased in comparison to the TBX5-only 

condition (10.3-fold activation in the presence of KAT2B and 10.8-fold 
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activation in the presence of KAT2A vs 6.2-fold activation in the TBX5-only 

condition; p<0.05 in both cases) (Fig 3.3). This potentiation of TBX5 activity was 

indeed due to acetylation, as transfection of KAT2B-only or KAT2A-only did not 

significantly enhanced the activation of the MYH6-promoter in comparison to 

basal conditions (1.4-fold activation in the KAT2B-only condition and 1.5-fold 

activation in the KAT2A-only condition vs 1-fold activation in basal conditions; 

p>0.05 in both cases) (Fig. 3.3). 

 

Figure 3.3. KAT2A and KAT2B potentiate TBX5 transcriptional activity. Reporter assays show 

that in the presence of KAT2B or KAT2A, TBX5-mediated transcription on a MYH6 promoter is 

significantly enhanced. No significant enhancement of the MYH6 promoter activation is found 

in the presence of KAT2B or KAT2A only. Results are from three independent experiments, two 

of them performed by Dr. Tushar Ghosh and one by myself. Mean ± SD is represented, *P <0.05 

(Student’s t test).  

3.2.3. Mapping the acetylation residue in TBX5 

Following confirmation that TBX5 is acetylated by KAT2B and KAT2A, and that 

acetylation potentiates TBX5 transcriptional activity on the MYH6 promoter, 

we next wanted to map the acetylation residue in the TBX5 protein. In order to 

achieve this, the TBX5 protein sequence was analysed on three different web-

based acetylation prediction sites: PREDMOD 

(http://ds9.rockefeller.edu/basu/predmod.html), PAIL (using a medium 

stringency performance mode) (http://bdmpail.biocuckoo.org/) and PHOSIDA 

(http://141.61.102.18/phosida/index.aspx). As shown in Fig 3.3A-C, each web-

based tool picked up different potential acetylation residues in the TBX5 

http://141.61.102.18/phosida/index.aspx
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protein sequence; however, lysine 234 was the only one picked up by all three 

sites, thus suggesting that this is the acetylation residue in the TBX5 protein. In 

order to confirm this, Dr. Tushar Ghosh carried out a conservative substitution 

of lysine 234 to arginine, and subsequently checked via western blot whether 

this mutant variant could still be acetylated by KAT2B. As shown in Fig. 3.4D, 

the mutant variant K234R was acetylated by KAT2B, thus indicating that lysine 

234 is not the acetylation residue in the TBX5 protein. 

 

Figure 3.4. Prediction of the acetyl lysine residue in TBX5. Web-based tools PredMod (A), 

PHOSIDA (B) and PAIL (C) were used in order to predict potential TBX5 acetylation residues. As 

shown in the figures, lysine 234 was picked up by all three sites. (D) Western blot analysis 

showing acetylation of both TBX5 and mutant TBX5 K234R, suggesting that Lys234 is not the 

target for acetylation. The western blot showed in D was performed by Tushar Ghosh (shown 

here with his permission). 

In view of these results, a different approach was followed: by searching in the 

literature for proteins that are acetylated by KAT2A and KAT2B, short amino 

acid sequences including six amino acids either side of the key acetylated 

residue were extracted, thus leading to 13 amino acid sequences. In total, 25 

acetylation sequences were extracted by Dr. Tushar Ghosh and Sarah Buxton 

(Fig. 3.5A), and they were aligned in order to perform a frequency plot analysis 

that would allow us to generate a KAT2A-KAT2B acetylation consensus motif. 

Frequency plot analysis using the web-tool WebLogo 

(https://weblogo.berkeley.edu/logo.cgi) suggested an enrichment of a lysine 

(K) residue at position -3, a lysine (K) o arginine (R) at position +1, and a proline 

(P), leucine (L) of lysine (K) at position +3. Overall, this frequency plot analysis 

https://weblogo.berkeley.edu/logo.cgi
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suggested a KAT2B-KAT2A consensus motif K-X-X-K-K/R-P/L/K (where X 

indicates any amino acid) (Fig.3.5B). In order to confirm that this motif is indeed 

specific to KAT2B-KAT2A acetylation, Dr. Tushar Ghosh and Sarah Buxton 

randomly picked up short sequences of similar length around lysine residues 

from 25 non-acetylated proteins in the UniProt database. Following similar 

frequency plot analysis using WebLogo, no enrichment of specific aminoacids 

was found around the key lysine residue (Fig. 3.5C). On close scrutiny, it was 

found that 5 out of the 25 proteins (20%) included in the frequency plot analysis 

presented the full-length motif around the key lysine residue (Fig. 3.5D). 

However, it was revealed that around this lysine, many of them harboured one 

of two partial motifs in which the full-length one can be divided into: K-X-X-K 

(6/25 proteins, 24%) and K-K/R-P/L/K (5/25 proteins, 20%). In total, 16/25 

acetylated proteins contained either the full-length motif or one of the partial 

motifs around the key lysine residue for acetylation (Fig. 3.5D). In order to 

check how frequently these two partial motifs appear in the genome by chance, 

the number of control, non-acetylated protein sequences that included any of 

them was also analysed (in this case, they were analysed taking into account 

the whole protein sequence as there is no key lysine residue of reference). As 

indicated in Fig. 3.5D, the full-length motif was not found in any of the proteins 

analysed (0/25, 0%).The partial motif K-X-X-K was contained in just 1 out of the 

25 sequences analysed (4%), whereas the partial motif K-K/R-P/L/K was found 

in  2/25 sequences analysed (8%). Even though this analysis is quite preliminary 

and limited (a greater number of sequences should be analysed), it suggests 

that the two partial motifs derived from the full-length one might be enriched 

in KAT2B-KAT2A acetylated proteins and do not appear in other non-acetylated 

with the same frequency. Interestingly, these two partial motifs also overlap 

with the already described recognition sequences obtained for the 

acetyltransferases P300 and Tetrahymena GCN5380,381. 
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Figure 3.5. Finding the KAT2A/KAT2B acetylation motif. (A) Peptide sequences used from 

acetylated proteins to derive the motif. (B) Frequency plot analysis using WebLogo showing 

the frequencies of amino acids at positions -6 to +6 with reference to the acetylated lysine 

residue. Arrows show the positions of enrichment. (C) Sequence logo plot for non-acetylated 

proteins indicating no enrichment of specific amino acids around the key lysine residue. The 

stretches of peptides were randomly selected from non-acetylated proteins (Uniprot 

database). (D) Number of both acetylated and non-acetylated (control) sequences that contain 

either the full-length motif or any of the two partial motifs. The 25 acetylated and non-

acetylated protein picked up were chosen by Dr. Tushar Ghosh and Sarah Buxton. The analysis 

showed in D was carried out by myself. 

Analyzing the TBX5 protein sequence, we were not able to find the KAT2B-

KAT2B consensus acetylation motif; however, we did find two of the partial 

motifs: K-R-K at positions 325-327, and K-K-P at positions 339-341 (Fig. 3.6A). 

As revealed by protein alignment of TBX5 orthologs in different species 

(human, chimpanzee, mouse, dog, chicken, xenopus and zebrafish), the 

aminoacids constituting those motifs are extremely well-conserved across 

species, thus supporting their relevance in TBX5 structure and/or function (Fig. 

3.6A). Next, in order to identify whether any of these residues are acetylated 

by KAT2B or KAT2A, conservative substitutions of lysines 325, 327, 339 and 341 

to arginine were performed and subsequently analysed, via transfection in 

COS7 cells and western blotting, to check whether they are susceptible to 

acetylation. Mutant variants generation and acetylation experiments were 

designed and carried out by Tushar Ghosh, whereas I was involved in reagents 
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preparation, technical support and data interpretation. As shown in Fig. 3.6B 

and 3.6C, conservative substitution of lysines 325 (K325R-FLAG), 327 (K327R-

FLAG) and 340 (K340R-FLAG) did not abolish TBX5 acetylation by KAT2B; 

however, conservative substitution of lysine 339 to arginine did abolish TBX5 

acetylation by both KAT2B (Fig. 3.6C) and KAT2A (Fig. 3.6E), thus indicating that 

lysine 339 is the key residue for acetylation in the TBX5 protein. In order to 

determine whether the transcriptional activity of the acetyl-deficient variant 

TBX5 K339R can be potentiated via acetylation, luciferase-reporter assays were 

carried out using the pGL3-MYH6-I reporter plasmid. Three independent 

experiments were performed (two of them performed by Dr. Tushar Ghosh and 

one by myself), and for each one of them, three technical replicates (three wells 

of the plate were transfected with the same combinations of plasmids) were 

carried out. As shown in Fig. 3.6D, transfection of KAT2B alongside the acetyl-

deficient variant TBX5-K339R did not potentiate its transcriptional activity on 

the MYH6 promoter (4.8-fold activation in the TBX5-K339R-only condition vs 

4.8-fold activation in the TBX5-K339R + KAT2B condition; p>0.05), thus 

suggesting that K339R is required for the potentiation of TBX5 transcriptional 

activity via acetylation. As expected, and in similar fashion to the results shown 

in Fig. 3.3, KAT2B was able to significantly increase the transcriptional activity 

of WT TBX5 on the MYH6 promoter (10.1-fold activation in the presence of 

KAT2B vs 7.2-fold activation in its absence; p<0.05). Interestingly, we also noted 

that even though the mutant variant K339R cannot be acetylated by KAT2B, it 

still retains transcriptional activity on the MYH6 promoter, albeit significantly 

reduced to that of TBX5 WT (4.8-fold activation by TBX5 K339R vs 7.2-fold 

activation by TBX5 WT; p<0.05) (Fig. 3.6D). 

Overall, these experiments suggest that TBX5 is acetylated at lysine 339, and 

that this residue is critical to potentiate its transcriptional activity. 
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Figure 3.6. Acetylation of TBX5 takes place at lysine 339.(A) Alignment of TBX5 protein 

sequences showing conservation of the KRK and KKP motifs. Hs-Human, Pt-chimpanzee, Mm-

mouse, Cl-Dog, Gg-chicken, Xl-Xenopus and Dr-zebrafish. (B and C) Pull-down assays to map 

the key lysine residue for acetylation in KRK (B) and KKP (C) motifs. Only when the lysine K339 

is mutated, TBX5 acetylation is eliminated. (D) Reporter assay shows KAT2B failed to potentiate 

the transcriptional activity of the acetyl-deficient mutant protein TBX5 K339R on a MYH6 

promoter. Results are from three independent experiments, two of them performed by Dr. 

Tushar Ghosh and one by myself. Mean ± SD is represented, *P <0.05, NS = not significant 

(Student’s t test).  (E) Pull-down assay showing that KAT2A does not acetylate TBX5K339R. For 

B, C and E, three independent experiments were performed. Experiments were designed and 

carried out by Dr. Tushar Ghosh, and I was involved in reagents preparation, technical support 

and data interpretation. Figure images and legend were generated by Dr. Tushar Ghosh and 

shown here with his permission. 
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3.3. Results 

3.3.1. Acetylation of TBX5 and nucleocytoplasmic shuttling 

TBX5 is a transcription factor that can shuttle between the nucleus and the 

cytoplasm382,383, presenting two nuclear localization signal domains (NLS1, 

position 78-90; and NLS2, position 325-340) that act in a cooperative way in 

order to regulate TBX5 nuclear translocation120. In addition to these two NLSs, 

a nuclear export sequence (NES) can also be found in the TBX5 protein 

sequence (positions 152-160), which is recognized by the CRM1 exportin and 

mediates TBX5 translocation outside of the nucleus121 (Fig. 1.5). As shown in 

the previous experiments, TBX5 acetylation by KAT2B and KAT2A takes place 

at lysine 339, which is one of the residues contained in TBX5 NLS2. Taking this 

into account, I wanted to gain insight on whether TBX5 acetylation has an 

impact on its cellular distribution. To achieve this, I carried out 

immunofluorescence experiments on both COS7 and C2C12 cells using 

expression plasmids for TBX5 WT (pcDNA-TBX5-WT-FLAG) and the acetyl-

deficient mutant TBX5 K339R (pcDNA-TBX5-K339R-FLAG). For each one of the 

cell lines, three independent experiments were performed. One hundred cells 

were counted per well/coverslip, so a total of 300 cells (100 cells x 3 

independent experiments) were counted in total per condition (WT or K339R) 

and per cell line (COS7 and C2C12 cells). In COS7 cells transfected with TBX5-

WT, TBX5 showed a nuclear localization in 95% of the cells analysed (n=97/100, 

93/100 and 95/100 for each independent experiment) (Fig. 3.7A and C). In 

contrast, in COS7 cells transfected with the acetyl deficient mutant TBX5-

K339R, just 24% of the cells (n=25/100, 20/100 and 27/100) presented a 

nuclear TBX5 localization, whereas 76% of the cells counted (n=75/100, 80/100 

and 73/100)  presented a cytoplasmic distribution of some sort (either nuclear 

and cytoplasmic or predominantly cytoplasmic) (Fig. 3.7A and C). In most cells 

showing a cytoplasmic distribution of TBX5-K339R, accumulation of TBX5-

K339R around the outer nuclear membrane was also seen (Fig. 3.7A). The 

results obtained in C2C12 cells were in concordance with those obtained in 

COS7 cells: when transfected with TBX5-WT-FLAG, 94% of the cells analysed 

(n=94/100, 93/100 and 96/100) displayed a nuclear distribution of TBX5, 

whereas just in 6% of the cells TBX5-WT was also found in the cytoplasm 

(n=6/100, 7/100 and 4/100) (Fig. 3.7A and C). When the acetyl-deficient mutant 

was transfected, only in 17% of the cells analysed (n=12/100, 21/100 and 

19/100) TBX5 was found exclusively in the nucleus, 37% displayed a nuclear 

and cytoplasmic TBX5 distribution (n=38/100, 33/100 and 41/100) and 46% 

presented a predominantly cytoplasmic distribution of TBX5 (n=52/100, 

46/100 and 40/100) (Fig. 3.7A and C).  
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This impairment in cellular localization showed by the acetyl-deficient mutant 

TBX5 K339R suggests that acetylation of TBX5 is necessary for its correct 

localization inside cells. This impaired cellular localization can be due to a 

defect in two different processes: either TBX5 nuclear import or TBX5 nuclear 

retention. To ascertain which process is TBX5 acetylation required for, COS7 

and C2C12 cells transfected with TBX5-WT o TBX5-K339R were treated with 10 

ng/ml of Leptomycin B (a potent inhibitor of exportin CRM1, which mediates 

TBX5 nuclear export121) for 16 hours and subjected to immunofluorescence. 

When transfected in COS7 cells treated with Leptomycin B, TBX5-K339R was 

found exclusively in the nucleus in 96% of the cells counted and analysed 

(n=95/100, 98/100 and 96/100), in contrast to the 24% previously found in 

untreated cells  (Fig. 3.7B and C). In treated C2C12 cells, there was a dramatic 

shift in TBX5-K339R cellular distribution as well: the acetyl-deficient mutant 

displayed a nuclear localization in 85% of the cells analysed (n=78/100, 87/100, 

89/100), in contrast to the previous 17% described in non-treated cells (Fig. 

3.7B and C). 11% of these cells showed a nuclear and cytoplasmic distribution 

(n=17/100, 8/100 and 9/100) whereas 4% showed a cytoplasmis distribution 

(n=5/100, 5/100 and 2/100). Leptomycin B treatment of COS7 or C2C12 cells 

transfected with TBX5-WT did not have any significant effect on its normal 

nuclear distribution (in COS7 cells, 98% of cells analysed showed a TBX5 WT 

nuclear distribution (n=97/100. 97/100 and 100/100); in C2C12 cells, 97% of 

them (n=96/100. 97/100 and 99/100) (Fig. 3.7B and C).  

These results indicate that when CRM1 activity is inhibited, the acetyl-deficient 

mutant can remain inside the nucleus. Taking this into account, I next aimed to 

study the potential interaction and co-localization of TBX5-K339R and 

endogenous CRM1 in COS7 cells. To achieve this, cells transfected with TBX5-

WT-FLAG or TBX5-K339R-FLAG were subjected to immunofluorescence 

analysis using anti-FLAG and anti-CRM1 antibodies (n=3 individual 

experiments). This analysis revealed that TBX5-K339R co-localize with CRM1 

right outside of the nucleus, mainly around the outer nuclear membrane (Fig. 

3.8A). In the case of TBX5-WT, or when cells treated with leptomycin B are 

transfected with TBX5-K339R, no co-localization was seen outside of the 

nucleus, and both TBX5 and CRM1 were found strictly inside the nucleus (Fig. 

3.8A). To gain further insight into the potential TBX5-K339R and CRM1 

interaction, Tushar Ghosh carried out  in vitro pull-down assays in COS7 cells 

followed by western blot analysis (three independent experiments were 

performed). Densitometry analysis revealed that the interaction between 

TBX5-K339R and CRM1 in significantly stronger than that of TBX5 WT and CRM1 

(1.54 times stronger according to densitometry of the western blot bands, 

p<0.05) (Fig. 3.8B and 3.8C). 
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Figure 3.7. Acetylation of TBX5 is required for its nuclear retention. (A) Representative images 

of the cellular distribution of TBX5-WT and TBX5-K339R in both COS7 and C2C12 cells. The 

acetyl-deficient mutant TBX5-K339R is found in the cytoplasm in many of the cells analysed. 

(B) Representativa images showcasing the effect of leptomycin B on the nuclear/cytoplasmic 

distribution of TBX5-WT and TBX5-K339R in both COS7 and C2C12 cells. (C) Number of cells 

displaying a nuclear (N), nuclear and cytoplasmic (N+C) or a cytoplasmic (C) TBX5 localization 

in the different conditions analysed, both in COS7 and C2C12 cells. I, II and III represent the 

three independent experiments performed (300 cells were counted in total per experiment 

and per condition). Below, graphs showcasing the percentage of cells displaying a certain TBX5 

cellular localization in WT, WT+LepB, K399R and K339R+LepB conditions are shown.  N-nuclear, 

C-cytoplasmic. Data are shown for COS7 cells (left) and C2C12 cells (right).  Results are mean ± 

SD from three individual experiments. 
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Figure 3.8. CRM1 mediates nuclear export of non-acetylated TBX5. (A) Representative images 

of the co-localization between TBX5-K339R and endogenous CRM1 outside the nucleus in Cos7 

cells, right next to the outer nuclear membrane. TBX5-WT and CRM1 do not co-localize outside 

of the nucleus. (B) Pull-down assay shows the increased affinity of mutant protein TBX5K339R 

for CRM1. (C) Quantification of CRM1 protein pull-down by wildtype (TBX5-FLAG) and acetyl-

deficient mutant protein (TBX5 K339R-FLAG). Experiments B and C were carried out by Dr. 

Tushar Ghosh. Results are mean ± SD from three individual experiments, *P<0.05 (Student’s t 

test.) 

Even though these results suggest that the lack of acetylation promotes TBX5 

nuclear export via interaction with the exportin CRM1, the possibility that the 

results obtained in my experiments are due to the conservative substitution in 
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the residue K339, and not due to the lack of acetylation, cannot be completely 

ruled out. In order to confirm that acetylation of this residue is responsible for 

proper TBX5 nuclear localization, I treated COS7 cells transfected with either 

TBX5-WT or TBX5-K339R with Garcinol, an inhibitor of acetyltransferases 

KAT2B and p300 that inhibits the former more efficiently than the latter306,384. 

A Garcinol titration in COS7 cells has been already described elsewhere384, 

reporting a working concentration of 6 µM. In spite of this, I also performed a 

Garcinol tritation in COS7 cells. To do this, COS7 cells were treated for 16 hours 

in 96-well plates with 8 different concentrations of Garcinol (0.1 µM, 1 µM, 2.5 

µM, 5 µM, 10 µM, 25 µM, 50 µM and 100 µM) in triplicates (three independent 

experiments were performed) and cell viability was assayed by carrying out an 

MTT assay. Fig. 3.9 shows the results of the cell viability assay, which indicates 

that COS7 viability is not affected by using Garcinol concentrations going from 

0.1 µM to 5 µM. However, starting at 10 µM, COS7 cells viability was affected, 

going down to 83% in cells treated with 10 µM of Garcinol, 62% in cells treated 

with 25 µM, 28% in cells treated with 50 µM and 8% in cells treated with 100 

µM. In view of these results, I decided to choose a concentration of 20 µM for 

further Garcinol experiments, as according to the assay, cell viability would still 

be around 75% when using this concentration. 

 

Figure 3.9. Cell viability assay on COS7 cells treated with Garcinol. Cell viability (%) is not 

affected when using Garcinol concentrations ranging from 0.1 µM to 5 µM. However, starting 

at 10 µM, cell viability is progressively reduced with increasing concentrations of Garcinol. 

Results are mean + SD from three independent experiments. 

Once a working concentration for Garcinol was established, COS7 cells 

transfected with either TBX5-WT or TBX5-K339R were treated with 20 µM of 

Garcinol for 16 hours and then they were subjected to immunofluorescence 

analysis (as previously, three independent experiment were carried out. One 
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hundred cells were counted per group and per experiment). When treated with 

Garcinol, TBX5-WT localization was completely nuclear in 50% of the cells 

analysed (n=48/100, 44/100 and 59/100), in contrast to the 96% of cells 

(n=95/100, 98/100 and 94/100) displaying a nuclear localization in untreated 

cells (Fig. 3.10A and B). 27% of the treated cells analysed showed a nuclear and 

cytoplasmic TBX5 WT localization (n=25/100, 35/100 and 20/100), whereas 

TBX5 WT was found predominantly in the cytoplasm in 23% of the cells 

analysed (n=27/100, 21/100 and 21/100) (4% and 0% for untreated cells, 

respectively) (Fig. 3.10A and B). 

Overall, these results indicate that chemical inhibition of acetylation in COS7 

cells also lead to an impaired TBX5 cellular localization, thus supporting the fact 

that acetylation of this transcription factor is required for its retention inside 

the nucleus and to avoid nuclear export via the CRM1 pathway. 
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Figure 3.10. Chemical inhibition of KAT2B impairs TBX5 cellular localization. (A) 

Representative images displaying the cellular distribution of TBX5-WT in Garcinol-treated cells. 

When treated with Garcinol, TBX5-WT is partially relocated to the cytoplasm.   (B) Number of 

cells displaying a nuclear (N), nuclear and cytoplasmic (N+C) or a cytoplasmic (C) TBX5 

localization in untreated or treated COS7 cells. I, II and III represent the three independent 

experiments performed (300 cells were counted in total per experiment and per condition). 

Below, graphs showcasing the percentage of cells displaying a certain TBX5 cellular localization 

in untreated or treated conditions are shown.  N-nuclear, C-cytoplasmic. Results are mean ± 

SD from three individual experiments. 
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3.3.2. kat2a and kat2b expression in zebrafish 

After studying the interaction between KAT2A and KAT2B in an in vitro context, 

we then decided to characterize the potential in vivo link between these factors 

and study whether the perturbation of these two acetylases in zebrafish has an 

impact on heart and limb development, as it happens with tbx5a126. One 

characteristic of the zebrafish genome is that many genes are duplicated267, so 

I first checked out whether this was the case for kat2a and kat2b. Upon 

searching in the Ensembl Genome Browser 

(https://www.ensembl.org/index.html), only one copy of the kat2a and kat2b 

genes were found, thus indicating that these genes are not duplicated in the 

zebrafish genome. The similarity between the KAT2A and KAT2B proteins in 

different species such as zebrafish, mouse and human was also analysed by 

using the ClustalW2 software (Fig. 3.11A). This analysis revealed that these KAT 

proteins share a high degree of homology between them: zebrafish kat2a share 

an 84% and 85% of homology with their human and murine counterparts 

respectively, whereas zebrafish kat2b share an 81% and 80% of homology 

respectively. Analysis also revealed that the zebrafish kat2a and kat2b proteins 

share a 73% of homology, thus suggesting a potential redundancy between 

them (Fig. 3.11A).  

Next, I moved onto the study of kat2a and kat2b expression in zebrafish by 

using two different techniques: RT-PCR and in situ hybridization. For the RT-

PCR, sections of zebrafish head-cardiac and tail regions were obtained as 

explain in 2.2.2.6 (pools of 20-40 embryos were used for RNA extraction). Three 

different developmental stages were analysed: 36 hpf, 48 hpf, 60 hpf and 72 

hpf. Following RNA extraction from corresponding tissues, cDNA was 

generated and kat2a and kat2b expression was analysed via gel agarose 

analysis. As shown in Fig. 3.11B, both kat2a and kat2b show a strong expression 

throughout the different stages analysed both in the cardiac region and in the 

tail. When compared to the housekeeping gene β-actin 1, kat2b expression 

seemed to be slightly stronger than that of kat2a in both tissues at 36, 48 and 

60 hpf. In situ hybridization analysis using kat2a and kat2b RNA probes in 48 

hpf zebrafish embryos was also carried out (n=10 embryos were subjected to 

ISH per probe). As shown in Fig. 3.11C, both kat2a and kat2b display a 

remarkably similar expression pattern: both genes are predominantly 

expressed in the cranial area, including the brain/head, retina and heart. As 

showed in the dorsal view, kat2a and kat2b expression was also found in the 

spinal cord area and in the pectoral fins, albeit weakly, whereas the expression 

in the tail was much weaker than expected in comparison to what was found 

in the RT-PCR analysis. Higher magnification images showcasing both the heart 

and the pectoral fins are shown as well (Fig. 3.11C) 

https://www.ensembl.org/index.html
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Figure 3.11. kat2a and kat2b genes in zebrafish. (A) Amino acid alignments of human, murine 

and zebrafish KAT proteins were performed to study their percentage of similarity using 

ClustalW2. (B) RT-PCR expression analysis of kat2b and kat2a in zebrafish. The analyses were 

carried out on 36, 48, 60 and 72h of post fertilized embryos. H and T denote heart and tail 

regions and + and – denote +RT (retrotranscriptase) and –RT samples respectively. β-actin1 is 

used as a control. The agarose gels show the ubiquitous expression pattern of both kat2b and 

kat2a. For the analysis, tissue sections derived from pools of 20-40 zebrafish embryos were 

used. (C) In situ hybridization using kat2a and kat2b probes was performed on 48 hpf zebrafish 

embryos. Expression in the cardiac region is indicated with a black arrow (H=heart), whereas 

expression in the pectoral fins (PF) is highlighted by dashed circles. Below, higher 

magnifications of the cardiac and fin regions are shown (heart and fins are highlighted with 

dashed, red rectangles) (n=10 embryos stained per probe).  Scale bar = 400 µm for lower 

magnification images, 100 µm for higher magnification images. 

 

3.3.3. Morpholino-mediated knockdown of kat2a, kat2b 

and tbx5a 

In order to study what is the role of kat2a and kat2b in cardiac development in 

zebrafish, morpholino-mediated knockdown of these genes was carried out 

and the cardiac phenotype was analysed 48 hpf. Translation blocking 

morpholinos, splice blocking morpholinos and a mismatch control morpholino 

were designed by Gene Tools (USA). First, a titration experiment for each one 

the morpholinos was carried out (n=3 independent experiments). For each 

morpholino, pools of 20 embryos (for a total of 60 embryos taking into account 

all three experiments) were injected with increasing morpholino doses, ranging 

from 0.5 ng to 8 ng. An injection control (no morpholino) was also carried out. 

Embryos were then incubated for 48 hours at 28°C, and then, the percentage 
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of dead embryos or embryos that presented extremely severe developmental 

defects in comparison to the total number of embryos injected was calculated. 

As shown in Fig. 3.12, regarding the translation blocking morpholinos, even at 

the lowest dose (0.5 ng) they led to a high proportion of dead or severely 

affected embryos (53% (n=32/60) and 48% (n=29/60) for kat2a and kat2b 

translation-blocking MOs, respectively). At higher doses, this percentage is 

even higher, reaching a 90% (n=54/60) and 92% (n=55/60) of dead/affected 

embryos at the highest dose (8 ng). In the case of the splice blocking 

morpholinos, the proportion of dead/severely affected embryos was not 

remarkably high even at a dose of 4 ng both for kat2a and kat2b MOs (22% 

(n=13/60) and 27% (n=16/60) respectively); however, at a dose of 8 ng, the 

proportion of dead/severely affected embryos increased until 87% (n=52/60) 

for the kat2a splice MO and 67% (n=40/60) for the kat2b splice MO. Taking all 

these data into account, it looks like both translation blocking MOs induced a 

high level of toxicity in zebrafish embryos even at the lowest tested dose; 

whereas both splice blocking MOs are relatively well-tolerated up to a dose of 

4 ng. Based on this data, I decided to carry out further MO experiments using 

just the splice blocking MOs, as the translation blocking MOs seem to induce a 

high level of toxicity even at low doses.  

 

Figure 3.12. Titration of kat2a and kat2b translation blocking and splice blocking MOs. 

Batches of 25 embryos were injected with different concentrations of each morpholino and 
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the proportion of dead embryos + embryos presenting severe developmental defects was 

calculated. Below, representative images of necrotic/dead embryos as well as embryos 

showing severe developmental defects are shown. Results are from three independent 

experiments. Mean + SD is represented. TB = translation blocking, SB = splice blocking, MO = 

morpholino.  

Once the MO dose was titrated, I proceeded to perform knockdown 

experiments on 1-cell stage zebrafish embryos using kat2a splice blocking MO 

(4 ng), kat2b splice blocking MO (4 ng) and a tbx5a translation blocking MO 

already used elsewhere126 which serves as a positive control (1.7 ng as 

described in the cited publication). For negative controls, a mismatch MO was 

used (more information about its sequence can be found in 2.2.2.7). Three 

independent experiments were performed: in each one of them, two batches 

comprised of 30-35 embryos were injected with each morpholino so a total of 

200 embryos (70, 70 and 60 in total for each independent experiment) were 

injected per morpholino taking into account all three experiments. Following 

injection, zebrafish embryos were allowed to develop for 48 hpf at 28°C, and 

surviving embryos were analysed for the presence of cardiac defects or 

abnormalities. According to the severity of the cardiac phenotype, embryos 

were assigned to one of three possible categories: normal, mild or severe. In 

normal embryos, both the atrium and the ventricle were clearly defined and 

tightly packed into a figure-eight configuration. In the mild phenotype the 

atrium and ventricle were clearly distinguishable, but looping was noticeably 

relaxed and slight pericardial oedema was usually seen, as well as a slight 

reduction in the rate of heart beat. In the severe phenotype the atrium and 

ventricle were hardly distinguishable and they were irregular in shape and/or 

size, and the heart in general was stretched to a thin tube due to the complete 

loss of cardiac looping. Also, a moderate-large pericardial oedema was tipically 

observed and the heart rate was notably slower. 

Following injection and incubation, embryos were analysed. As shown in Fig. 

3.13A, an average of 72% (n=50/70; 55/70; 39/60), 76% (n=47/70; 58/70; 

47/60) and 77% (n=55/70; 51/70; 48/60) of the embryos injected with kat2a, 

kat2b or tbx5a MOs survived and were analyzed, whereas a 80% (n=53/70; 

58/70; 49/60) of embryos injected with the mismatch MO survived. Overall, 

kat2a and kat2b splice blocking MOs produced remarkably similar 

developmental defects than those observed with the tbx5a translation blocking 

MO (Fig. 3.13B). In both kat2a and kat2b morphants, heart looping was relaxed 

or totally interrupted, and pericardial oedema as well as alteration of cardiac 

chambers morphology was detected. In kat2a and kat2b single knockdowns, 

44% (n=63/144) and 45% (n=68/152) of analyzed embryos respectively 

presented what it was described as a mild cardiac phenotype. In contrast, just 
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a 12% (n=18/144) and 20% (n=30/152) respectively showed a severe cardiac 

phenotype (the remaining 44% (n=63/144) and 35% (n=53/152) displayed a 

phenotype that was undistinguishable from their negative control 

counterparts) (Fig. 3.13C). In the case of the tbx5a morphants, 57% (n=88/154) 

of analysed embryos showed a severe cardiac phenotype, whereas a 19% 

(n=29/154) displayed a mild cardiac phenotype (the remaining 24% (n=37/154) 

were undistinguishable from their negative control counterparts) (Fig. 3.13B 

and C). The effect of knocking down both kat2a and kat2b concomitantly was 

also assessed by injecting embryos with 2 ng of kat2a splice blocking MO + 2 ng 

of kat2b splice blocking MO. Out of the 200 embryos injected in total, 64% of 

the embryos survived for at least 48 hours (n=46/70; 39/70; 43/60) and were 

analysed (Fig. 3.13A). Out of these surviving embryos, 29% (n=37/128) of them 

showed a severe cardiac phenotype, whereas 48% (n=61/128) of them 

presented a mild cardiac phenotype, thus supporting a potential compensatory 

and redundant effect between kat2a and kat2b (Fig. 3.13B and C). In some of 

the embryos, mild defects or slight development delay was also seen in other 

organs areas such as the head or the tail; unfortunately, no pictures of the 

whole embryos were taken as I focused on obtaining high-magnification and 

high-resolution images of the heart, so these defects initially seen in other parts 

of the zebrafish body could not be properly assessed. 

In order to confirm that these embryos showing cardiac defects were indeed 

kat2a and kat2b morphants, RT-PCR was performed on RNA samples obtained 

from them. Following RNA extraction, cDNA generation and PCR amplification, 

samples were analysed by agarose gel electrophoresis. As shown in Fig. 3.13D., 

splicing on exon 2 was altered in the kat2a gene as indicated by the presence 

of a normal size allele (345 bp) and an additional, shorter isoform lacking this 

exon (221 bp). Results for kat2b are similar: in control embryos, a single allele 

of 342 bp can be detected, whereas morphants show an additional allele of 204 

bp.  Expression of the housekeeping gene gapdh in both control and morphant 

embryos is also shown (Fig. 3.13D). 

Overall, these results indicate that the knockdown of kat2a or kat2b in 

zebrafish lead to cardiac defects which are similar to those found in tbx5a 

morphants, thus suggesting a link between these two acetylases and tbx5a in 

an in vivo context.  
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Figure 3.13. The effect of morpholino-mediated knockdown of tbx5a, kat2a or kat2b in 48hpf 
embryos.  (A) Table showing the number of embryos which survived for at least 48 hpf 

following morpholino injections, as well as the average percentage of survival (60-70 embryos 

were injected per experiment, three independent experiments were carried out). These 
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surviving embryos were the ones analysed for the presence of cardiac defects. (B) 

Representativa pictures of the cardiac phenotype found in zebrafish embryos injected with 

tbx5a, kat2a and kat2b morpholinos. These embryos were categorized as “mild” or “severe” 

based on the severity of the cardiac phenotype (V=ventricle, A=atrium, PE=pericardial 

oedema). Scale bar = 200 µm. (C) Distribution of cardiac phenotypes based on severity in 

analysed embryos. (D) Agarose gels showing the effect of kat2a (left) and kat2b (right) mRNA 

on splice-blocking morpholinos. An additional allele is seen in both cases. 

3.3.4. sgRNA design and synthesis 

To validate the kat2a, kat2b and tbx5a loss-of-function phenotypes generated 

via morpholino injection, I also aimed to generate F0 mutants for each of these 

genes using the CRISPR/Cas9 genome-editing technology. Although the 

CRISPR/Cas9 technology provides a highly-efficient and powerful system for 

genome engineering, the variable activity of different sgRNAs still results in 

inconsistent CRISPR/Cas9 activity. Several studies have shown that sgRNAs 

stability, loading and targeting in vivo depend on several features, such as 

nucleotide composition and relative position311,385,386. This has led to the 

construction of different predictive models of sgRNA activity to improve  sgRNA 

design for gene editing purposes. To design sgRNAs targeting the kat2a, kat2b 

and tbx5a genes I used the free webtool CHOPCHOP 

(http://chopchop.cbu.uib.no/). Fig. 3.14A shows the target sequences and 

features of nine sgRNAs designed using CHOPCHOP that have relatively high 

on-target scores and low off-target effects. All of these sgRNAs were 

synthesized in vitro using a free-cloning approach (see 2.2.2.3. for further 

details) and used for subsequent in vitro activity assays. 

3.3.5. Checking target sequences presence in the zebrafish 

genome 

The population of zebrafish in the aquarium are continually interbred to 

produce new fish and they are not regularly restocked. This could eventually 

lead to the generation of new and random alleles in the zebrafish population, 

so it becomes necessary to check that our target sites are present in the 

zebrafish genome. Following genomic DNA extraction, PCR products 

harbouring the expected target sites for each sgRNA were generated and 

sequenced. As shown in Fig. 3.14B, all nine target sequences are present in the 

population of zebrafish we routinely use, showing no evidence of mutations or 

variations (n=3 biological replicates were analyzed). 

http://chopchop.cbu.uib.no/
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Figure 3.14. sgRNAs targeting the kat2a, kat2b and tbx5a genes. (A) Features of the sgRNAs 

designed for the targeting of kat2a, kat2b and tbx5a. Target sequence, position in the cDNA, 

on-target score and number of potential off-target effects are shown. (B) PCR products were 

generated from adult zebrafish genomic DNA (n=3) and subjected to Sanger sequencing. All 

target sites (highlighted in yellow, PAM sequence in red) are present in the zebrafish genome. 

 

3.3.6. sgRNA activity in vitro assay  

Following sgRNA in vitro synthesis, their real targeting activity was tested by 

performing an in vitro activity assay using each of the sgRNAs and commercially 

available Cas9 purified protein (NEB) (n=1 independent experiment was carried 

out). Both the sgRNA and the Cas9 protein were incubated with a 500-900 bp 

PCR product harbouring its respective target sequence. Restriction analysis 

following digestion of the PCR products with each sgRNA+Cas9 showed that 

kat2a sgRNA3, kat2b sgRNA1, kat2b sgRNA2 and tbx5a sgRNA2 presented in 

vitro activity, as they generated the expected pattern of bands after cleavage 

of their respective PCR products (Fig. 3.15A and B). The presence of single 

bands for the remaining sgRNAs indicates that Cas9 cleavage is not taking 

place, and therefore, sgRNA activity is low or non-existent. Thus, the 

generation of at least one active sgRNA targeting kat2a (sg3), kat2b (sg1 and 
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sg2) or tbx5a (sg2) was confirmed (their cleavage site in each of their targeting 

genes are shown in Fig. 3.15C). To confirm the integrity and length of these 

active sgRNAs, they were analyzed on a Bioanalyzer 2100. As shown in Fig. 

3.15D, all three active sgRNAs produce a band of ~90 bp, which is the expected 

size of a typical sgRNA. A band of ~200 bp was also detected for all of them, 

which corresponds to secondary structures of the sgRNA. 

 
Figure 3.15. sgRNA activity in vitro assays. (A) Table showing the PCR products size used for 

the in vitro assays, as well as the expected fragments if Cas9 cleaves in the target site. (B) Gel 

analysis of the in vitro assays. Kat2a sgRNA3, kat2b sgRNAs 1 and 3, and tbx5a sgRNA5 present 

a high in vitro activity (white arrows), as indicated by the presence of multiple bands of the 

expected size. (C) Schematic representation of the CRISPR/Cas9 target sites for kat2a (exon 1, 

+ strand), kat2b (exon 6, - strand) and tbx5a (exon 2, - strand). The PAM sequence is shown in 

red bolded. (D) Active sgRNAs analysis on a Bioanalyzer 2100. One band of ~90 bp (sgRNA) and 

another one of ~200 bp (secondary structure of the sgRNA) were detected in all three sgRNAs 

analysed. 

 

3.3.7. CRISPR/Cas9-mediated knockout of kat2a, kat2b and 

tbx5a  

 

After finding at least one active sgRNA for each of the kat2a, kat2b and tbx5a 

genes, each one of them was injected alongside Cas9 mRNA or protein into 1-

cell stage zebrafish embryos (Cas9-only injected embryos were used as 

negative controls). For the initial injection attempts, in vitro synthesized Cas9 

mRNA was used and two batches of embryos were injected per sgRNA (so a 

total of 83-110 embryos were injected per sgRNA). As shown in Fig. 3.16A, it 
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was found that just a 7% (n=8/110), 5% (n=4/83) and 5% (n=5/104) of injected 

embryos with Cas9 mRNA + kat2a, kat2b or tbx5a sgRNA respectively had any 

kind of phenotypic abnormality (e.g. defects in the development of any organs 

or tissues). In order to check whether these defects were indeed produced by 

the CRISPR/Cas9 system, DNA of those few abnormal embryos was extracted 

and Sanger sequencing was performed in order to check for the presence of 

mutations. None of the embryos that were analysed (n=3 embryos per sgRNA 

injection) carried mutations on the target sequence (Fig 3.16B), suggesting this 

that the CRISPR/Cas9 system did not work and that those defects were 

probably spontaneous abnormalities that usually arise during development in 

a small proportion of zebrafish embryos or injection artefacts.  

 

 
Figure 3.16. Initial CRISPR/Cas9 system injections using Cas9 mRNA. (A) Number and 

percentage of Cas9 mRNA+sgRNA injected embryos showing a normal or abnormal phenotype 
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48 hpf. Two batches of embryos were injected per sgRNA so a total of 83-110 embryos were 

injected per sgRNA. (B) Sanger sequenced revealed that the embryos showing an abnormal 

phenotype did not harbour any mutations in the target site for kat2a, kat2b or tbx5a. Target 

site is highlighted in yellow, and PAM sequence is red underlined (n=3 embryos analyzed per 

sgRNA injected) 

These results suggested that the CRISPR/Cas9 system was not working due to 

the fact that Cas9 mRNA was being used, which is susceptible to de degraded 

once it is injected into the 1-cell stage embryo, and it needs to be translated 

into a protein in order to exert its function. In order to overcome these 

problems, I decided to use purified Cas9 protein (New England Biolabs, UK) 

instead for the next injection experiments. Three independent experiments 

were performed: in each one of them, two batches comprised of 30-35 

embryos were injected with Cas9 protein + the corresponding sgRNA so a total 

of 200 embryos (70, 70 and 60 in total for each independent experiment) were 

injected per sgRNA taking into account all three experiments. A Cas9-only 

negative control was also included. Following injection, zebrafish embryos 

were allowed to develop for 48 hpf at 28°C and the number of surviving 

embryos was analysed. As shown in Fig. 3.17A, an average of 71% (n=46/70; 

55/70; 41/60), 66% (n=51/70; 41/70; 39/60) and 68% (n=42/70; 50/70; 43/60) 

of the embryos injected with kat2a, kat2b or tbx5a sgRNA+Cas9 protein 

survived and were analyzed, whereas 78% (n=59/70; 52/70; 45/60) of embryos 

injected with the Cas9 protein-only control survived. Surviving embryos were 

analysed for the presence of cardiac defects or abnormalities. In embryos 

injected with Cas9 and either kat2a sgRNA or kat2b sgRNA, 43% (n=61/142) 

and 39% (n=51/131) of embryos respectively displayed a mild phenotype 

remarkably similar to that found in kat2a and kat2b morphants, which included 

the presence of relaxed cardiac looping and slight pericardial oedema. In 

contrast, just a 6% (n=9/142) and 5% (n=7/131) of embryos injected with kat2a 

or kat2b sgRNA showed what it was described as a severe cardiac phenotype 

(no looping, severe pericardial oedema) (Fig. 3.17B and C). 51% (n=72/142) of 

kat2a-injected embryos and 56% (n=73/131) of kat2b-injected embryos 

presented a normal cardiac phenotype which was indistinguishable from their 

control counterparts. In the case of embryos injected with Cas9 + tbx5a sgRNA, 

17% (n=23/135) of embryos injected presented a mild cardiac phenotype, 

whereas 43% (n=58/135) showed a severe one and 40% (n=54/135) displayed 

a completely normal cardiac phenotype (Fig. 3.17B and C). 

 

In order to study more in-depth to which extent cardiac looping is affected in 

these embryos and to gain further insight into the cardiac phenotype of these 

F0 crispants embryos, in-situ hybridization using a cmlc2 RNA probe (which is a 

typical cardiac marker in zebrafish387,388) was carried out in pools of 15 mild and 



Genetic studies on congenital hearts disorders Page 134 
 

severe embryos for each one of the targeted genes. This procedure revealed 

that in mild embryos, cardiac chamber morphology as well as cardiac looping 

were slightly altered in comparison to controls; whereas in severe embryos, the 

heart is no more than a stretch tube displaying complete lack of looping and 

impaired cardiac chamber morphology. Cardiac looping angle measurement 

was also performed in F0 crispants as described in 2.2.2.13. (n=10 mild 

phenotype embryos and n=5 severe phenotype embryos due to the low 

number of severe embryos obtained in the kat2a and kat2b injections). 

Following analysis, it was revealed that the mean looping angle of kat2a, kat2b 

and tbx5a mild embryos was significantly higher than that of control embryos 

(kat2a mild 28.8° ± 5.2; kat2b mild 25.6° ± 5.2; tbx5a mild 36.4° ± 7.5 vs control 

16.4° ± 3.1; p<0.05 for all three comparisons) (Fig. 3.17E). In crispant embryos 

presenting a severe cardiac phenotype, the relaxation in cardiac looping was 

even more aggravated, as demonstrated by the presence of a greater cardiac 

looping angle in all three crispant groups (kat2a severe 55.8° ± 6.0; kat2b 

severe 54.4° ± 4.8; tbx5a severe 64.8° ± 4.0 vs control 16.4° ± 3.1; p<0.005 for 

all three comparisons) (Fig. 3.17E). Besides cardiac looping, I also wanted to 

determine whether heart beating rate was affected in kat2a, kat2b and tbx5a 

crispant embryos in comparison to their control counterparts. Heart rate per 

minute (measured in beats per minute, or bpm) was measured as described in 

2.2.2.14. (n=20 embryos for mild phenotypes and n=5 per severe phenotype 

due to the low number of severe embryos obtained in the kat2a and kat2b 

injections). As shown in Fig. 3.17D, heart beating rate in kat2a, kat2b and tbx5a 

mild embryos was significantly reduced in comparison to control embryos 

(kat2a mild 118.9 bpm ± 4.4; kat2b mild 110.7 bpm ± 11.2; tbx5a mild 109.5 

bpm ± 7.3 vs control 134.6 bpm ± 6.8; p<0.05 for all three comparisons). In 

kat2a, kat2b and tbx5a severe crispant embryos, heart beating rate was also 

severely diminished in comparison to control embryos (kat2a severe 89.8 bpm 

± 4.9; kat2b severe 92.6 bpm ± 7.6; tbx5a severe 87.2 bpm ± 5.9 vs control 

134.6 bpm ± 6.8; p<0.005 for all three comparisons) 

 

Overall, these results demonstrate that F0 kat2a, kat2b and tbx5a crispants 

embryos phenocopy the cardiac phenotype obtained in MO-mediated 

knockdowns of these genes, which is mainly characterized by the partial or 

complete lack of cardiac looping, the presence of pericardial oedema and a 

reduction in heart beating rate. 
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Figure 3.17. CRISPR-Cas9-mediated knockouts of kat2a, kat2b and tbx5a in zebrafish present 
a similar phenotype than their knockdown counterparts.  (A) Table showing the number of 

embryos which survived for at least 48 hpf following CRISPR-Cas9 injections, as well as the 

average percentage of survival (60-70 embryos were injected per experiment, three 

independent experiments were carried out). These surviving embryos were the ones analysed 

for the presence of cardiac defects.  (B) Representative images of 48 hpf control embryos 

(injected with Cas9 only) and embryos injected with Cas9 and a kat2a, kat2b or tbx5a sgRNA, 

respectively. Based on the severity of the observed cardiac phenotype, embryos were 

categorized as “mild” or “severe”. In the images, the heart is highlighted with a blue rectangle. 

In the bottom left corner, representative in situ hybridization images using a cmlc2 probe are 

shown for each phenotype (bottom left corner, V=ventricle, A=atrium, PE=pericardial oedema). 

Scale bar = 200 μm. (C) Histogram showing the distribution of cardiac phenotypes based on 

severity in injected embryos which survived for 48 hpf. (D) Heart rate was measured in 48 hpf 

embryos. This analysis revealed the presence of bradycardia in kat2a, kat2b and tbx5a KOs 

(n=20 mild phenotyoe embryos, 5  severe phenotype embryos). (E) Average looping angle was 

measured in 48 hpf control and KO embryos, revealing that this was significantly higher in mild 

and severe phenotype embryos for all three targeted genes (n=10 mild phenotyoe embryos, 5  

severe phenotype embryos). For (D) and (E), mean ± SD is represented. Relative to controls, KO 

embryos were statistically significant (**P < 0.005, or *P < 0.05, Student’s t-test).  

3.3.8. Analysis of mutations in CRISPR/Cas9-mediated KOs 

In order to confirm that the F0 crispant embryos analyzed harboured mutations 

in the targeted genes, two different approaches were followed: T7 

endonuclease assay and Sanger sequencing. For the T7 endonuclease assay, 

PCR products harbouring the CRISPR-Cas-targeted region in the kat2a, kat2b or 

tbx5a genes were generated using genomic DNA extracted from mild and 

severe embryos as a template. These products were re-annealed and subjected 

to T7 endonuclease digestion. Gel agarose analysis revealed that 95% 

(n=38/40) of kat2a crispants analyzed, 98% (n=39/40) of kat2b crispants 

analyzed and 100% (n=40/40) of tbx5a crispants harboured mutations in their 

respective target sites (n=40 embryos analyzed per targeted gene), as indicated 

by the presence of multiple bands of the expected size in the gel (Fig. 3.18A). 
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In control embryos analyzed (n=20 per gene), mutations were detected in just 

a 5%, 10% and 5% of them respectively. Apart from the PCR product and 

cleavage product bands, additional bands were also detected in the T7 analysis 

of all three knockouts. These bands are originated due to the presence of 

polymorphic sequences in the intronic regions included in the PCR products 

used for the assay. Following T7 endonuclease assay, individual alleles derived 

from positive samples for this assay were subjected to Sanger sequencing in 

order to confirm the presence of mutations and gain further information about 

them (n=8 samples per gene and 5 alleles were analyzed per sample, for a total 

of 40 alleles analyzed per gene). Sequencing confirmed that injected embryos 

displaying a mild or severe phenotype did harbour different mutations 

(insertions, deletions or substitutions) in their respective CRISPR-Cas target site 

(Fig. 3.18B). As expected, different mutations were found in an individual 

sample, confirming the presence of mosaicism in this F0 crispant embryos. A 

preliminary CRISPR-Cas9 system rate of mutagenesis was also calculated by 

dividing the number of mutant alleles found per gene by the total number of 

alleles analyzed per gene (5 alleles analyzed per embryos, 8 embryos analyzed 

per gene). This analysis indicated that the rates of mutagenesis for Cas9 + kat2a 

sgRNA, kat2b sgRNA or tbx5a sgRNA were 88% (n=35/40), 78% (n=31/40) and 

82% (n=33/40) respectively, thus suggesting the presence of bi-allelic 

mutations in a substantial number of cells in these embryos (Fig. 3.18C).  

 

Overall, these results strongly suggest that the mild and cardiac phenotype 

found in kat2a, kat2b and tbx5a injected embryos is indeed due to the 

presence of disruptive and, in most cells, bi-allelic mutations in the targeted 

sites of these genes.  
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Figure 3.18. Analysis of CRISPR/Cas9-injected embryos for the presence of mutations. (A) T7 

assay confirmed the presence of indels in the kat2a, kat2b and tbx5a genes in injected 

embryos. For kat2a, 6/7 analysed embryos gave a positive result (presence of extra bands of 

expected size), whereas 7/7 gave a positive result for both kat2b and tbx5a injected embryos 

(C = control). A diagram of the PCR products used for the assay is also shown (TS = target site). 

In total, 40 embryos were analyzed per gene. (B) A list of some of the mutations found in kat2a-

, kat2b- and tbx5a-injected embryos is shown under the relevant embryos. Target site is 

highlighted in yellow, and PAM sequence is red underlined. Deletions are highlighted in grey, 

insertions in blue and substitutions in green. (C) Table indicating the number of embryos 

harbouring any mutation in the kat2a, kat2b or tbx5a genes in Cas9+sgRNA injected embryos. 
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Rate of mutagenesis is defined as the percentage of mutant alleles in all alleles analysed for 

each individual gene (n=5 alleles analyzed per embryo, 8 embryos analyzed in total per gene).  

 

Taking all these results together, the cardiac phenotype found in kat2a, kat2b 

and tbx5a knockdown embryos was validated in embryos harbouring 

mutations generated by the CRISPR/Cas9 genome-editing system. 

Furthermore, analysis of the cardiac phenotype in KO embryos confirmed the 

similarity between kat2a/kat2b and tbx5a mutants in terms of cardiac 

morphology, looping degree and rate of heart beat. 

3.3.9. kat2a and kat2b KDs/KOs present abnormal fin 

development 

It has been demonstrated that during zebrafish development, tbx5a also play 

a crucial role in fin development126,389. In order to study whether kat2a and 

kat2b are implicated in the regulation of this process as well, both MO-

mediated knockdown and CRISPR-Cas-mediated knockout embryos for kat2a, 

kat2b and tbx5a were screened for the presence of abnormal fin development 

at 72 hpf. Embryos analysed for the presence of cardiac defects were the ones 

included in the fin phenotype analysis, except those which were used for other 

purposes such as ISH or did not survive up to 72 hpf. In the case of CRISPR-Cas-

mediated knockouts, 33% (n=39/117), 36% (n=38/106) and 18% (n=20/110) of 

kat2a, kat2b and tbx5a crispants analyzed presented stumpy, shortened fins 

(mild phenotype) in comparison to their control counterparts, respectively (Fig. 

3.19A and B). In kat2a and kat2b crispants, a low proportion of embryos (5% 

(n=6/117) and 8% (n=8/106) respectively) displayed a more severe fin 

phenotype in which they completely lacked both the left and right pectoral fins 

(Fig. 3.19A and B). In tbx5a crispants, the proportion of embryos showing this 

severe fin phenotype was much higher than in kat2a or kat2b crispants (42%, 

n=46/110). Similar results were obtained when kat2a, kat2b and tbx5a 

knockdown embryos were analysed: 39% (n=56/144), 44% (n=67/152) and 15% 

(n=23/154) of embryos displayed shortened, stumpy fins, whereas 9% 

(n=13/144), 6% (n=9/152) and 55% (n=85/154) of them had no fins at all. In 

double knockdown embryos for both kat2a and kat2b, the proportion of 

embryos with a severe fin phenotype was higher than their single knockdown 

counterparts (36%, n=46/128) and much closer to the proportion of tbx5a 

embryos showing this phenotype (55%, n=70/128), whereas 17% (n=22/128) 

had stumpy fins (Fig. 3.19A and B). 

In order to better visualize the fins and to further confirm the similarities 

between the fin phenotype found in kat2a, kat2b and tbx5a knockouts, in situ 

hybridization using a bmp4 RNA probe was performed on 48 hpf kat2a, kat2b 

and tbx5a crispant embryos (n=10 embryos subjected to ISH per gene). Bmp4 



Genetic studies on congenital hearts disorders Page 140 
 

is typically used as a fin marker in zebrafish, and it has also been shown to be 

one of tbx5a target genes in this animal model318. As shown in Fig. 3.20, bmp4 

signal can still be detected in the fins of those kat2a, kat2b and tbx5a crispants 

with shortened and stumpy fins; however, the signal is much smaller and 

fainter than the bmp4 signal detected in control embryos. In embryos 

presenting a severe fin phenotype (lack of both fins), no signal in the pectoral 

fins area could be detected at all. 

Altogether, these results indicate that both kat2a/kat2b morphants and 

crispants show an abnormal fin phenotype that resemble that of tbx5a 

morphants and crispants, thus supporting the existence of an in vivo link 

between them 

 

Figure 3.19. Fin development is also altered in kat2a and kat2b KO/KD embryos. 
Representative images of 72 hpf control embryos showing fully-developed pectoral fins and 



Genetic studies on congenital hearts disorders Page 141 
 

kat2a, kat2b and tbx5a crispant/morphants embryos in which fin development is affected. For 

both knockout and knockdown embryos, representative pictures of samples with stumpy fins 

or no fins are shown. Black arrows indicate the presence of shortened, stumpy fins. Scale bar 

= 200 µm (B) Graphs showing the distribution of fin phenotypes in Cas9+sgRNA-injected 

embryos and in morpholino-injected embryos according to severity. The total number of 

embryos analysed for each group is indicated in the main text. 

 

 

Figure 3.20. In situ hybridization in 48 hpf embryos using a bmp4 probe. As shown in the 

pictures, in embryos with stumpy fins these are smaller in size and the bmp4 signal is reduced 

when compared to the signal found in control embryos. In contrast, no bmp4 signal can be 

found in embryos which completely lack pectoral fins. In control and stumpy embryos, fins are 

highlighted with dashed blue circles. Scale bar = 200 µm. (n=10 embryos subjected to ISH per 

group). 

3.3.10. HAT inhibitor treatment of zebrafish embryos during 

development 

Following the generation of kat2a, kat2b and tbx5a morphants and crispants 

using both MOs and the CRISPR-Cas9 system, I wanted to further demonstrate 

that the phenotype seen in these embryos is indeed due to the lack of 

acetylation, and not due to other reasons (e.g. off-target effects). In order to 

achieve this, zebrafish embryos were treated with Garcinol, an inhibitor of both 

KAT2B and p300 which presents a higher affinity for the former306,384. Initially, 

I carried out a Garcinol titration in zebrafish embryos by exposing them (n=10-

15 embryos per concentration, three independent experiments were carried 

out) to increasing doses of the drug for 24 hours starting at 20 hpf, and then 

the proportion of dead embryos or embryos presenting severe developmental 

defects was calculated. Fig. 3.21 shows the results of the Garcinol titration. Up 

to a concentration of 100 µM, the proportion of dead/severe embryos was 

below 30% for all concentrations analysed (10% at 0 µM (n=4/40 taking into 

account all three experiments), 15% at 0.1 µM (n=6/40), 18% at 1 µM (n=7/40), 
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20% at 5 µM (n=8/40), 23% at 10 µM (n=9/40), 25% at 50 µM (n=10/40) and 

28% at 100 µM (n=11/40)). However, at 250 µM and 500 µM this proportion 

dramatically increased until 60% (n=24/40) and 85% (n=34/40) respectively. 

Taking into account that in both knockdown and knockout experiments the 

proportion of dead/severe embryos following injection oscillates between 25% 

and 35%, I decided to choose a concentration of 100 µM of Garcinol for further 

experiments, as this one leads to a survival rate of 73%, similar to the survival 

rates found in both MO and CRISPR-Cas9 experiments. 

 

Figure 3.21. Garcinol titration in zebrafish embryos. Embryos were treated for 24 hours 

starting at 20 hpf, and the proportion of dead embryos or embryos showing severe 

developmental defects was calculated. Result are mean ± SD (n=3 independent experiments, 

10-15 embryos were analysed per experiment and per concentration) 

Once a working concentration for Garcinol was established, WT zebrafish 

embryos were treated with 100 µM of Garcinol for 24 hours starting at 20 hpf 

(n=60-70 embryos treated per group (control and Garcinol) and per experiment 

for a total of 200 embryos treated per group. Three independent experiments 

were performed). As shown in Fig. 3.22A, an average of 69% (n=47/70; 52/70; 

39/60), of the embryos treated with Garcinol 100 µM survived until they 

reached 48 hpf and were analysed, whereas 82% (n=58/70; 54/70; 51/60) of 

control embryos survived. Analysis of surviving embryos at 48 hpf revealed that 

Garcinol-treated embryos showed cardiac and limb defects similar to those 

found in kat2a, kat2b and tbx5a mild embryos, including a slight pericardial 

oedema, relaxation in cardiac looping (as revealed by cmlc2 ISH), and the 

presence of shorter pectoral fins in comparison to their control counterparts 

(Fig. 3.22B). 84% (n=116/138) of them showed a mild cardiac phenotype, 

whereas just a 3% (n=4/138) showed a severe cardiac phenotype (in non-

treated, control embryos, 94% (n=153/163) of them displayed a completely 
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normal cardiac phenotype) (Fig. 3.22C). Regarding fin development, 75% 

(n=104/138) of surviving Garcinol-treated embryos showed a mild fin 

phenotype, characterized by the presence of shortened fins when compared to 

controls (Fig. 3.22B). In order to gain further insight into the cardiac phenotype 

of these embryos, cardiac looping angle and heart beating rate was calculated 

in a similar fashion to how it was done in F0 crispants. Measurement of looping 

angle showed that this is significantly increased in Garcinol treated embryos in 

comparison to control embryos (28.4 ± 5.6° vs 16.2 ± 2.4°, p<0.05, n=10 

embryos per group), thus confirming the relaxation of cardiac looping (Fig. 

3.22E) Heart rate measurement also confirmed the presence of significant 

bradycardia in treated embryos: in these, heart rate was 111.2 ± 6.9 bpm, 

whereas in control embryos this rate reached 134.8 ± 7.1 bpm (p<0.05, n=20 

embryos per group) (Fig. 3.22D). 

Overall, these results indicate that treatment of zebrafish embryos with an 

acetyltransferase inhibitor such as Garcinol also lead to a cardiac and fin 

phenotype resembling that of kat2a and kat2b morphants and crispants, thus 

further confirming the relevance of acetylation in an in vivo context. 
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Figure 3.22. Chemical inhibition of acetyltransferase activity with Garcinol also impairs 

cardiac and fin development in zebrafish. (A) Table showing the number of embryos which 

survived for at least 48 hpf following treatment with Garcinol 100 µM, as well as the average 

percentage of survival (60-70 embryos were treated per experiment, three independent 

experiments were carried out). These surviving embryos were the ones analysed for the 

presence of cardiac or fin defects. (B) Representative images of 48 hpf control embryos treated 

with Garcinol 100 uM. The cardiac phenotype is shown on the upper row: the heart is 
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highlighted with a blue square, and representative in situ hybridization images using a cmlc2 

probe are shown for each phenotype (bottom left corner of each image, V=ventricle, 

A=atrium). In the bottom row, representative images of the fin phenotype are also shown. The 

size and shape of the pectoral fins are highlighted in blue. (B) Distribution of cardiac and fin 

phenotypes based on severity in treated and untreated embryos.  (C) Heart rate measurement 

indicated the presence of bradycardia in 48 hpf embryos treated with Garcinol (n=20 embryos 

analysed per group). (D) Average looping angle in 48 hpf control and treated embryos (n=10 

embryos per group). For (C) and (D), mean ± SD from three individual experiments is 

represented. Relative to controls, treated embryos were statistically significant (**P < 0.005, 

or *P < 0.05, Student’s t-test). Scale bar = 200 μm 

3.3.11. Expression levels of Tbx5a target genes in kat2a and 

kat2b KOs 

 

The results obtained up to this point indicate that the loss of kat2a and kat2b 

during zebrafish development lead to a cardiac and fin phenotype remarkably 

similar to that produced by the lack of tbx5a. However, no direct link between 

these factors in zebrafish has been established yet. In order to address this, I 

carried out qPCR analysis on 32 hpf kat2a and kat2b KO embryos to check the 

potential misregulation of tbx5a activity, and thus, of several of its target genes 

such as fgf10, bmp4, nppa, hey2 and tbx2b. The expression of two genes 

unrelated to tbx5a which have been demonstrated to be expressed during 

zebrafish development (akt1320 and igf3321) was also checked, and two well-

stablished housekeeping zebrafish genes, ef1a and lsm12, were used for 

normalization (n=3 biological replicates; 3 technical replicates per biological 

replicate and per gene analysed were also included). Following RNA extraction, 

cDNA synthesis and qPCR analysis, it was revealed that all five tbx5a target 

genes analysed were significantly downregulated both in kat2a and kat2b 

crispant embryos 32 hpf in comparison to their WT counterparts (p<0.05 for all 

of them both in kat2a and kat2b crispants except for bmp4 in kat2b KOs, which 

is close to reach significance as p = 0.05). In the case of akt1 and igf3, the 

expression of these two genes did not significantly change in kat2a or kat2b 

crispants (p>0.05 in both), thus giving confidence that the changes observed 

reflect the downregulation of tbx5a activity (Fig. 3.23). In order to check if the 

loss of kat2a or kat2b has any effect on tbx5a expression, the relative 

expression level of tbx5a was also measured in these crispants. As shown in Fig. 

3.23, tbx5a relative expression was slightly reduced both in kat2a and kat2b 

crispants; however, no significant differences were found in both cases 

(p>0.05). 

 

To further confirm the down-regulation of tbx5a target genes observed in the 

qPCR analysis, three of these genes (fgf10, a fin marker; bmp4 and nppa, two 
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cardiac markers) were chosen for ISH on 32 hpf kat2a and kat2b crispant 

embryos (n=5 kat2a and 5 kat2b crispant embryos were subjected to ISH per 

gene analysed). ISH using a fgf10 RNA probe revealed the down-regulation of 

this gene in both the right and left pectoral fins of kat2a and kat2b crispant 

embryos, as well as in other areas of the embryo such as the head (Fig. 3.24). 

In the case of nppa, a strong reduction in its signal was detected in the heart of 

kat2 crispants in comparison to controls, both in the ventricle and in the atrium. 

Similar results were obtained for bmp4: a reduction in its expression was 

detected in the heart of both kat2a and kat2b crispants, although these down-

regulation was more subtle than that observed for nppa (Fig. 3.24). 

 

 
 
Figure 3.23. Expression levels of tbx5a target genes in kat2a and kat2b KO embryos. mRNA 

levels of nppa, fgf10, bmp4, hey2 and tbx2b were assayed by quantitative PCR at 32 hpf in 

kat2a and kat2b KO embryos. Relative expression of tbx5a and unrelated genes akt1 and igf3 

was also measured. Mean ± SD is represented (n=3 biological replicates; 3 technical replicates 

per biological replicate and per gene analysed were also included). **P < 0.005, or *P < 0.05, 

Student’s t-test. NS = not significant 
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Figure 3.24. The expression of fgf10, nppa and bmp4 via in situ hybridization.  The experiment 

was performed on 32 hpf kat2a or kat2b KO embryos (n=5 kat2a and 5 kat2b crispant embryos 

were subjected to ISH per gene analysed). Pectoral fins (PF) are highlighted by a dashed circle, 

and the heart is highlighted by dashed line (V=ventricle, A=atrium). Scale bar = 200 µm for fgf10 

and 100 µm for nppa and bmp4 

 

3.3.12. Rescue of the kat2a KO cardiac and fin phenotype by 

a tbx5a acetyl-mimic transcript 

 

The qPCR and ISH analysis on tbx5a target genes provided evidence that there 

is an in vivo link between kat2 acetylases and tbx5a. In order to further confirm 

the relationship between these factors in zebrafish, I performed a rescue 

experiment of the kat2a crispant phenotype using an acetyl-mimic version of 

tbx5a (tbx5a-K339Q). The plasmid carrying this acetyl-mimic version of the 

protein was designed and produced by myself as indicated in 2.2.2.17. 

Following generation of the mRNA transcript, this was co-injected alongside 

Cas9 protein+kat2a sgRNA in 1-cell stage zebrafish embryos. Three 

independent experiments were performed: in each one of them, two batches 

comprised of 30-35 embryos were injected with Cas9 protein-only (control), 

Cas9 + kat2a sgRNA (knockout) or Cas9 + kat2a sgRNA + tbx5a-K339Q mRNA 

(rescue) so a total of 200 embryos (70, 70 and 60 in total in each independent 

experiment) were injected per group taking into account all three experiments.  
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Following injections, embryos were let to develop for 72 hpf, and the cardiac 

and fin phenotypes of surviving embryos were analysed at 48 and 72 hpf 

respectively. As shown in Fig. 3.25A, an average of 67% (n=48/70; 40/70; 46/60) 

and 70% (n=46/70; 52/70; 41/60) of the knockout and rescue embryos survived 

48 hpf, whereas 75% (n=53/70; 49/70; 48/60) of control embryos did. In 

surviving embryos, injection of Cas9 + kat2a sgRNA (knockout group) produce 

a mild cardiac phenotype in 42% (n=56/134) of them at 48 hpf, whereas just 

6% (n=8/134) displayed a severe cardiac phenotype and 52% (n=70/134) 

showed a normal cardiac phenotype. However, when tbx5a K339Q mRNA was 

injected alongside the CRISPR-Cas9 system (rescue group), the proportion of 

surviving embryos showing a mild cardiac phenotype was smaller (25%, 

n=35/139), whereas the percentage of embryos displaying a completely normal 

cardiac phenotype was increased up to 72% (n=100/139) (Fig. 3.25B and C). 

This increase in the percentage of embryos with a normal cardiac phenotype in 

the rescue group was also seen with regards to fin phenotypes. In the knockout 

group, 34% (n=46/134) of analysed embryos showed the previously described 

mild fin phenotype (stumpy fins), whereas 59% (n=79/134) of them presented 

normal fins. In contrast, in the rescue group, the proportion of embryos with a 

normal fin phenotype was 75% (n=104/139), and 23% (n=32/139) displayed a 

mild fin phenotype (Fig. 3.25B and C). 

 

These results indicate that the acetyl-mimic version of tbx5a (tbx5a K339Q) is 

able to partially rescue the cardiac and fin phenotype shown by kat2a crispant 

embryos, thus supporting the fact that the lack of tbx5a acetylation is the 

responsible for the phenotype and strengthening the in vivo link between kat2 

acetylases and tbx5a. 
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Figure 3.25. Rescue of the kat2a KO phenotype using an acetyl-mimic version of tbx5a. (A) 

Table showing the number of embryos which survived for at least 48 hpf following CRISPR-Cas9 

injections, as well as the average percentage of survival (60-70 embryos were injected per 

experiment, three independent experiments were carried out). These surviving embryos were 

the ones analysed for the presence of cardiac or fin defects.  (B) Representative images of 48 

hpf control embryos (injected with Cas9 only) and embryos injected with Cas9 + kat2a sgRNA 

(knockout) or Cas9 + kat2a sgRNA + tbx5a K339Q mRNA (rescue). Both the main heart and fin 

phenotypes found in each group are showed. In the rescue group, a rescue of the mild 

phenotype found in knockout embryos is seen in some of the embryos. Scale bar = 200 μm. (C) 

Distribution of cardiac and fin phenotypes based on severity in control, knockout and rescue 

embryos.  

 

3.4. Conclusions, discussion and perspectives for 

future work 
 

TBX5 is one of the key regulators of cardiac development, controlling the 

expression of multiples genes during cardiogenesis390. Several studies have 

demonstrated that the transcriptional activity of TBX5 is modulated by post-

translational-modifications such as acetylation exerted by the 

acetyltransferase p300349, and PIAS1-mediated sumoylation391. In this project, 

further insight into the upstream regulators of TBX5 is provided, as we show 

that TBX5 transcriptional activity is potentiated by KAT2A and KAT2B-mediated 

acetylation and that these two factors are required for normal cardiac and limb 

development in zebrafish. 

 

The initial in vitro experiments which laid the foundations of this project were 

primarily designed and carried out by Dr. Tushar Ghosh, although I had the 

chance to participate in them during my initial training period in the lab. These 

experiments demonstrated that both KAT2A and KAT2B are able to physically 

interact and acetylate TBX5 in vitro, and that this acetylation leads to an 

enhanced TBX5 transcriptional activity. These results are in line with earlier 

reports that demonstrate that acetylation and deacetylation by p300 and 

Hdac3 regulate Tbx5-mediated gene transcription during early 

cardiogenesis349. It has also been demonstrated that TBX5 interacts with Tip60 

(a member of the MYST family of histone acetyltransferases) in order to 

activate transcription on the SRF promoter392, and that acetylation of other 

cardiac transcription factors such as GATA4377 and MEF2C376 is required for 

proper cardiomyocyte differentiation. In contrast to what was reported by 

Lewandowski et al.349, no acetylation of TBX5 by p300 was found in these initial 

experiments. A possible explanation for this disparity could be the fact that 

different cell lines were used in these two experiments, or that p300 promotes 
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a low-level of acetylation that was not detected in the experiments presented 

here. 

 

In order to identify the KAT2 key acetylation residue in the TBX5 protein, three 

different online prediction tools were used: PredMod, PHOSIDA and PAIL. 

These three webtools identified the lysine 234 as one of the potential 

acetylation residues in the TBX5 protein; however, as demonstrated by Tushar 

Ghosh, the conservative substitution of this residue does not abolish TBX5 

acetylation. In view of these results, we decided to derive a KAT2A/KAT2B 

acetylation motif from the sequences of several of their acetylation targets 

reported in the literature. The alignment of these sequences around the key 

lysine residue for acetylation generated the consensus motif K-X-X-K-K/R-

P/L/K. This full-length motif was not found in the TBX5 sequence; however, two 

partial motifs KRK and KKP were found at positions 325-327 and 339-341 

respectively. Out of these four lysine residues, only the conservative 

substitution of lysine 339 abolished TBX5 acetylation, thus confirming that this 

is the KAT2A/KAT2B acetylation residue in this protein. Even though these two 

partial motifs are quite short in length, they overlap with the recognition 

sequences of acetylases p300 and GCN5380,381. In spite of this, the possibility 

that these motifs might appear in proteins which are not susceptible to 

acetylation by random chance should be considered. With regards to this, it 

could have been of great interest to study how often they appear in the 

genome in order to provide further confirmation of whether they are 

meaningful in the context of acetylation; however, this constitutes a quite 

time-consuming task that is beyond the scope of this thesis. In this context, a 

preliminary and quick analysis on the sequence of 25 proteins that, to date, 

have not been reported to be susceptible to acetylation demonstrated that just 

three of them included either of these motifs in their full sequence, thus 

suggesting that these two acetylation motifs might show up more frequently in 

proteins susceptible to be acetylated. In spite of this, this analysis was 

performed on a very small sample, and further data is needed in order to 

confirm that these motifs are indeed meaningful in the context of acetylation. 

 

TBX5 acetylation takes place at lysine 339, which is included in one of the two 

nuclear localization sequences found in TBX5: NLS1 (aa 78-90) and NLS2 (aa 

325-340)120. Considering this, I next aimed to study whether acetylation has an 

impact on the already characterized TBX5 nuclear localization120. 

Immunofluorescence experiments performed both in COS7 and C2C12 cells 

confirmed that the acetyl-deficient variant TBX5-K339R is relocated to the 

cytoplasm in many of the cells analysed from both lines, in contrast to the 

exclusively nuclear localization displayed by its WT counterpart. This impaired 
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TBX5 cellular distribution was also observed when TBX5-WT-transfected cells 

were treated with Garcinol, an inhibitor of acetyltransferase activity. In view of 

these results, I hypothesized that non-acetylated TBX5 can be relocated to the 

cytoplasm due to two different mechanisms: either by an impaired TBX5 

nuclear import, or by a defect in its nuclear retention. To ascertain what the 

correct mechanism was, TBX5-transfected cells were treated with Leptomycin 

B, a potent inhibitor of the exportin CRM1, which has been described to 

mediate TBX5 nuclear export through interaction with a nuclear export 

sequence localized in the TBX5 protein (NES, aa 152-160)121. When treated with 

Leptomycin B, the acetyl-deficient variant TBX5-K339R was found in the 

nucleus in most cells analysed, in contrast to the cytoplasmic localization found 

in untreated cells. In addition to this, immunofluorescence analysis revealed 

that TBX5-K339R co-localize with CRM1 right outside of the nucleus. These 

results strongly suggest that TBX5 is able to get inside the nucleus and, when 

acetylated, is retained inside; however, when this acetylation is abolished, 

TBX5 is still able to be translocated inside the nucleus, but shortly after CRM1 

brings it outside thus preventing its nuclear retention. Pull-down assays 

performed by Dr. Tushar Ghosh also demonstrated that TBX5-K339R presents 

a stronger affinity for CRM1 than its WT counterpart, thus supporting this 

mechanism. Interestingly, TBX5 acetylation takes place in a residue localized 

inside the NLS2; however, the experiments showed here indicate that 

acetylation plays a role in TBX5 nuclear export, which is mediated by a NES. 

This kind of mechanism has been already described in other proteins: 

acetylation of HNF-4393, POP-1394 or CtBP2395 within their respective NLS leads 

to their nuclear retention by the inhibition of CRM1-mediated export. How a 

modification in the NLS2 has an effect in the NES is still unclear and would 

require of further experiments (such as 3D structure analysis); however, it is 

possible that acetylation of the NLS promotes a conformational change in the 

protein that leads to an enhanced nuclear export. 

 

A different hypothesis as to how acetylation affects TBX5 cellular localization 

involves the kinetics of TBX5 movement in and out of the nucleus. As described 

elsewhere121,382, and in concordance with the results presented in this thesis, 

TBX5 is a dynamic protein which is able to move between the nucleus and the 

cytoplasm. It should be considered the possibility that, in its non-acetylated 

state, TBX5 moves into the nucleus at a very slow rate but when acetylated, the 

rate at which TBX5 moves into the nucleus is dramatically increased. This 

process would tip the dynamic equilibrium in favour of nuclear localization and 

would increase the functional concentration of TBX5 inside the nucleus, thus 

leading to a higher transcriptional activity. In order to gain further insight into 

this hypothesis, it would be necessary to compare the dynamics of TBX5 
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movement when acetylated and when not acetylated (for example, by 

performing cell-live imaging). However, the experiments required to address 

this point are beyond the scope of our study at present. 

 

After studying the role of TBX5 acetylation in an in vitro context, I then moved 

onto the study of the in vivo relevance of KAT2A and KAT2B using zebrafish as 

animal model. First, I checked whether these two acetyltransferases are 

duplicated in the zebrafish genome, as it happens with many other genes such 

as tbx5 (tbx5a and tbx5b). The entries retrieved by using the Ensembl Genome 

Browser webtool confirms that both kat2a and kat2b appear as single genes 

and are not duplicated in the zebrafish genome. After confirming this, the 

expression of both kat2a and kat2b genes was analysed in zebrafish by using 

two different approaches: RT-PCR and ISH. Both approaches revealed a strong 

expression of both kat2a and kat2b in the cranial region of zebrafish and in the 

heart; however, different results were obtained for other zebrafish organs such 

the tail, where a strong expression was found in RT-PCR but this was not 

replicated in the ISH analysis. Even though the experimental approach followed 

here provide new information regarding the expression of these two genes in 

zebrafish, this analysis could have been improved in different ways in order to 

generate more robust and consistent data. For example, regarding the in situ 

hybridization analysis, additional developmental stages could have been 

analysed to study whether the expression pattern of kat2a and kat2b changes 

throughout development. Also, in order to gain further insight into the cardiac 

structures and cell types in which both kat genes are expressed in the heart, 

cardiac tissue sections could have been prepared and subjected to ISH as well. 

Last but not least, other techniques such as qPCR or western blot analysis could 

have been carried out in order to support the data already obtained and to gain 

information about the protein expression pattern of these two genes. 

 

To examine the in vivo role of these two genes, I aimed to perform gene 

knockdown and knockout experiments in zebrafish at early stages of 

development and examine the phenotypic consequences in heart and limb 

development. For knockdown approaches morpholinos were used. As 

discussed in section 1.5.2.3, morpholinos were rapidly adopted by the zebrafish 

community soon after their development due to their easiness of use among 

other factors; however, several publications demonstrated that the phenotype 

produced by MOs can be due to off-target effects283, so concerns about their 

use arose in the community. In response to this, a few set of guidelines were 

published that, if followed, would help distinguish specific phenotypes from 

off-target effects. One of them was published a couple of years ago by Stainier 
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et al.280, which postulate some guidelines that should be followed in order to 

carry out a proper MO experiment: 

 Multiple MOs (such as ATG and splice blocking), or MOs and another 

approach (such as CRISPR-Cas9) should be used to target individual 

genes and their efficiency should be assessed whenever possible to 

minimize the amount of MO injected. 

 Rescue experiments should be attempted for the approaches listed 

above, and if rescue is successful, control experiments should be 

conducted 

 An injection control MO should be used to account for developmental 

delay 

 Essential routine procedures include a dose response curve and the 

examination of statistically meaningful numbers of control and 

experimental animals, among others. 

In this thesis, most of these guidelines were properly followed. First, I initially 

planned to use both translation and splice blocking MOs targeting both kat2a 

and kat2b. However, the generation of titration curves for each of them 

revealed that both translation blocking MOs induced a high level toxicity even 

at low doses, so experiments with just the splice blocking MOs were performed 

instead. In spite of not being able to use multiple MOs targeting the same 

genes, I used splice blocking MOs as well as two other approaches (CRISPR-

Cas9 and chemical inhibition) in order to abolish the activity of my target genes. 

The efficiency of MOs was assessed by RT-PCR, whereas the efficiency of the 

CRISPR-Cas9 system was assessed by calculating the average rate of 

mutagenesis. This aspect could have been improved by studying via qPCR or 

western blot what is the impact of each one of these approaches on the mRNA 

and protein levels of zebrafish kat2a and kat2b, although the latter would have 

been extremely challenging due to the lack of commercial kat2a and kat2b 

zebrafish antibodies. Regarding the second point, a rescue experiment was also 

carried out by using an acetyl-mimic version of tbx5a, but just on crispant 

embryos. Even though this experiment provided evidence that the phenotype 

seen in crispant embryos is due to the lack of acetylation, it could have been 

definitely improved by performing a control rescue experiment (using mutant 

mRNA, for example) or by carrying it out in morphants as well. As 

demonstrated in the knockdown experiments, an injection control MO using a 

mismatch control MO was also performed, thus fulfilling another of the 

guidelines suggested by Stainier. Only one mismatch control MO was used 

though, so these experiments could have been strengthened by using 

additional mismatch MOs. Last but not least, a dose response curve showing 

the effect on mortality and the induction of severe developmental defects was 

generated for all four MOs, and a meaningful number of embryos (a total of 
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200 per MO taking into account all batches and experiments) were injected and 

analysed in my experiments. In spite of fulfilling many of these guidelines, the 

MO experiments performed in this thesis could have been improved in 

different ways. On top of the suggestions mentioned in the lines above, the 

effect of lower doses of MOs (e.g. 0.5 ng or 1 ng) on the cardiac and fin 

phenotype should have been assessed in order to check whether there is a 

relationship between dose and severity of the phenotype. Also, no blinding 

strategies were used as I in charge of preparing the MO/CRISPR-Cas9 samples 

for injection, the actual injections and the posterior analysis, so I was aware at 

any moment of which samples had been injected with each MO/sgRNA. 

 

For the knock-out experiments, I decided to use the recently developed 

CRISPR/Cas9 genome-editing technology. This system had been successfully 

used in zebrafish for the first time just two years before the start of this 

thesis210,278, so setting it up in our lab was one of the main challenges I had to 

overcome in this project. Even though the CRISPR/Cas9 system has gained 

much prominence in the last years due to its ease of use, several groups have 

reported that the individual mutagenesis efficiency when injecting sgRNA+Cas9 

mRNA varies between 30-60% depending on the sgRNA used, far from the ideal 

100% efficiency that would lead to an easily reproducible and significant 

phenotype penetrance even in the F0 generation278,311,312. This problem can be 

solved by the generation of stable mutant strains (F1 generation); however, 

this is still a great limitation due to the time requirement and cost of animal 

facilities, and in our lab, we did not a have the necessary animal license in place 

in order to raise zebrafish transgenic lines at that time.  A few years ago, a new 

solution to this problem emerged, as several groups reported that by injecting 

sgRNA:Cas9 ribonucleoprotein complexes (this is, sgRNA+Cas9 protein) instead 

of Cas9 mRNA, mutation efficiencies as high as 100% can be achieved, thus 

reducing phenotype variance and generating complete somatic mutants that 

reproduce the phenotype found in loss-of-function models previously 

established227,290,396. Taking this into account, I injected kat2a, kat2b and tbx5a 

sgRNAs:Cas9 complexes into 1-cell stage zebrafish embryos and following T7 

assay and Sanger sequencing, I confirmed the introduction of mutations on 

these three genes with 80-90% mutagenesis efficacy, thus suggesting the 

presence of bi-allelic mutations in a substantial number of cells. In addition to 

this, the tbx5a crispants generated in this thesis also recapitulate the cardiac 

and limb defects found in an already established tbx5a mutant transgenic line 

(heartstrings)126, thus suggesting that this approach can successfully 

recapitulate the phenotype found in stablished transgenic lines. 

 



Genetic studies on congenital hearts disorders Page 156 
 

As demonstrated in this project, the loss of kat2a or kat2b in zebrafish during 

development, both via morpholino-mediated knockdown or CRISPR-Cas9-

mediated knockout, lead to a mild cardiac and fin phenotype mainly 

characterized by the relaxation of cardiac looping, reduction of heart beating 

rate and the presence of stumpy, shortened pectoral fins. These phenotypic 

features are similar to those displayed by tbx5a morphants and crispants, thus 

suggesting that this cardiac factor and kat2 acetylases may work in a common 

pathway regulating heart and fin development in zebrafish. The main 

difference between the phenotypes showed by kat2 and tbx5a 

morphants/crispants resides in their severity: whereas loss of kat2a or kat2b 

leads to a mild cardiac and fin phenotype in the embryos analyzed, a more 

severe cardiac (no looping, severe bradycardia) and fin (lack of pectoral fins) 

phenotype was found in a large proportion of tbx5a morphants and crispants. 

Interestingly, when embryos were injected with MOs targeting both kat2a and 

kat2b to generate double knockdowns, the proportion of embryos showing a 

severe cardiac and fin phenotype was increased and much closer to that found 

in tbx5a morphants. These results suggest the presence of redundancy 

between kat proteins, by which the lack of one of them could still be partially 

compensated by the presence of the second one. This compensatory effect 

between kat2a and kat2b have already been described elsewhere397,398, and it 

has been demonstrated that mice lacking both Kat2a and Kat2b die at an earlier 

developmental stage than their single KO counterparts355. Apart from these 

defects found in the heart and fins, mild defects in other organs or slight 

developmental delay were also seen (source: visual observation) in some of the 

embryos analysed in other organs such as the head; unfortunately, no 

representative pictures of the whole embryos were taken as I focused on 

obtaining high-magnification and high-resolution images of the heart, so these 

defects initially seen in other parts of the zebrafish body could not be properly 

assessed. These whole-body pictures would have allowed me to perform a 

more in-depth assessment of other organs, thus characterizing more in detail 

the phenotype of these embryos. 

 

The role of acetylation during heart and fin development in zebrafish was 

further substantiated by performing a chemical inhibition of kat2b. This was 

achieved by treating zebrafish embryos with Garcinol, an inhibitor of the 

acetyltransferase activity which has been shown to inhibit KAT2B with high 

specificity306,384. Embryos treated with this compound showed a mild cardiac 

and fin phenotype extremely similar to that displayed by kat2b morphants and 

crispants, with relaxed cardiac looping and shortened fins among other defects. 

Most of the treated embryos that were analysed presented a mild phenotype 
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instead of a severe one, thus suggesting that this compound only inhibits kat2b 

activity and not kat2a activity as well. 

 

To sum up, all three approaches to abolish the activity of kat2a or kat2b led to 

similar cardiac and fin phenotypes, thus suggesting that the defects found in 

these embryos are indeed due to the loss of activity of either of these 

acetylases and not due to off-target effects and/or injection artefacts. 

However, in spite of the weight of evidence provided by these three 

approaches, it would have been far more preferable to breed my F0 crispants 

to successive generations in order to generate “clean”, stable kat2a and kat2b 

transgenic lines which would have allowed me to fully confirm that the 

phenotype seen in this crispants is indeed due to the lack of acetylase activity. 

In addition to this, the breeding of these F0 crispants to further generations 

would have eliminated other causes of concern such as the presence of 

different mutations in the same sample (mosaicism), and more importantly, it 

would have led to possible off-target mutations being “diluted” over 

generations. In addition to this, the possibility that the cardiac and limb 

phenotype observed in kat2a and kat2b morphants, crispants and embryos 

treated with Garcinol is due to developmental delay cannot be completely 

ruled out, especially in those embryos categorized as having a mild cardiac/fin 

phenotype. As stated previously, at the time of generation of these models our 

laboratory did not own the necessary animal license in place in order to raise 

zebrafish transgenic lines, so we could keep zebrafish embryos for a maximum 

of 5 days post-fertilization. The best method to assess whether these 

phenotypes are indeed due to the lack of kat2 acetylases or due to 

developmental delay would have been to allow these embryos to reach the 

adult stage and then breed them in order to create an stable transgenic line, 

thus overcoming potential developmental delays as well as other intrinsic 

problem of using F0 crispants mentioned before such as the presence of 

mosaicism or potential off-target effects.  

 

qPCR and in situ hybridization analysis of the expression of several tbx5a target 

genes in kat2a and kat2b crispants also provide further evidence of the in vivo 

relationship between these factors. For the qPCR experiment, the relative 

mRNA levels of five different tbx5a target genes were analysed at 32 hpf (a 

stage at which the heart tube is undergoing heavy remodelling): nppa, fgf10, 

bmp4, hey2 and tbx2b. All these five genes have been shown to be regulated 

by tbx5a in zebrafish in the past318,319,399. In my experiments, all these genes 

were shown to be significantly downregulated in both kat2a and kat2b crispant 

embryos. The expression level of two totally unrelated genes to tbx5a (akt1 

and igf3) was also checked, and both of them did not show any significant 
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differences in expression in comparison to WT embryos, thus providing 

confidence that the changes observed with regards to tbx5a target genes are 

indeed due to the downregulation of the transcriptional activity of this factor. 

The downregulation of tbx5a target genes in kat2a and kat2b knockouts was 

further confirmed by carrying out in situ hybridization using bmp4, nppa and 

fgf10 probes. Even though these results strongly suggest that the lack of kat2a 

or kat2b is responsible for the downregulation of tbx5a activity, these results 

could have been further substantiated by analysing the expression of these 

genes at other developmental stages or by increasing the number of targets 

analysed. Last but not least, the in vivo link between kat2 acetylases and tbx5a 

was also studied by performing a rescue experiment of the kat2a KO phenotype 

using a tbx5a K339Q acetyl-mimic variant. The lysine-to-glutamine substitution 

was used as an acetyl-mimic version of tbx5a as these two residues share a 

similar charge and chemical structure, and it has been shown that glutamine 

can function as acetyl-lysine in an in vivo context400,401. The rescue experiment 

showed that, when tbx5a K339Q mRNA is injected alongside Cas9 protein + 

kat2a sgRNA, a partial rescue of both the cardiac and fin phenotypes of these 

embryos is achieved, thus suggesting that these phenotypes are produced by 

the lack of tbx5a acetylation. In order to further substantiate these results, a 

“control rescue” group could have been included by injecting a mismatch, 

mutated version of the tbx5a K339Q mRNA instead. 

 

The results presented in this thesis indicate that two of the main 

developmental processes affected in kat2a and kat2b morphants and crispants 

are cardiac looping and fin development. As shown in this thesis as well as in 

other publications over the last couple of decades126,318,402, the loss of tbx5a 

activity in zebrafish also leads to a cardiac phenotype mainly characterized by 

defects in cardiac looping and the presence of pericardial oedema, as well as 

the development of stumpy fins or complete lack of them. In mouse, a 

heterozygous transgenic line lacking one copy of Tbx5 mirror the Holt-Oram 

syndrome phenotype, as they present ASD, occasional VSD and AV block, as 

well as forelimb abnormalities67. More interestingly, a homozygous transgenic 

line lacking both copies of Tbx5 do not survive past E10.5, and development is 

arrested at E9.567. In these embryos, cardiac looping did not occur, and the 

heart is a deformed, large tubular structure showing signs of hypoplasy. This 

cardiac phenotype is remarkably similar to that of the kat2a and kat2b 

crispants generated in this thesis. Generation of F0 crispants typically lead to 

the complete loss of the targeted gene, and mutagenesis analysis of these 

crispants suggested the presence of biallelic mutations in them, although 

further and a more in-depth analysis (for example, by increasing the number of 

samples and alleles analysed) would be required to fully confirm this. In spite 
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of this, these data seem to indicate that the lack of both copies of kat2a or 

kat2b in zebrafish lead to remarkably similar cardiac defects than those 

produced by the lack of both copies of Tbx5 in mouse, thus strengthening the 

relevance of these experiments. In humans, mutations in the TBX5 gene lead 

to Holt-Oram syndrome77, which is characterized by the presence of congenital 

heart defects (most common ones are ASD and VSD) and radial defects. 

Regarding cardiac defects, one of the main limitations of using zebrafish as an 

animal model is that cardiac septation do not take place, so it is rather 

complicated to establish the potential relationship between the zebrafish 

crispants generated in this thesis and patients of this condition. In addition to 

this, Holt-Oram syndrome is typically produced by dominant heterozygous 

mutations in the TBX5 gene and no homozygous patients have been 

characterized so far, possibly due to the fact that loss of both copies of TBX5 

during human development is incompatible with embryo survival390. Even 

though it is difficult to assess the relationship between the heart phenotype 

observed in zebrafish and that of human patients, there are indeed similarities 

regarding the fin/limb phenotype, as both in zebrafish and in HOS patients lack 

of TBX5 leads to defects in pectoral fin or upper limbs development 

respectively, although further studies would be required to study this 

relationship more in detail (for instance, by performing Alcian or 

hematoxilin/eosin staining of zebrafish fin sections). 

 

In the near future, our goal is to study further the significance of TBX5 

acetylation in vivo. Most of our current data is based on zebrafish experiments. 

Although it is an excellent animal model for quick reverse-genetics studies it 

still presents some limitations in comparison to other models (e.g. mouse). In 

order to obtain deeper knowledge on this matter, a mouse line carrying a Tbx5 

Lys339Arg point mutation has been stablished at the University of Nottingham. 

By carrying a non-conservative substitution of the Tbx5 acetylation residue 

(Lys339), this mouse model serves as an effective Tbx5 acetyl-deficient model. 

This line will allow us to perform a more accurate characterization of the 

cardiac and limb defects produced by the lack of acetylation in the Tbx5 

protein. Also, and on top of classic biochemical and cell biology experiments, 

we are planning to perform transcriptomic and proteomic analysis of 

embryonic heart samples from this mouse model in order to generate a global 

picture of all Tbx5 target genes regulated via acetylation. At the time of writing 

of this thesis, the line is being expanded in preparation for future experiments. 

 

To sum up, both the in vitro and in vivo data obtained in this project strongly 

support the fact that KAT2A and KAT2B acetyltransferases potentiate TBX5 

transcriptional activity via acetylation, and that the lack of any of them during 
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development lead to cardiac and fin defects due to the downregulation of 

tbx5a activity. A new regulatory mechanism of TBX5 activity is also proposed, 

in which acetylation at lysine 339 is required for TBX5 retention in the nucleus, 

thus leading to an increased pool of this factor and, subsequently, to an 

increased transcriptional activity (Fig. 3.26). As of today, and even though a 

large number of TBX5 mutations have been found in Holt-Oram syndrome 

patients291,403, no mutations at lysine 339 have been described. However, 

based on the relevance that this residue seem to have in TBX5 activity, we do 

not discard the possibility that mutations in this lysine might contribute in some 

way to the onset of cardiac defects during development. 

 

  

 
Figure 3.26. TBX5 activity regulation model. When TBX5 is acetylated by KAT2A or KAT2B in 

the nucleus, its affinity to the exportin CRM1 decreases, thus leading to its nuclear retention. 

This increases the pool of nuclear TBX5, which results in an increased transcriptional activity 

on TBX5 target genes, including genes involved in cardiac and limb development such as NPPA, 

FGF10 or BMP4. 
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4. ANALYSIS OF CHD4 MUTATIONS FOUND IN 
SYNDROMIC-CHD PATIENTS 

4.1. Introduction 
 

4.1.1. The NuRD complex and its role in cardiac 

development 

One of the histone-modifying complexes that has been subject to recent 

interest in the field of cardiac development is the NuRD complex (Nucleosome 

Remodelling Deacetylase complex). The NuRD complex is a group of associated 

proteins with both ATP-dependent chromatin remodelling and histone 

deacetylase activities, being comprised of several subunits:  the histone 

deacetylase core proteins HDAC1 and HDAC2, the 

chromodomain/helicase/DNA-binding proteins CHD3 and CHD4, the 

retinoblastoma-binding proteins (or histone-binding proteins) RBBP4 and 

RBBP7, the methyl-CpG-binding domain proteins MBD2 and MBD3, and the 

metastasis-associated protein MTA1, MTA2 and MTA3404,405 (Fig. 4.1). The 

NuRD complex is required at various stages of hematopoietic differentiation, 

and in the context of cancer, it has been usually associated with processes such 

as metastasis and epithelial-to-mesechymal transition (EMT)404,405. Although 

the NuRD complex is comprised of several subunits, in this chapter I will mainly 

focus on CHD4. Information about HDAC1 and HDAC2, two of the core 

components of the complex, can be found in section 3.1.2. 

 

Figure 4.1. Subunits of the NuRD complex. The nucleosome/remodelling complex is comprised 

of several proteins, including CHD3/4 (blue), MTA1/2/3 (grey), HDAC1/2 (green), RBBP4/7 (red) 

and MBD2/3. Subunits of the complex belonging to the same family (such as CHD3/4 or 

HDAC1/2) are interchangeable, and the composition of the complex varies according to cellular 

conditions and signals. All subunits work together in order to perform nucleosome remodelling 

roles (a nucleosome is shown in black). 
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4.1.1.1. Chromodomain/helicase/DNA-binding protein 4 (CHD4) 

The chromodomain/helicase/DNA-binding protein 4 (CHD4) is a 

helicase/ATPase that uses the energy from ATP to perform chromatin 

remodelling functions via histone sliding406. The CHD4 protein belongs to the 

CHD subfamily II, alongside CHD3 and CHD5406. This family is characterized by 

the presence of specific domains in their structure: two N-terminal plant 

homeodomain (PHD) zinc-finger-like domains, two chromodomains (CHD) and 

a centrally located ATPase/helicase domain407 (Fig. 4.2). The PHD and CHD 

domains are thought to mediate the binding to the nucleosomes408 and 

regulate CHD4 remodelling activity409, whereas the ATPase/helicase domain 

acts as the catalytic domain of the protein, providing the energy necessary to 

exert its function. No functional domains have been identified in the C-terminal 

region of the protein; however, it has been reported that this region is 

susceptible to be phosphorylated at the residue Ser1349 by ATM kinase in 

response to DNA damage410.  

 

Figure 4.2. Secondary structure of the CHD4 protein.  The CHD4 protein is comprised of several 

domains: two N-terminal plant homeodomain (PHD) zinc-finger-like domains (green), two 

chromodomains (CHD, yellow) and a centrally located ATPase/helicase domain (blue). 

Phosphorylation of CHD4 takes place in the C-terminal domain (orange) of the protein 

following DNA damage.  

According to the Mouse Gene Expression database, Chd4 is expressed in a wide 

range of different organs and tissues in the mouse embryo, including brain, 

heart, genitourinary system and the central nervous system among others411. 

Several Chd4 knockout mouse models have also been generated. The 

International Mouse Phenotyping Consortium (IMPC) provides information on 

a Chd4-null mouse model which lacks the critical exons 11 and 12 of the Chd4 

gene (chromodomains)412. Homozygous null embryos for this model present 

embryonic lethality prior to organogenesis, whereas heterozygous embryos are 

viable but they show signs of hypoactivity412. No further information regarding 

this model is available as of today, as according to the search engine PubMed 

(https://pubmed.ncbi.nlm.nih.gov/), no studies using this model have been 

published yet. A different Chd4-null mouse model revealed that embryos 

lacking both alleles of Chd4 are unable to successfully complete the first lineage 
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decision and form functional trophectoderm at the blastocyst stage, thus dying 

really early in development413. Chd4 has also been conditionally ablated in 

specific murine organs or tissues including heart414, brain415, kidney416 and 

endothelium417 among others. In the brain, conditional knockout of Chd4 in the 

granule neurons of the cerebellar cortex impairs the establishment of granule 

neuron parallel fiber/Purkinje cell synapses in this tissue415, thus demonstrating 

its role in synaptic connectivity. In the kidneys, deletion of Chd4 in cap 

mesenchyme cells leads to renal hypoplasia and a marked reduction in 

nephrons, as well as misregulation of renal progenitor cell markers416. Chd4 

also plays a key role in vasculogenesis, as mice lacking this protein in 

endothelial cells die at midgestation from vascular rupture417. Cardiac 

abnormalities found in conditional knockouts of Chd4 in the heart are discussed 

in more detail in the next section. 

4.1.1.2. The NuRD complex, CHD4 and cardiac development 

Although the NuRD complex and its subunits have been typically linked to 

cancer-related processes, in the last couple of years several studies have 

suggested a key role for this complex in cardiac development and CHD. 

Waldron et al. showed recently that Tbx5, one of the master regulators of 

cardiogenesis, interacts biochemically and genetically with Chd4 in order to 

repress incompatible gene programs in the developing heart418. Furthermore, 

CHD-causative mutations in TBX5 disrupt the TBX5-NuRD interaction, leading 

to the activation of genes that would otherwise be repressed and correlating 

with septal defects418. A different study performed by Gómez del Arco et al. 

showed that loss of Chd4 in developing cardiomyocytes leads to a thinner 

ventricular compact myocardium, less intricate trabeculae, defects in 

ventricular septum formation and finally, embryonic lethality at E13.5414. 

Analysis of cardiomyocyte proliferation markers also revealed the presence of 

reduced cardiomyocyte proliferation in the myocardium of the ventricular 

compact wall of these embryos, suggesting that this was the main cause of the 

myocardial-related defects found in this model414. Deletion of Chd4 in already 

differentiated cardiomyocytes (adult mice) causes severe cardiomyopathy and 

sudden death414. These adult mutant mice showed atrial dilatation and 

accumulation of fibrotic collagen in the left ventricle and in the ventricular 

septum, which suggested progression of these hearts to heart failure414. Right 

after the publication of this study, Wilczewski et al. also reported the 

generation of a second Chd4-null mouse model in cardiomyocytes419. 

Heterozygous mouse for this model are completely viable and phenotypically 

normal; however, lack of both copies of Chd4 in cardiomyocytes led to 

embryonic lethality at E12.5419. At E11.5, these embryos displayed pericardial 

oedema and haemorrhage, as well as stunted growth. On top of this, the hearts 
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of these mutant embryos showed an enlarged atria, a reduced right ventricle 

and an enlarged left ventricle, and histological analysis revealed a reduced 

complexity of the trabecular myocardium in the ventricles and a decrease in 

the thickness of the compact layer419. This study also revealed that Chd4-

mediated repression of skeletal and smooth muscle myofibril isoforms is 

required for normal cardiac sarcomere formation and function419. Regarding 

other NuRD subunits and cardiac development, it has also been shown that the 

NuRD complex interacts with Fog2, a multi-zinc finger protein that binds the 

transcriptional activator Gata4 and modulates Gata4-mediated regulation of 

target genes during heart development420. Mice carrying a mutation in Fog2 

that disrupts NuRD binding exhibit perinatal lethality and have several cardiac 

malformations including ventricular and atrial septal defects and a thin 

ventricular myocardium, as well as presenting reduced cardiomyocyte 

proliferation420.   

4.1.2. CHD4 mutations found in syndromic CHD4 patients 

In the last decade, several studies have also reported the presence of Chd4 

mutations in human patients. Le Gallo et al. identified a high frequency of 

somatic mutations in the CHD4 gene in primary serous endometrial tumors421, 

and in vitro studies using human cancer models have also showed a role for 

Chd4 in cancer growth and proliferation422,423. Our lab also collaborated 

recently in a whole-exome sequencing on syndromic- and non-syndromic-CHD 

patients424. This study revealed the presence of five different de novo 

mutations in the CHD4 gene in syndromic-CHD patients, which are the 

mutations I based my work on during this chapter. In the same line of work, 

Weiss et al. recently reported five individual with de novo mutations in the 

CHD4 gene425 (Fig. 4.3A and B). These individuals have overlapping phenotypes 

including developmental delay, intellectual disability, macrocephaly and 

congenital heart defects such as ASD, VSD or bicuspid aortic valve, among 

others. A third study performed by Homsy et al. also revealed the presence of 

de novo mutations in the CHD4 gene in patients with syndromic-CHD426. 

As mentioned in the previous section, our lab recently collaborated with the 

Sanger institute in a whole-exome sequencing study in which three new S-CHD 

causative genes were discovered: CHD4, CDK13 and PRKD1424. In the case of 

CHD4, five de novo mutations were identified in this gene, which serve as the 

basis of the work presented in this chapter. Four of these five mutations are 

missense variants (p.Cys467Tyr, p.Ser851Tyr, p.Arg1068His and p.Val1608Ile), 

whereas the fifth is an in-frame deletion of three amino acids 

(p.Leu1009_Val1011del) (Fig. 4.3B). Of these five mutations, three of them 

(p.Ser851Tyr, p.Leu1009_Val1011del and p.Arg1068His) are localized in the 
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helicase/ATPase domain of the CHD4 protein. One of the missense variants, 

p.Cys467Tyr, is found in one of the N-terminal plant homeodomains, whereas 

the variant p.Val1608Ile is situated in the C-terminal domain of the protein, 

whose function is unknown (Fig. 4.3B). Three of these individuals had tetralogy 

of Fallot or Fallot-like features, whereas the other two presented septal defects 

(ASD and/or VSD) and aortic coarctation. All of them manifested 

neurodevelopment delay, two had Chiari malformations and three of the four 

males presented cryptorchidism (Fig. 4.3A). These phenotypic features overlap 

with those of the CHARGE syndrome, a genetic condition produced by 

heterozygous loss-of-function mutations in CHD7, a paralog gene of 

CHD4427,428.  Mutations in GATAD2B, another subunit of the NuRD complex, 

cause a recognizable intellectual-disability syndrome429; however, no CHD-

features have been reported in these individuals. In addition to this, several 

subunits of other chromatin-remodelling complexes have been reported to be 

mutated in patients of different developmental syndromes, including CHD in 

some of them430,431. 

Recently, a study carried out by Weiss et al.432 performed a comprehensive 

investigation of the clinical spectrum of 32 individuals carrying mutations in the 

CHD4 gene, including those included in the Sifrim424 and Weiss (2016)425 studies 

among others. This study demonstrate that some of the main clinical findings 

found in these patients are developmental delay (97%), brain anomalies (96%), 

intellectual disability (86%) and heart defects (65%). Some of the phenotypes 

found in murine Chd4-knockout models strongly fit with these features found 

in human patients. For example, as it has been mentioned before, mouse 

embryos lacking Chd4 in the neurons of the cerebellar cortex present defective 

synaptic connectivity and brain anomalies415, evidence that could explain the 

intellectual disability and brain anomalies found in these patients. In terms of 

heart anomalies, patients exhibit an extensive range of different cardiac 

defects, such as ASD and VSD (the most common ones), pulmonary stenosis, 

patent ductus arteriosus or tetralogy of Fallot432. Some of these defects are 

related to structures in which the second heart field have a major contribution 

during development (for example, atria and outflow tract), so CHD4 might play 

a key role in this cell lineage. With regards to the relationship these cardiac 

phenotypes and animal models, this point is still a question of debate. As 

mentioned before, conditional knockout models of Chd4 in the murine heart 

lead to ventricular septal defects, a thinner myocardium and less intricate 

trabeculae due to reduced cardiomyocytes proliferation414,419,420. These 

defects fit with those present in patients who exhibit VSD and tetralogy of 

Fallot (as VSD is one of the main features of this condition); however, it is still 
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unclear how this murine phenotype correlates with other defects such as ASD, 

pulmonary stenosis or the outflow tract-related defects found in ToF patients. 

 

 

Figure 4.3. Individuals with de novo CHD4 mutations. Information from two different 

publications are included. (A) Clinical manifestations observed across patients carrying CHD4 

mutations. In the upper table, individuals are represented in each column, whereas colour of 

the cells indicate the number of individuals sharing that specific phenotype. Detailed 

information about the patients shown in the second set of pictures can be found in the next 

page table. (B) Illustration of the secondary structure of the CHD4 protein and the distribution 

of CHD4 de novo mutations described in two different publications. Adapted from Sifrim et al., 

2016424 and Weiss et al., 2016425 
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4.1.3. Hypothesis and aims of this project 

Whole-exome sequencing studies of CHD patients is one of the most powerful 

tools available for the discovery of new CHD-causative genes. As indicated 

during the introduction of this chapter, our lab recently collaborated with the 

Sanger Institute in a whole-exome sequencing study on patients of non-

syndromic- and syndromic-CHD, which led to the discovery of novel CHD-

causative mutations in the CHD4, CDK13 and PRKD1 genes. These three genes 

serve as the starting point for the next steps of this project, which involve the 

in vitro characterization of these mutations and in vivo studies on mouse 

models carrying null alleles or point mutations for each one of these genes. The 

characterization of these mutations is a joint effort between many people in 

Prof. David Brook’s lab. I was in charge of the CHD4 gene, the one this chapter 

will be focused on.  

The presence of CHD4 mutations in syndromic-CHD patients indicates the 

importance of this helicase in cardiac development, a fact that has been 

recently supported by several studies focusing on the role of the NuRD complex 

and CHD4 during cardiac development. However, we are still far from 

understanding the molecular mechanisms by which CHD4 exert its function in 

the developing heart. In order to shed some light on this question, the main 

goal of this part of my thesis will be to perform an in vitro characterization of 

the five de novo CHD4 mutations found in syndromic-CHD patients. To do this, 

I aim to answer whether these mutations have an impact on different CHD4-

related features such as: 

1. Its ability to interact with the NuRD complex 

2. Its cellular localization 

3. Its ATPase activity 

4. Its ability to bind DNA or nucleosomes 

5. Its ability to perform nucleosome remodelling 

 

4.2. Results 

4.2.1. Analysis of CHD4 mutations found in syndromic CHD 

patients 

The five CHD4 mutations used in this project are described in Fig. 4.4A, 

including type of mutation, whether the mutation is damaging or not according 

to PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/), their domain location 

inside the CHD4 protein and the cardiac defects found in patients harbouring 

each one of these CHD4 variants. Fig. 4.4B shows a representation of the 

secondary structure of the CHD4 protein including the location of the mutant 

variants. Analysis of amino acid conservation across species was also 

http://genetics.bwh.harvard.edu/pph2/
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performed by using ClustalW2 (https://www.ebi.ac.uk/Tools/msa/clustalw2/). 

As shown in Fig. 4.4C, amino acids affected in mutations M2, M3, M4 and M5 

are well-conserved in CHD4 orthologs across several species (mouse, rat, 

chimpanzee, dog, chicken, xenopus and zebrafish); however, the valine residue 

affected in the mutation M1 is not well-conserved, as a leucine or proline can 

be found instead in other species such as mouse, rat or dog. In spite of this, the 

three aminoacids found in this position in different species (valine, proline and 

leucine) are all non-polar and hydrophobic, thus confirming that aminoacids in 

this position share similar structure and chemical properties. 

 

Figure 4.4. CHD4 mutations found in syndromic-CHD patients. (A) Summary of the mutations, 

including amino acid affected, name code, type of mutation, whether the mutation is damaging 

or not (based on Polyphen-2 prediction), domain in which is localized and cardiac defects found 

in patients harbouring each one of them. (B) Secondary structure of CHD4 and localization of 

each of the mutant variants within the protein. (C) Protein alignment of CHD4 orthologs across 

several species (human, mouse, rat, chimpanzee, dog, chicken, xenopus and zebrafish; 

respectively). 

 

https://www.ebi.ac.uk/Tools/msa/clustalw2/
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4.2.2. Generation and expression of CHD4 mutant variants 

in mammalian cells 

In order to perform in vitro studies, I first generated a human expression vector 

harbouring individual CHD4 mutant variants as indicated in 2.3.1. Following 

site-directed mutagenesis, the generation of each CHD4 mutant variant was 

confirmed by Sanger sequencing, as shown in Fig. 4.5.  

 

Figure 4.5. Verification of the generation of all five CHD4 mutant variants by Sanger 
sequencing. 

In order to verify the correct protein expression of each one of the CHD4 

mutant variants, I transfected them into COS7 cells and hCHD4-FLAG 

expression was checked via western blot 48 hours post-transfection (n=3 

independent experiments). As shown in Fig. 4.6, western blot analysis of 

hCHD4-FLAG led to the detection of two bands: one corresponding to a 

molecular weight >220 KDa (~250 KDa), and another one just below the 220 

KDa mark (~210 KDa). In order to ascertain which one correspond to the full-

length version of CHD4, I looked in the literature for publications which report 

the detection of human CHD4 via western blot. As shown by Weiss425 and 

Waldron418,  human CHD4 is typically detected as a band of ~250 KDa, thus 

indicating that in my western blots, the band corresponding to the full-length 

version of CHD4 was the upper one. After confirming this, I wanted to gain 

further insight into the origin of the lower ~210 KDa band. According to the 

literature433 and to the western blot troubleshooting tips provided by several 

life science companies such as Abcam434 or Bio-Rad435, the presence of 

unexpected bands of a lower molecular weight can be due to different reasons, 

such as: 

 Post-translational modification of the original protein 
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 Presence of an in-frame second start translation site downstream of the 

original one which leads to the production of a shorter version of the 

protein 

 Proteolysis or cleavage of the original protein 

 Presence of splice variants 

 Another protein bearing a similar epitope is detected by the antibody 

Regarding post-translational modifications of CHD4, to date, the only post-

translational modification reported is phosphorylation by ATM kinase at 

Ser1349410, which has been demonstrated to take place following DNA 

damage. However, in this same publication, the authors also showed that 

phosphorylation of CHD4 by ATM can also take place in non-DNA damaging 

conditions, albeit at a lower level than when DNA damage is induced410. It is 

unlikely that CHD4 phosphorylation was taking place in my experiments as no 

DNA damaging reagents were used; however, based on the possibility that 

CHD4 might still be phosphorylated by ATM in basal conditions, and in order to 

completely rule out this potential explanation for the presence of the lower 

band, I tried to detected the phosphorylation status of CHD4 following 

transfection of hCHD4 in COS7 cells (n=1 independent experiment). Following 

immunoprecipitation of the CHD4-FLAG variants using FLAG beads, their 

potential phosphorylated status was checked using a generic p-Serine 

antibody. As shown in Fig 4.6, I was not able to detect phosphorylated CHD4 in 

any of the variants, thus suggesting that this post-translational modification is 

not the cause of the presence of the lower band.  

 

Figure 4.6. Expression of CHD4-FLAG variants in COS7 cells. Following transfection into COS7 

cells, CHD4 variants were detected using an anti-FLAG antibody (n=3 independent 

experiments). Phosphorylated CHD4 was not detected following incubation with a p-Serine 

antibody (n=1 independent experiment). 

Another possible explanation for the presence of the lower band is the 

generation of a shorter CHD4 isoform from a second translation start site 

downstream of the original one. In eukaryotes, the Kozak consensus sequence 

is a nucleic acid motif that functions as the protein translation initiation site in 
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most mRNA transcripts436. The original Kozak consensus sequence was defined 

as gcc(A/G)ccATGG, where the start translation codon (ATG) is in bold and 

underlined, upper-case letters are highly conserved bases and lower-case 

letters indicate the most common base at a position where the base can 

nevertheless vary. Taking this into account, translation start sequences are 

characterized by the presence of an ATG codon, a guanine (G) in position +1 

relative to the ATG codon, and an adenine (A) or guanine in position -3. With 

this in mind, I searched in the human CHD4 cDNA sequence for motifs which 

fulfilled these conditions and in which the ATG codon was situated in the open 

reading frame of the cDNA. By analysing the human CHD4 cDNA sequence 

retrieved from the Ensembl Genome Browser (transcript ID 

ENST00000544040.6), three potential translation start sites were identified 

downstream of the original one (Fig. 4.7A). The sequence of these additional 

start sites fulfil the required conditions: the ATG codon is in the open reading 

frame, there is a guanine in the position +1, and an adenosine or a guanine can 

be found in the position -3 (Fig. 4.7B). Additionally, translation start from these 

sequences would lead to the production of truncated CHD4 versions of 1710, 

1673 and 1512 aa in length, which in a western blot would appear as 224, 219 

and 198 KDs bands respectively (this is an estimation calculated by assuming 

that the original protein (1912 aa) appears as a 250 KDa band). The lower band 

displayed in my western blot corresponds to a product of ~210 KDa, so in view 

of the results obtained from this analysis, it is possible that this band 

corresponds to a shorter CHD4 variants produced from any of these additional 

start sites.  

Overall, these results indicate that all five CHD4 mutant variants were 

successfully produced by using site-directed mutagenesis, as they all lead to 

the production of CHD4 protein in COS7 cells. The preliminary analysis 

performed to identify the origin of the second, lower band suggest that it might 

have its origin on a second translation start site downstream of the original 

one; however, further experiments are required to confirm this, and other 

potential explanations cannot be completely ruled out (a more detailed 

discussion on this topic can be found in section 4.3.) 
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Figure 4.7. Additional translation start sequences found in the human CHD4 cDNA sequence. 

(A) cDNA and amino acid sequences of the original translation start site in human CHD4 (top 

left) and of three potential translation start sites downstream of it (middle left, middle right 

and top right). Translation start sequences are highlighted in red. (B) Information regarding the 

sequence, position, expected protein size and expected molecular weight detected by western 

blot based on translation from each start site. In the sequences, the ATG codon is red 

underlined, whereas the guanine in the position +1 and the adenine/guanine in the position -

3 are bolded. 

4.2.3. Physical interaction between CHD4 variants and the 

NuRD complex subunits 

Once all CHD4 variants were generated, the first aim of this project was to 

check whether the interaction between CHD4 and the NuRD complex is 

disrupted in any of the mutant variants. The NuRD complex is comprised of 

several core subunits, including CHD4, HDAC1, MTA2 and RBB4 among others, 

so in order to address this question I performed pull-down assays by co-

transfecting the different CHD4 mutant variants with expression vectors for 

each one of these subunits in COS7 cells (n=3 independent experiments were 

performed in each case). 

Two of the main components of the NuRD complex are the histone 

deacetylases HDAC1 and HDAC2, so I initially performed pull-down assays 

following co-transfection of CHD4-FLAG and HDAC1-MYC or HDAC2-MYC in 

COS7 cells. As shown in Fig. 4.8A and 4.8B, a strong interaction between HDAC1 

or HDAC2 and all CHD4 mutant variants was detected, with no significant 

differences between the mutant variants and CHD4 WT. Next, the physical 

interaction between CHD4 mutant variants and two other subunits of the NuRD 

complex was checked: MTA2 (metastasis-associated protein 2) and RBBP4 

(retinoblastoma-binding protein 4) (Fig. 4.1). Fig. 4.8C shows that the 

interaction with MTA2 is well-conserved amongst all mutant variants. In the 

case of RBBP4, interaction between this subunit and variants M2, M3, M4 and 

M5 was conserved; however, the interaction between CHD4 M1 and RBBP4 

was reduced in comparison to its WT counterpart (Fig. 4.8D).  
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In order to quantify the strength of the interaction between CHD4 M1-RBBP4 

in comparison to CHD4 WT-RBBP4, I next aimed to perform densitometry on 

the IP RBBP4 and CHD4 bands (which are first normalized against their 

respective input bands) in order to calculate the relative strength of the 

interaction (relative strength of the interaction = intensity of the IP RBBP4 band 

divided by the intensity of the CHD4 band). However, as can be seen in Fig 4.8, 

many of the blots shown here are overexposed, thus making impossible to 

perform an accurate quantification of how much protein is present in each 

band (more details on this can be found in section 4.3). In spite of this, I still 

carried out this quantification: CHD4-RBBP4 interaction bands showed that the 

interaction between CHD4 M1 and RBBP4 was significantly reduced in 

comparison to the CHD4 WT-RBBP4 interaction (75% weaker, p<0.05). 

Interaction between M2, M3, M4 or M5 and RBBP4 was generally increased in 

comparison to CHD4 WT, but this difference was not statistically significant (Fig 

4.8E).  

Again, as it was mentioned before, this quantification is not accurate as the 

bands used for the analysis were overexposed in some cases, so these results 

should be confirmed on a new set of experiments using non-overexposed 

bands. Nevertheless, the potentially disrupted interaction between CHD4 M1 

and RBBP4 is a promising finding, so I wanted to gain further insight into this 

by mapping the RBBP4 interactional domain in the CHD4 protein. In order to 

achieve this, I planned on generating truncated versions of CHD4 and then 

perform truncated CHD4-RBBP4 pulldown assays in COS7 cells. Expression 

vectors for four different CHD4 truncated variants were successfully generated; 

however, due to time constraints, the pulldown assays could not be performed.  

Taken together, these results indicate that the interaction between CHD4 and 

the NuRD complex is not disrupted in most of our CHD4 variants; however, 

CHD4 M1 interaction with the NuRD subunit RBBP4 seems to be reduced in 

comparison to its WT counterpart, thus suggesting that the interaction 

between this variant and the NuRD complex could be compromised in some 

way. 
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Figure 4.8. Interaction between CHD4 variants and different NuRD complex subunits. (A) and 

(B) Interaction between CHD4 and HDAC1 or HDAC2 is not disrupted in any of the mutant 

variants. (C) Interaction between CHD4 and MTA2 is not disrupted in any of the mutant 

variants. (D) and (E) Interaction between CHD4 M1 and RBBP4 is significantly reduced in 

comparison to the CHD4 WT-RBBP4 interaction. No significant difference is found for any of 

the other variants. Densitometry was performed on overexposed bands, so the results shown 

might not be accurate and should be further confirmed. Results are mean ± SD (n=3 

independent experiments). *P < 0.05, Student’s t-test 

After studying the interaction between CHD4 and the NuRD complex, my next 

aim was to check the interaction between CHD4 variants and TBX5, already 

described elsewhere418. In a similar fashion to the CHD4-HDAC/MTA2/RBBP4 

interactional studies, CHD4-FLAG and TBX5-MYC expression vectors were co-

transfected in COS7 cells to perform pull-down assays (n=3 independent 

experiments). As shown in Fig. 4.9, no interaction was detected between CHD4 

WT, or any of its mutant variants, and TBX5. Different conditions were tried for 

the pulldown assays (e.g. buffers composition, transfection time, incubation 

times); however, no interaction between these two proteins was detected in 

any case. 
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Figure 4.9. Interaction between CHD4 variants and TBX5. Following transfection in COS7 cells, 

pull-down assay was performed to check the interaction between CHD4 and TBX5. After trying 

different conditions, no interaction was detected between CHD4 WT, or any of the mutant 

variants, and TBX5 (n=3 independent experiments). 

4.2.4. Cellular localization of CHD4 mutant variants 

Following the interactional studies, I next aimed to study the cellular 

localization of CHD4 mutant variants in order to check whether its typical 

nuclear localization is compromised. To do this, I carried out an 

immunofluorescence staining following co-transfection of CHD4 variants and 

HDAC1, thus allowing me to check whether they co-localize inside the nucleus 

as well (a total of 50 cells were analysed per construct). Representative images 

are shown in Fig. 4.10. As expected, CHD4 WT presented a nuclear localization, 

and it co-localized with HDAC1, which is also expressed across the nucleus. All 

CHD4 mutant variants were also expressed ubiquitously across the nucleus, 

and they co-localized with HDAC1 as well. No significant differences in the 

cellular localization pattern between CHD4 WT and the mutant variants were 

found.  

4.2.5. ATPase activity of CHD4 mutant variants (produced 

in COS7 cells) 

CHD4 is an ATP-dependent helicase which catalyses the conversion of ATP into 

ADP in order to unwind the DNA in chromatin remodelling processes. In order 

to check whether the ATPase activity of CHD4 is affected in the mutant variants, 

I performed a luminescence-based ATPase assay (Promega) using purified 

CHD4 protein produced in COS7 cells, ATP and in vitro assembled nucleosomes, 

for which CHD4 presents a strong affinity (n=3 independent experiments; each 

independent experiment included 3 technical replicates). After normalizing the 

ATPase activity of the mutant variants in relation to the activity of CHD4 WT, it 

was revealed that mutant variants M2, M3, M4 and M5 presented a 

significantly reduced ATPase activity (48%, 78%, 40% and 39% of activity 

respectively; p<0.05 for M2, M4 and M5, p=0.08 for M3) in the presence of 

nucleosome, whereas CHD4 M1 presented a higher activity than its WT 
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counterpart (150%, p<0.05).  In the absence of nucleosomes, a really low 

ATPase activity was observed for all mutant variants, and no significant 

difference was found between them (Fig. 4.11). 
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Figure 4.10. Cellular localization of CHD4 mutant variants. Immunofluorescence staining was 

performed on COS7 cells co-transfected with individual CHD4 variants and HDAC1. All CHD4 

variants localize to the nucleus, and they co-localize with HDAC1 (a total of 50 cells were 

analysed per construct). 

 

Figure 4.11. ATPase activity of CHD4 variants produced in COS7 cells. 600 nM of purified CHD4 

variants were used in an ATPase assay along with 1 mM ATP and in the presence (blue bars) or 

absence (red bars) of 300 nM of purified nucleosomes. In the presence of nucleosomes, CHD4 

M2, M3, M4 and M5 showed a reduced ATPase activity in comparison to their WT counterpart, 

whereas CHD4 M1 activity was increased. Lack of nucleosome in the reaction lead to a low 

activity of all CHD4 variants. Results are mean ± SD, *P < 0.05, Student’s t-test (n=3 

independent experiments; 3 technical replicates were included in each experiment).  

4.2.6. CHD4 protein production in Sf9 insect cells 

After analysing the results from our initial set of experiments using CHD4 

protein, it would appear that the CHD4 mutations found in S-CHD patient 

mainly affect its ATPase activity by reducing it. This is of no surprise, as four of 

these five mutations are localized in the functional domain of the protein (M2, 

M3 and M5) or in domains which have been described to have an impact on 

the protein activity such as the PHD-type domains (M4). Mutation M1 seems 

to behave in a slightly different way, as it is localized in a domain of unknown 

function, and our results suggest that its ATPase activity is increased in 

comparison to its WT counterpart. Taking this into account, I decided to 

categorize these CHD4 variants into two groups according to their behaviour: 

on one group, mutations M2, M3, M4 and M5, which present a reduced ATPase 

activity and are localized in functional domains of the CHD4 protein (loss-of-

function); and on the other group mutation M1, which has an increased ATP 

activity (gain-of-function) and is localized in a domain of unknown function (C-

terminal domain of the CHD4 protein).  
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One of the main disadvantages of producing recombinant proteins in 

mammalian systems (e.g. COS7 cells) is that the yield of protein is relatively low 

in comparison to other protein production systems, a limitation for performing 

further in vitro assays with our CHD4 mutant variants. In order to overcome 

this problem and further characterize these two groups of variants, I moved 

onto the production and purification of CHD4 WT, M1 (second group of 

mutations) and M2 (first group of mutations) in Sf9 insect cells. These cells are 

easy to scale-up and grow in large volumes, and they provide high levels of 

protein expression with mammalian posttranslational modifications. The main 

disadvantage of this system is that it is quite time consuming, so instead of 

producing all four loss-of-function variants (all of which behave in a similar 

manner) only the M2 variant was chosen for production from this group. 

To produce these three variants in Sf9 cells, I first transfected the cells with 

recombinant bacmid DNA harbouring the CHD4 WT, M1 or M2 cDNA sequence. 

For each construct, two wells of a 6-well plate were transfected (n=2 

transfection experiments, one of which did not work as cells presented no signs 

of transfection). Five days post-transfection, cells were screened for signs of 

successful transfection and infection, which include increased cell diameter, 

cessation of cell-growth, loss or spherical morphology and detachment from 

the surface among others. As shown in Fig. 4.12A and 4.12B, cells transfected 

with CHD4 WT, M1 or M2 did present these signs of infection. After five days, 

untransfected cells generated a monolayer of cells which covered the whole 

surface of the flask, whereas transfected cells showed clear signs of cessation 

of cell growth in comparison to untransfected cells. In addition to this, many of 

the transfected cells showed a loss of the completely spherical Sf9 cells 

morphology and they presented a significantly increased cell diameter in 

comparison to untransfected cells (37%, 36% and 32% increase in WT, M1 and 

M2-transfected cells respectively, p<0.05 for all three of them when compared 

to untransfected cells; n=10 cells analysed per construct). 

Following Sf9 cells transfection, the supernatant containing the P1 virus was 

collected and used for posterior BIIC stocks generations, and ultimately for 

large-scale protein production (see Materials and methods for further details). 

Recombinant CHD4 WT, M1 and M2 proteins from the successful transfection 

experiment were purified using Ni-NTA agarose beads and aliquots were run 

on 10% Bis-Tris gels to check for proper protein expression and purification. As 

shown in Fig. 4.13, all three WT, M1 and M2 variants were successfully 

expressed and purified as indicated by the presence of a strong ~250 KDa band 

in all six elution aliquots (out of a total of 10) for each one of them. In a similar 

fashion to what was seen in COS7 cells, an additional band of a lower molecular 

weight (~210 KDa) was also detected. In elutions E3 and E4, the presence of 
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some extra bands of lower molecular weight can also be seen, probable due to 

the presence of shorter translation products or unspecific proteins, but their 

signal is much fainter and weaker than that of the CHD4 protein.  

 

Figure 4.12. Transfection of Sf9 insect cells with CHD4 WT, M1 or M2 bacmids. (A) 

Representative images of Sf9 cells five days post-transfection. CHD4 WT, M1 and M2-

transfected cells show signs of successful transfection and virus expression. Red arrows point 

to cells showing clear signs of successful transfection (n=2 transfection experiments, one of 

which did not work as no signs of transfection were found). (B) Mean cell diameter of 

untransfected and transfected Sf9 cells. The diameter of transfected cells is ~35% larger than 
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that of untransfected cells. Results are mean ± SD. *P < 0.05, Student’s t-test (n=10 cells 

analysed per construct) 

 

Figure 4.13. Large-scale expression and purification of CHD4 WT, M1 and M2 in Sf9 cells. For 

each construct, a sample of the whole cell lysate (CL), flow-through (FT) and wash (W) is shown, 

as well as six elution aliquots. Samples were ran on a 10% Bis-Tris gel and stained with 

Coomassie Blue (n=1 independent experiment).  

4.2.7. ATPase assay using recombinant CHD4 produced in 

Sf9 cells 

As with the CHD4 variants produced in COS7 cells, I first measured the ATPase 

activity of the recombinant CHD4 WT, M1 and M2 produced in Sf9 cells. To do 

this, recombinant CHD4 protein was incubated along with in vitro assembled 

nucleosomes in the presence of ATP, and the percentage of ATP hydrolysis was 

subsequently measured using the ADP-Glo kit (Promega) (n=3 independent 

experiments, each independent experiment included 3 technical replicates). As 

shown in Fig. 4.14, recombinant CHD4 M1 produced in Sf9 cells presented a 

higher ATPase activity than its WT counterpart (141% vs 100%, p<0.05), 

whereas the mutant variant M2 showed a lower ATPase activity than CHD4 WT 

(67% vs 100%, p<0.05). In both cases, the difference was statistically significant. 

These results were in line with the ATPase assay results we obtained using 

COS7 cells for CHD4 production. 
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Figure 4.14. ATPase activity of CHD4 variants produced in Sf9 cells. 600 nM of purified CHD4 

variants were used in an ATPase assay along with 1 mM ATP in the presence (blue bars) or 

absence (red bars) of 300 nM of purified nucleosomes. In the presence of nucleosomes, CHD4 

M2 showed a reduced ATPase activity in comparison with their WT counterpart, whereas CHD4 

M1 activity was increased. Lack of nucleosomes in the reaction led to a low activity of all three 

CHD4 variants. Results are mean ± SD (n=3 independent experiments, each independent 

experiment included 3 technical replicates). *P < 0.05, Student’s t-test 

4.2.8. DNA and nucleosome binding assays 

In order to further characterize the CHD4 mutant variants, my next goal was to 

study their ability to bind free DNA as well as nucleosomes by performing a 

DNA/nucleosome-binding assay using 0-601-47 naked-DNA and 0-601-47 

nucleosomes respectively (for a more detailed explanation on the structure of 

the 0-601-47 nucleosomes, and on how the assay is performed, see section 

2.3.7 and 2.3.8). In these assays, increasing concentrations of CHD4 WT, M2 

and M2 (50, 100, 300 and 600 nM) were incubated alongside 200 ng of 0-601-

47 free-DNA (Fig. 4.15A) or 300 nM of 0-601-47 purified nucleosomes (Fig. 

4.15B). These assays revealed that all three CHD4 variants (WT, M1 and M2) 

have the ability to bind both free DNA and nucleosomes in the same fashion 

and in a concentration-dependent manner, indicated by a shift of the free DNA 

and nucleosomes band on the gel. No significant differences were observed 

between the three CHD4 variants (quantification was performed by measuring 

via densitometry the band corresponding to the free-DNA in each case). A 

negative control including BSA did not produce a shift in the free 

DNA/nucleosomes band, thus suggesting that the CHD4 binding is indeed 

specific (Fig. 4.15A and B).  
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Figure 4.15. The ability of CHD4 variants to bind DNA and nucleosomes. (A) Binding of CHD4 

WT, M1 and M2 to 0-601-47 free DNA fragments using increasing protein concentrations: 50, 

100, 300 and 600 nM respectively. No significant differences were observed between CHD4 

variants. (B) Binding of CHD4 WT, M1 and M2 to in vitro assembled 0-601-47 nucleosomes 

using increasing protein concentrations: 50, 100, 300 and 600 nM respectively. No significant 

differences were observed between CHD4 variants. 

4.2.9. Nucleosome sliding assay 

CHD4 is an ATP-dependent helicase which is able to perform nucleosome 

remodelling roles by itself. After confirming that CHD4 M1 and M2 are able to 

bind DNA and nucleosomes with the same efficiency as their WT counterpart 

does, my next aim was to check whether there is any difference in the 

nucleosome remodelling ability of these three CHD4 variants. To address this 

question, I carried out a nucleosome sliding assay by incubating the three CHD4 

variants with 0-601-47 nucleosomes and ATP to promote nucleosome 

remodelling (further details on how this assay was performed can be found in 

2.3.9). In a successful assay, the remodelled nucleosome is represented by a 

gel band of a slightly higher molecular weight than its non-remodelled 
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counterpart, thus representing a different nucleosome conformation (Fig. 

4.16A, taken from 437). Unfortunately, in my assays, I was not able to find any 

remodelling activity in any of the three CHD4 variants (Fig. 4.16B). Different 

conditions were tried (e.g. different buffer composition, incubation 

temperature and time and nucleosome concentrations among others), but 

none of them triggered the nucleosome remodelling, not even in the WT case 

(n=3 independent experiments. Different conditions were tried on each one of 

them). Even though no remodelling activity was detected, I did find a reduction 

in the intensity of the band corresponding to the free nucleosomes at the 

highest CHD4 concentration. This suggests that there is indeed binding 

between CHD4 and nucleosome, but no remodelling is taking place or at least, 

not to a level detectable by this assay. 

 

Figure 4.16. The ability of CHD4 variants to remodel nucleosomes. (A) Example of what a 

successful nucleosome remodelling assay looks like, taken from 437. The lower band represent 

the original nucleosome structure, with the histones situated on the right far end of the DNA 

fragment. When the nucleosome is remodelled by the remodelling enzyme, histones are 

moved to a different position in the DNA fragment, thus leading to a different nucleosome 

conformation and a shift in the original gel band. (B) Nucleosome sliding assay using CHD4 WT, 

M1 and M2. No remodelling activity was found in any of the CHD4 variants (n=3 independent 

experiments. Different conditions were tried on each one of them) 

4.2.10. CHD4 protein production in Escherichia coli 

In parallel to the production of CHD4 recombinant protein in Sf9 insect cells, I 

also carried out the production and purification of this helicase in Escherichia 
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coli as an alternative method. E. coli is also capable of producing high yields of 

recombinant protein in a quick, easy and cheap way, although it also has its 

limitations (e.g. lack of post-translational modifications, different molecular 

folding)438. It’s been reported that producing full-length CHD4 in bacteria is a 

difficult task due to its size (around 200 KDa) and low solubility439. In order to 

increase the solubility of our bacterially-produced CHD4, I decided to produce 

a truncated, shorter version of CHD4 which lacks the C-terminal domain of the 

protein (Fig. 4.17A), which has no reported functions. Due to this, I was not able 

to generate the mutant variant M1, as this mutation is localized in the C-

terminal domain of the protein. After testing different conditions (n=3 

independent experiments trying different conditions), it was found that 

performing a slow induction (20°C for 16 hours) with 0.7 mM IPTG led to a 

strong induction of our recombinant proteins expression in the soluble fraction 

(Fig. 4.17B). Following induction and soluble protein expression, the five CHD4 

variants (WT, M2, M3, M4 and M5) were purified using a polyhistidine affinity 

column (Fig. 4.17C). 

4.2.11. ATPase assay using recombinant CHD4 produced in 

E.coli 

Following the production and purification of CHD4 recombinant variants in 

E.coli, their ATPase activity was tested using the same protocol that was 

employed for the CHD4 recombinant proteins produced in COS7 and Sf9 cells, 

which involves using in vitro assembled nucleosomes as substrates (n=3 

independent experiments). As shown in Fig. 4.18., the results obtained were 

quite similar to those obtained with the proteins produced in the other two 

systems: mutant variants M2, M3, M4 and M5 presented a significantly 

reduced ATPase activity than their WT counterpart in the presence on 

nucleosomes (60%, 65%, 41% and 56% respectively; p<0.05 in all cases). In the 

absence of nucleosomes, the activity of all CHD4 variants was really low, and 

no significant differences between them were found.  
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Figure 4.17. Production and purification of CHD4-His variants in E.coli.  (A) Diagram showing 

the structure of full-length CHD4 (1912 aa) and that of the truncant variant used for expression 

in E.coli (1132 aa). (B) Induction of CHD4 WT, M2 and M3 variants using a slow-induction 

method. A strong induction of the protein is found on both insoluble (left) and soluble (right) 

fractions. (C) Purification of CHD4 variants using a polyhistidine affinity column. The first 3 

elutions (total of 10 per variant) are shown on the gel. Truncated CHD4 bands are highlighted 

with a red box. (n=3 independent experiments, different conditions were assessed in each one 

of them) 
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Figure 4.18. ATPase activity of CHD4 variants produced in E.coli. 600 nM of purified CHD4 

variants were used in an ATPase assay along with 1 mM ATP in the presence (blue bars) or 

absence (red bars) of 300 nM of purified nucleosomes. In the presence of nucleosomes, CHD4 

M2, M3, M4 and M5 present a significantly reduced ATPase activity in comparison to their WT 

counterpart. Lack of nucleosomes in the reactions led to a low activity of all three CHD4 

variants, and no significant differences between them were observed. Results are mean ± SD 

(n=3 independent experiments). *P < 0.05, Student’s t-test 

 

4.3. Conclusions, discussion and perspectives for 

future work 
The NuRD complex in general, and CHD4 in particular, has been subject to 

significant investigation in recent years to assess its role in cardiac 

development. Several publications in the field have pointed out this 

nucleosome remodelling complex as having a crucial role during cardiogenesis 

(see section 4.1. for more details). In fact, our lab recently collaborated with 

the Sanger Institute in a whole exome-sequencing study, which revealed five 

novel de novo mutations in the CHD4 gene in patients of syndromic-CHD: one 

of them situated in one of the PHD domains (p.Cys467Tyr, M4), three in the 

ATPase/helicase domain (p.Ser851Tyr, M3; p.Arg1068His, M2 and 

p.Leu1009_Val1011del, M5), and one in a domain of unknown function 

situated at the C-terminal end of the protein (p.Val1608Ile, M1). CHD4 

orthologs alignment revealed that the residues affected in mutations M2 to M5 

are conserved across species, and alteration in any of them are predicted to be 

damaging according to Polyphen. However, the valine residue affected in the 

mutation M1 is not so well conserved, as two different amino acids (proline 

and leucine) can be found instead in other species, being this the reason why 
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it is not predicted to be damaging according to Polyphen. However, in close 

scrutiny, these three amino acids found in the residue 1608 share similar 

characteristics, as they all are non-polar and hydrophobic. This suggests that 

the presence of a residue with this chemical properties in this position is 

necessary for the correct structure or functionality of the protein.  

 In order to understand how these mutations lead to the onset of S-CHD, I 

aimed to generate those five mutant variants in vitro and perform several 

molecular assays to gain insight into their interaction with the NuRD complex, 

cellular localization and ATPase function, among others. Following the 

generation of the five CHD4 variants, my first goal was to study whether any of 

these mutations has an impact on the ability of CHD4 to bind other NuRD 

complex subunits such as HDAC1, HDAC2, RBBP4 and MTA2. Several years ago 

it was reported that CHD4 and HDAC1 interact through one of the PHD-type 

domain present in the C-terminal of the CHD4 protein440, a domain affected in 

one of the CHD4 mutant variants (M4). We can also hypothesize that due to 

the high percentage of homology between HDAC1 and HDAC2 (86% for the 

human protein), the latter also interacts with CHD4 through this PHD-type 

domain; however, apart from this study, really little is known about the CHD4 

domains or regions which mediate its binding to other subunits. Pull-down 

assays revealed that the interaction between all of our mutant variants and 

HDAC1, HDAC2 and MTA2 was not affected in comparison to their WT 

counterpart. An effect in the interaction between CHD4 M4 (which carries a 

mutation in the PHD-type domain) and HDAC1 or HDAC2 was expected to be 

found; however, the interactions between them were completely fine. When 

checking the interaction between CHD4 and RBBP4, no significant differences 

in the interaction levels of CHD4 WT M2, M3, M4 or M5 and RBBP4 were 

detected; however, densitometry analysis initially revealed a significant 

decrease in the strength of the CHD4 M1-RBPP4 interaction in comparison to 

the WT protein. However, these results are not totally accurate, as the 

densitometry analysis was performed using overexposed western blots. In a 

simple way, densitometry measures the amount of light captured by the bound 

antibodies to the membrane: areas with more protein and bound antibodies 

will produce more light, thus producing a stronger and bigger signal in the blot. 

However, after a certain point, the bound antibodies cannot absorbed any 

more light as they have reached their absorption limit, so further exposition to 

light will not produce an increase in signal (overexposition), thus leading to the 

loss of data and the generation of inaccurate results. Due to this, overexposed 

western blots should not be used for protein quantification and for the 

comparison of relative amounts of protein. Considering this, the quantification 

of the relative interaction between CHD4 variants and RBBP4 should be 
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repeated using non-overexposed western blots in order to confirm these 

preliminary results and to unravel the potential reduced interaction between 

CHD4 M1 (whose mutation lie at the C-terminal end of the protein) and RBBP4. 

Recently it was shown that CHD4 also interacts with TBX5, one of the master 

regulators of cardiac development, in order to repress the expression of 

inappropriate genes in the heart during cardiac development418. Taking this 

into account, my next aim was to check whether this interaction is disrupted in 

any of our CHD4 mutant variants. After performing pull-down assays I was not 

able to see any interaction between CHD4 WT (or any of the variants) and TBX5, 

in contrast to the positive interaction reported by Waldron et al. It is possible 

that the interaction between CHD4 and TBX5 is weak and thus, difficult to 

detect after performing the pull-down assay, which requires several stringent 

washes steps where the interaction could be disrupted. I tried performing the 

assay using milder conditions (e.g. reducing detergent amount in wash buffer), 

however, no interaction was detected. Another difference between the 

protocol used in this thesis and that of Waldron et al. lies in the tags used for 

immunoprecipitation. Here, FLAG-tagged CHD4 and MYC-tagged TBX5 are 

used, whereas Waldron et al. used GFP-tagged CHD4 and V5-tagged TBX5. Even 

though these tags are only 8-10 aminoacids in length, they still can have an 

impact in CHD4 or TBX5 conformation and ultimately, in their interaction with 

other proteins. Interestingly, Waldron et al. also managed to map the protein 

interaction domains of TBX5 and CHD4. In the CHD4 protein, this domain is 

localized in the N-terminal region of the protein. Both the PHD-type domains 

and chromodomains (situated in the N-terminal part of the protein) are not 

required for the CHD4-TBX5 interaction, implying that TBX5 interacts with an 

unidentified set of aminoacids situated in the N-terminal region of CHD4. 

Besides the mutation M4, localized in one of these PHD-type domains, none of 

the CHD4 missense mutations are localized in this N-terminal region of the 

protein, so even though our pull-down assays were unsuccessful, we can 

hypothesize that the interaction between them and TBX5 is potentially not 

affected. Last but not least, and in order to confirm whether the lack of 

interaction between CHD4 and TBX5 seen in my experiments is due to the 

experiments not working as intended, positive control pull-down assays for 

both TBX5 and CHD4 should have been run in parallel to the actual TBX5-CHD4 

samples. For example, it has been shown that TBX5 is able to strongly interact 

in vitro with other cardiac transcription factors such as MEF2C379 or with 

acetyltransferases KAT2A and KAT2B441, and as it has been shown in this thesis, 

CHD4 interacts in vitro with other NuRD complex subunits such as HDAC1 or 

HDAC2. By including a positive pull-down control for both CHD4 and TBX5 in 

the CHD4-TBX5 interaction experiment, it could have been elucidated whether 
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TBX5 and CHD4 do not interact, or whether this lack of interaction had its origin 

on the design and/or protocol used.  

When performing pull-down assays and checking for the protein expression of 

CHD4, two bands that could correspond to CHD4 were detected in the western 

blots of all mutant variants: one of ~250 KDa and a second one of ~210 KDa. 

Previous reports418,425 have indicated that human CHD4 is detected in western 

blot gels as a protein of ~250 KDa, so based on this, I assumed that the upper 

band was the correct one. The presence of the lower band could be due to 

several reasons, including the presence of post-translational modifications, a 

second translation start site, proteolysis of the original protein or the binding 

of the antibody used to another epitope. As explained in 4.2.2., the only post-

translational modification reported so far for CHD4 is phosphorylation by ATM 

kinase442, which is greatly enhanced following DNA damage; however, no 

phosphorylation was detected, thus confirming that this was not the origin of 

the lower band. A study in close scrutiny of the human CHD4 cDNA sequence 

revealed the presence of three potential translation start sites downstream of 

the original one which would lead to the generation of protein products with a 

similar molecular weight to that of the lower band (~210 KDa), thus 

strengthening the hypothesis that this might be the reason for the appearance 

of this band. In spite of this, other explanations for the presence of this second 

band cannot be completely ruled out, such as the possibility that the anti-FLAG 

antibody used in these western blots binds to a different protein of a similar 

size or that the original CHD4 protein is being cleavaged by proteases (although 

this is unlikely as protein lysates are always treated with proteinase cocktail 

inhibitor and kept at -80° C). Further experiments would have been required to 

fully elucidate whether the upper band was indeed the correct one, as well as 

the origin of the lower band. For example, for the former, a positive control 

(such as commercially available CHD4 protein) could have been used in western 

blots to compare its molecular weight with those of the bands produced by 

pcDNA-CHD4-FLAG; or a different primary antibody could have been tried to 

clarify whether the problem lies on this. For the latter, in order to confirm 

whether this second protein product is coming from one of the proposed 

alternative translation start site, conservative mutations of these sites 

(followed by western blot) could have been performed in order to study 

whether their abolishment lead to the generation of just a single protein 

product. 

After checking the interaction between our CHD4 variants and the NuRD 

complex subunits, my next goal was to study whether any of these mutations 

affect CHD4 cellular localization. CHD4 and the NuRD complex reside within the 

nucleus to exert its nucleosome remodelling activity404. It has been proposed 
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that CHD4 nuclear localization signal (NLS) is localized in the N-terminal end of 

the protein410,443, a region which is not affected by any of our CHD4 mutations.  

Indeed, immunofluorescence analysis revealed that CHD4 WT as well as the 

variants M1, M2, M3, M4 and M5 present an exclusively nuclear localization, 

being expressed ubiquitously across the nucleus and co-localizing with HDAC1, 

further supporting the results obtained in pull-down assays. 

CHD4 is a helicase which hydrolyses ATP in order to perform its nucleosome 

remodelling activity. Following cellular localization studies, I aimed to study this 

intrinsic ATPase activity of CHD4, and see whether it is affected in the CHD4 

mutant variants. An ATPase assay using in vitro assembled nucleosomes 

revealed that the ATPase activity of M2, M3, M4 and M5 variants was reduced 

in comparison to the CHD4 WT activity, whereas the activity of CHD4 M1 was 

significantly increased in contrast. These results were successfully replicated 

when the ATPase assay was performed using recombinant CHD4 proteins 

produced in Sf9 insect cells and E.coli. Mutant variants M2, M3 and M5 carry 

mutations in the ATPase/helicase domain of the CHD4 protein, so their ATPase 

activity could be compromised as our results indicate. CHD4 M4 present a 

mutation in one of the PHD-type domains of the CHD4 protein, a domain that 

has been shown to be required for its interaction with HDAC1440 and that is also 

required for the correct ATPase activity of CHD4437. Regarding CHD4 M1, these 

results point to a possible gain-of-function mutation. This is the only mutation 

localized in the C-terminal domain of the CHD4 protein, a poorly conserved 

domain of unknown function, so how this mutation can lead to an increase in 

CHD4 ATPase activity requires further investigation.  

Recently, Weiss et al. also performed ATPase assay activites on several CHD4 

variants found in syndromic-CHD patients, including one of the variants 

analysed in this thesis: p.Cys467Tyr (mutation M4). In these ATPase assays, it 

was demonstrated that in the presence of nucleosomes, the ATPase activity of 

the variant p.Cys467Tyr was reduced by 40% in comparison to its WT 

counterpart, thus corroborating the results obtained in this thesis (a reduction 

of 60% in activity in the presence on nucleosomes). In addition to testing in the 

presence of nucleosomes, Weiss et al. also measured the ATPase activity in the 

presence of naked-nucleosomal DNA, which also led to a similar reduction in 

activity of the p.Cys467Tyr variant. Unfortunately, none of the other variants 

analysed in this publications are the ones studied in this thesis; however, they 

concluded that missense substitutions in different protein domains alter CHD4 

function in a variant-specific manner but result in a similar phenotype in 

humans, thus suggesting that there is not a strong genotype-phenotype 

correlation in these patients.  
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Even though the ATPase assay revealed extremely valuable information about 

how CHD4 activity is affected in these mutations, I wanted to gain further 

insight into this matter by performing DNA/nucleosome binding assays and 

nucleosome sliding assays. By performing these two experiments, we should 

be able to discern whether the reduced or increased ATPase activity in our 

mutant variants is due to a defect in substrate binding or due to a problem in 

ATP hydrolysis.  I initially tried to perform these assays using recombinant CHD4 

protein produced in COS7 cells; however, due to the low yield of recombinant 

protein obtained using this method, I decided to use recombinant protein 

produced in Sf9 cells (using CHD4 WT, M1 and M2 variants) instead. For the 

binding assays, either a 194 bp long DNA fragment which contains the ‘601’ 

nucleosome position sequence, or in vitro assembled nucleosomes using this 

same piece of DNA and histones was used. This fragment was chosen as 

substrate as several publications have indicated that CHD4 presents a really 

high affinity for it407,437,444. Both using naked DNA and nucleosomes, no 

significant differences were found in the DNA/nucleosome binding ability of 

CHD4 M1 and M2 when compared to their WT counterpart. Recently, an in vitro 

characterization of CHD4 mutations identified in endometrial carcinoma 

showed that mutations localized in the ATPase domain (like CHD4 M2) did not 

affect their nucleosome binding ability444, in line with our results. In the case of 

CHD4 M1, no other mutations in the same region of the protein have been 

studied so far; however, in the study mentioned above it was reported that 

nucleosome binding is mainly mediated by CHD4 chromodomains, so a normal 

DNA/nucleosome binding ability was also expected from this variant. 

Last but not least, the nucleosome sliding capacity of CHD4 WT, M1 and M2 

was also checked using a gel-based assay. Unfortunately, after many attempts 

using different buffers and reaction conditions, I was not able to detect any 

nucleosome remodelling activity, even for the WT variant of the protein, which 

has been shown to have a high remodelling activity in vitro407,437,444. Taking into 

account that CHD4 recombinant proteins are active in other assays such as the 

ATPase one, a few hypotheses have been considered as the cause of this 

problem: one of the main reasons could be the fact that CHD4 is able to bind 

the nucleosome structure but then is not able either to perform the 

remodelling or to release the nucleosome after the remodelling is done. In fact, 

a slight reduction of the free-nucleosome signal was detected on most of our 

attempts, thus indicating that CHD4 is actually attached to the nucleosomes. 

An excess concentration of ATP (10 mM) was used in all reactions, so it is 

unlikely for this to be one of the causes of the problem. In order to release the 

remodelled nucleosome, competitor DNA (this is, a plasmid containing the 0-

601-47 sequence) was used in excess as well, but it could be possible that this 
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piece of DNA is not an effective candidate to out-compete nucleosomes for 

CHD4 binding. Another explanation for this problem is that the remodelling 

activity is not high enough to allow for visualization in a gel-based assay. To 

stain the gels we used ethidium bromide, a typical nucleic acid stain with a 

detection limit of 4-5 ng/lane, so it is possible that the sensitivity of this 

compound is not high enough in order to detect the remodelled nucleosome. 

Also, in order to identify whether the problem had its origin on the purified 

CHD4 protein variants I was using, a positive control using commercially 

available CHD4 protein could have been used both for this assay and for the 

DNA binding assay, thus helping with the validation of both of them. Several 

life sciences companies such as Abcam (USA) offer in their catalogue purified 

CHD4 recombinant protein, and by performing the assays using this protein it 

could have been determined whether there was a problem with the 

recombinant proteins I produced or not. Due to time constraints, I could not 

continue carrying out further experiments in order to try and solve these 

issues, but it is a point that will be addressed in the near future. 

To sum up, our results indicate that the main cause of dysfunction in our CHD4 

mutant variants is an abnormal ATPase/helicase activity, something expected 

taking into account that four out of the five mutations are localized in domains 

involved in the regulation of this activity. To date, most of the CHD4 mutations 

found in patients of syndromic conditions or cancer are localized in the 

ATPase/helicase domain of the protein421,425,426. In vitro characterization of 

some of these variants by other groups have revealed that these mutations 

exclusively affect the nucleosome remodelling activity of CHD4, leading to a 

partial or complete loss of function of the protein, whereas other features such 

as NuRD complex binding, localization or nucleosome binding seems to be 

unaffected, in line with the results obtained in this project. Interestingly, many 

of the phenotypic features found in the patients carrying these mutations 

suggest an overlap with CHARGE syndrome, which is also caused by 

heterozygous loss-of-function mutations in the paralogous gene CHD7445. An 

especially interesting case is the mutation M1, which is completely different 

from most of the reported mutations so far as it lies at the C-terminal end of 

the CHD4 protein. The results presented here indicate that in contrast to the 

other four CHD4 variants, this one seems to be a gain-of-function variant. Due 

to the poor characterization of this domain of the CHD4 protein, it is unclear at 

the moment how this mutation can affect the activity of CHD4. Kovac et al. 

identified a mutation situated outside of the ATPase/helicase domain (next to 

its C-terminal end), which presented an increased ATPase and remodelling 

activity, similar to CHD4 M1. The mechanistic basis of this difference in 

behaviour is still unclear; however, a possible explanation is that these 
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mutations might lead to a change in CHD4 conformation, which promotes a 

more efficient coupling of the ATP hydrolysis and nucleosome remodelling 

processes. Another question that also remains to be answered is how these 

mutations correlate with the cardiac phenotype of the five CHD4 mutation 

patients. Of these five patients, four of them present some kind of septal defect 

(ASD, VSD or Tetralogy of Fallot), and one of them present aortic coarctation. 

Interestingly, the patients presenting septal defects are those which harbour 

loss-of-function mutations in CHD4, whereas the aortic coarctation patient 

carries the mutation M1, which is suggested to be a gain-of-function variant 

according to our results. Even though we are still far from understanding the 

link between these mutations and their cardiac phenotypes, the fact that only 

mutation M1 (gain-of-function) shows a different cardiac phenotype than the 

others (loss-of-function) support our hypothesis that this mutation behaves in 

a completely different way than the rest. 

Even though now we have a clearer picture of how these mutations affect 

CHD4 and subsequently lead to the onset of syndromic-CHD, further work for 

the characterization of these mutations is already planned and ongoing in our 

lab. First and foremost, the main priority at the moment is to continue with the 

CHD4 in vitro assays, and especially, with the nucleosome remodelling assay as 

it could provide extremely useful insight about how the mutations found in 

patients impact CHD4 remodelling activity. Apart from this, we will also 

continue with the characterization of the CHD4-RBBP4 physical interaction. Our 

pulldown assay results suggest that interaction between CHD4 M1 and RBBP4 

is weaker than that between CHD4 WT and RBBP4. In order to gain further 

insight into this, we are planning on mapping the CHD4 interaction domain with 

RBBP4 to see whether the M1 mutation is indeed localized within it. As 

mentioned above, in vitro characterization of other CHD4 mutation present in 

cancer and S-CHD patients have been performed by others besides our group; 

however, to our understanding there are still no animal models carrying any of 

these patient mutations. To extend our knowledge on how these mutations 

affect cardiac development in vivo, our lab aims to produce a mouse line 

carrying a Chd4 R1068H allele (M2 variant, which was found in a patient with 

ASD and VSD). This line will be mainly used for detailed characterization of 

heart morphology via high-resolution episcopic imaging, a novel 3D imaging 

technique that allows for easy and quick high-resolution 3D reconstruction of 

embryos and organs (more information about this technique can be found in 

chapter 5). By carrying out these experiments, our ultimate goal is to 

understand the precise roles of CHD4 in cardiac development and in the onset 

of CHD. 
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5. IN VIVO CHARACTERIZATION OF THE ROLES 
OF CHD4 AND CDK13 IN CARDIAC 
DEVELOPMENT 

5.1. Introduction 

5.1.1. Cyclin-dependent kinase 13 (CDK13) 

The cyclin-dependent kinase 13 (CDK13) is a member of the cyclin-dependent 

serine/threonine protein kinase family, a group of 20 different ATP-dependent 

serine-threonine kinases regulating gene expression and cell-cycle 

progression446. More specifically, CDK13 is typically found forming a complex 

with cyclin K, which phosphorylates RNA polymerase II and is necessary for 

alternative splicing of RNA447. The structure of CDK13 is relatively simple, as it 

only contains a highly conserved serine–threonine protein kinase domain. 

CDK13 shares a high degree of similarity with CDK12, another member of this 

protein kinase family448. Since the discovery of CDK12 and CDK13 in the early 

2000s, most of the published studies have focused on the former, so really little 

is known about the exact roles and functions of the cyclin K/CDK13 complex. 

The importance of the cyclin K/CDK12 complex in genome maintenance and 

stability has been demonstrated449–451, but we can only hypothesize about a 

similar role for the cyclin K/CDK13 complex. A role for these two proteins in 

axonal elongation has also been proposed452. 

Only one study has examined the expression pattern of CDK13. Via in situ 

hybridization and western blot, Chen et al. showed that Cdk13 is ubiquitously 

expressed but not in the heart at different developmental stages (E6.5 to E9.5) 
452. At later developmental stages, only expression in the brain was studied. In 

terms of animal models, the International Mouse Phenotyping Consortium 

(IMPC) provides information for a Cdk13-null mouse model (Cdk13tm1b)453. 

Homozygous embryos from this line present pre-weaning lethality, whereas 

heterozygous mice are viable but they show increased startle reflex; however, 

no further information about these models, or any other Cdk13 models, is 

available. Two different mouse models have been reported for Cdk12: the first 

one is again reported in the IMPC (Cdk12em1)454. Homozygous embryos from 

this line present embryonic lethality prior to organogenesis, whereas 

heterozygous embryos have an abnormal size as well as decreased levels of 

circulating HDL cholesterol and serum albumin. A second Cdk12-null model was 

generated by Juan et al., and they reported that Cdk12-null homozygous 

embryos present embryonic lethality after implantation (E5.5), suggesting a 

strong development effect451. No detailed exploration of heterozygous mice 
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was performed, but they were viable and indistinguishable from their WT 

counterparts. 

Even though we are still far from fully understanding the role of CDK13 in 

development, recent whole-exome sequencing studies have revealed the 

presence of different CDK13 mutations in individuals with syndromic-CHD. The 

first publication reporting mutations in the CDK13 gene was by Sifrim et al., in 

a study in which our lab was also involved (the CHD4 mutations that were 

analysed in Chapter 4 were originally described in this publication)424. After 

performing a whole-exome sequencing study in 1891 probands, seven S-CHD 

individuals with clustered missense variants in the CDK13 gene were identified: 

six de novo variants and one of unknown inheritance. All these mutations were 

localized in the highly conserved serine-threonine protein kinase domain, with 

four of the probands carrying the same missense mutation (p.Asn842Ser). 

These seven individuals were characterized by the presence of septal defects, 

microcephaly and significant developmental delay, among others. Shortly after 

this study, Bostwick et al. reported the discovery of nine new S-CHD individuals 

with mutations in the CDK13 gene455. Out of these nine probands, seven carried 

the missense mutation p.Asn842Ser, which was previously published by Sifrim 

et al., whereas the remaining two were novel CDK13 variants. Congenital heart 

defects were found in six out of nine individuals, as well as other physical and 

developmental anomalies such as developmental delay, central nervous 

system abnormalities and gross motor delay. Last but not least, a third exome 

sequencing study reporting novel CDK13 variants in S-CHD patients was 

published last year456. In this study, Hamilton et al. found nine patients carrying 

heterozygous mutations in the protein kinase domain of the CDK13 protein. 

Aside from one patient carrying a splice site mutation, all mutations were 

missense variants localized in the protein kinase domain of CDK13. Among 

them, one is the variant p.Asn842Ser, which was already found in several 

individuals in previous studies. Many different structural and development 

abnormalities were found in these individuals, including congenital cardiac 

defects, brain abnormalities and autism spectrum disorder, among others. As 

indicated, the p.Asn842Ser mutations if the most common variant found in 

these patients. Considering this, it would be of great interest to know what the 

frequency of this SNP is in the normal population, but no information regarding 

this has been published so far. 

5.1.2. High-resolution episcopic microscopy 

The study of developmental processes and morphological changes in 

mammalian embryos is a difficult task due to their size and lack of opacity. 

Analysis and imaging of histological sections using traditional methods provide 
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high-resolution two-dimensional (2D) images; however, this approach is far 

from ideal when it comes to analysing three-dimensional (3D) structures, as 

acquiring a comprehensive number of sections to properly study a 3D structure 

is quite time-consuming and technically challenging. In addition to this, the 

data and information is restricted to the plane that is being analysed, and 

technical limitations make accurate alignment of the sections an extremely 

difficult task. Nowadays, there are a few 3D imaging techniques available, such 

as ultrasound, magnetic resonance imaging (MRI) and optical projection 

tomography (OPT); however, they are of limited use in morphological analysis 

as they still do not provide high-enough resolution levels.  

However, a new 3D imaging technique developed by Dr. WJ Weninger has 

overcome many of these problems. High-resolution episcopic microscopy 

(HREM) is a novel imaging technology that can generate volume data and 

three-dimensional computer models of whole histological samples or embryos 

in a simple and effective way457. In this technique, samples are embedded in a 

methacrylate resin called JB4, which is fluorescent as it contains eosin and 

acridine orange. Due to the ability of the tissue to supress the fluorescence of 

the embedding plastic, the tissue can be visualized and this results in high-

resolution images of the block surface. Once the sample has been embedded, 

the JB4 resin block is mounted in the HREM apparatus for sectioning. After 

every episcopic section (between 1-3 µM/section), a perfectly aligned, high-

resolution image is captured, thus allowing for posterior data processing and 

3D reconstruction using commonly available software458. 

Although HREM is a relatively young imaging technique, it has already been 

successfully used in a wide variety of research fields, including cardiovascular 

development. In mice, it has been used in order to visualize single steps during 

cardiovascular development and remodelling459–461 and for the visualization of 

structural abnormalities in several knockout mouse models of human 

diseases462–464. HREM has also been used for the visualization of cardiovascular 

structures in other animals models such as zebrafish458, frog457  and chick465. 

Due to its many advantages in comparison to other 3D imaging methods, HREM 

was also chosen as the main visualization technique for the phenotypic 

screening of E14.5 knockout mouse embryos produced in the Deciphering the 

Mechanisms of Developmental Disorders (DMDD) project466. In this project, 

nearly 700 mouse embryos from 87 different knockout lines which produce 

embryonically lethal offspring were screened.  

5.1.3. Hypothesis and aims of this project 

One of our main goals in our effort to characterize genes that contribute to 

congenital heart defects is to examine the diversity of heart morphology in 
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mouse lines carrying mutations in those genes. Traditionally, heart morphology 

has been extensively studied using high-resolution 2D images due to the 

limited resolution of classic 3D imaging techniques. However, with the 

development of HREM, we are now able to quickly and easily perform 3D 

reconstructions of potentially any embryonic organs and tissues.  

In the final part of this thesis, the main goal is to take advantage of this new 

technology in order to study in greater detail the cardiac defects derived from 

mutations in either the CHD4 or CDK13 genes. In order to achieve this, our lab 

recently acquired three mouse lines carrying loss-of-function alleles for each 

one of these genes, as well as three lines carrying specific humanized mutations 

found in S-CHD patients (one per gene). Heterozygous and homozygous null 

mice from each one of these lines will be collected at E15.5, once the heart 

enters its final stages of development, and they will be subjected to HREM 

analysis and 3D reconstruction. Again, and as with the in vitro studies, this 

project was carried out by many people in Prof. David Brook’s lab; in my case, 

I was in charge of the CHD4 and CDK13 loss-of-function models (CHD4tm1b and 

CDK13tm1b respectively). 

As this part of the project was started just a few months before the end of my 

PhD, I only had enough time to perform an initial characterization of these 

lines, as well as to expand the colonies in preparation for our future HREM 

experiments. For these preliminary studies, I aimed to perform a lethality 

assessment on WT x HET and HET x HET crosses from both the CHD4tm1b and 

CDK13tm1b lines, a quick phenotype assessment of heterozygous and 

homozygous null embryos at different time points during development, and 

cardiac expression studies for both CHD4 and CDK13. 

5.2. Results 

5.2.1. Chd4tm1b and Cdk13tm1b genotyping  

My first goal in the mouse project was to expand both the Chd4tm1b and 

Cdk13tm1b colonies for future experiments and to perform an initial genotype 

distribution assessment on WT x HET crosses that would allow us to check 

whether heterozygous null mice for any of these alleles are as viable as their 

WT counterparts. Fig. 5.1A shows the typical results routinely obtained for the 

genotyping of the Chd4tm1b and Cdk13tm1b transgenic lines. For each sample, we 

performed 3 different PCR reactions: a WT reaction to detect the WT allele (first 

lane on each sample), a MUT reaction to detect the knock-in allele and a LACZ 

reaction to detect the presence of the LacZ operon. As expected, in WT samples 

just a WT band is seen, whereas in Chd4tm1b/+ samples the WT, MUT and LACZ 

bands are all detected. For the Chd4tm1b line, 52 pups were bred and genotyped, 
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of which 23 had a Chd4tm1b/+ genotype (44%) and 29 a Chd4+/+ genotype (56%). 

In the case of the Cdk13tm1b, 134 pups were bred and genotyped (genotyping 

of this line was performed by Anna Wilsdon, Sophie Rochette and I): 67 

presented a Cdk13tm1b/+ genotype whereas the other 67 had a Cdk13+/+ 

genotype (Fig 5.1B). Chi-square test on these genotype frequencies revealed 

that no significant differences exist between the observed and the expected 

genotypes distributions (p=0.405 for Chd4tm1b and p=1 for Cdk13tm1b) thus 

indicating that both Chd4tm1b/+ and Cdk13tm1b/+ heterozygous pups are viable 

and fertile. 

 

Figure 5.1. Chd4tm1b and Cdk13tm1b lines genotyping. (A) Agarose gel pictures showing the 

genotyping results for a WT and heterozygous samples from each of the transgenic lines. A 

water-only control is also included for each transgenic line.  (B) Genotypes distribution of all 

the pups bred from WT x HET crosses for each of the lines. Chi-square test revealed no 

significant differences (NS) between the ratios observed and the Mendelian ratio. The 

genotyping of the Cdk13tm1b line was performed together with Anna Wilsdon (David Brook’s 

lab) and Sophie Rochette (Siobhan Loughna’s lab) 

5.2.2. Lethality assessment 

According to the information provided by the Sanger Institute and the 

International Mouse Phenotyping Consortium, both Chd4tm1b/tm1b and 

Cdk13tm1b/tm1b homozygous mice are embryonically lethal. In order to 

determine at which point during development these embryos die, a preliminary 

lethality assessment was performed by genotyping embryos from HET x HET 

crosses at different time points during development. Fig. 5.2A shows the 

genotypes distribution obtained at different developmental stages from 

Chd4tm1b HET x HET crosses. Due to time constraints I was only able to obtain 1 

or 2 litters per time point (from E10.5 to E13.5), thus analysing 5 to 12 embryos, 
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but no homozygous null mice were found. Chi-square analysis on these 

distributions indicated that no significant differences were found in any stage 

analysed (p≥0.05 in all stages analysed): however, when the distribution of the 

total number of embryos analysed during development is considered, there is 

a significant difference in the observed distribution in comparison to the 

expected one (p=0.0004). 

The distribution of Cdk13tm1b embryos obtained from HET x HET crosses is 

shown in Fig. 5.2B (genotyping of this line was performed by Anna Wilsdon, 

Sophie Rochette and I) . A total of 6 to 29 embryos were analysed per time 

point, ranging from E9.5 to E15.5 (the number of litters obtained in each 

developmental stage is shown as well). In this case, we were able to find a total 

of four homozygous null embryos: one at E11.5, one at E12.5 (which had died 

shortly before collection) and two at E15.5. Chi-square analysis on these 

distributions showed that only at E9.5 and E15.5 a significant difference was 

found when the observed and expected distributions were compared (p=0.011 

and p=0.031 respectively). As in the Chd4tm1b case, when considered the total 

number of embryos obtained per genotype during development, statistical 

analysis revealed that a non-mendelian distribution was followed 

(p=0.000004), thus indicating that homozygous Cdk13-/- embryos die during 

development. 

 

Figure 5.2. Chd4tm1b and Cdk13tm1b lethality assessment. (A) Genotype distribution of alive 

embryos obtained from Chd4tm1b HET x HET crosses from E10.5 to E13.5. (B) Genotype 

distribution of embryos obtained from Cdk13tm1b HET x HET crosses from E10.5 to E15.5. The 

genotyping of the Cdk13tm1b line was performed together with Anna Wilsdon (David Brook’s 
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lab) and Sophie Rochette (Siobhan Loughna’s lab).  # Recent death. Chi-square test was 

performed on all genotype distributions (NS = not significant, *p<0.05) 

A quick phenotypic analysis of each one of the embryos collected during the 

lethality assessment was also performed, although the numbers are probably 

too small to state anything conclusive from these results. In the case of the 

Chd4tm1b line, heterozygous embryos for this allele were in general 

indistinguishable from their WT counterparts; however, a few of them were 

smaller in size or delayed in development in comparison to WT embryos (3/12 

embryos at E11.5, 2/11 at E12.5 and 2/7 at E13.5) (Fig. 5.3 and 5.4A). Hearts 

were also extracted from these embryos; however, no obvious differences 

were found between them and WT hearts (Fig. 5.4B). Two reabsorbed embryos 

were also found at E13.5: these were completely necrotic when identified, so 

tissue could be collected for genotyping.  

 

Figure 5.3. Preliminary phenotypic analysis of analysed Chd4tm1b embryos. In general, 

collected embryos presented a normal phenotype (normal), a small size or delayed 

development (small/delayed) or they were completely necrotic (necrotic) 
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Figure 5.4. Gross morphological appearance of Chd4+/+ (left panels) and representative 
Chd4tm1b/+ (right panels) embryos and hearts at E11.5 and E13.5. (A) Representative pictures 
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of whole embryos from the Chd4tm1b line. A slight reduction in size and developmental delay 

was found in some Chd4tm1b/+ embryos. Scale bar = 2mm. (B) Representative pictures of WT 

and heterozygous hearts. No significant differences were observed. Scale bar = 350 µm 

Regarding the Cdk13tm1b line, we were able to analyse embryos ranging from 

E9.5 to E15.5 (Fig. 5.5) (phenotypic analysis of this line was carried out by Anna 

Wilsdon and I). In general, all or most embryos collected at each gestational 

stage presented a completely normal phenotype and were indistinguishable 

from WT embryos; however, embryos presenting a small size or delayed 

development, as well as necrotic embryos were also found at most stages, 

albeit in a lower proportion (2/9 small/delayed at E9.5, 3/16 necrotic at E10.5, 

4/16 small/delayed and 1/16 necrotic at E12.5, 2/13 small/delayed and 1/13 

necrotic at E13.5, and 2/41 small/delayed and 14/41 necrotic at E15.5). 

Representative pictures of a WT and a small/delayed heterozygous Cdk13 

embryo are shown in Fig. 5.6A. The heart of these embryos was also extracted 

and examined, and as expected, a reduction in the size of the ventricles and 

atria was found in the heterozygous embryo (Fig. 5.6B). 

 

Figure 5.5. Preliminary phenotypic analysis of analysed Cdk13tm1b embryos. In general, 

collected embryos presented a normal phenotype (normal), a small size or delayed 

development (small/delayed) or they were completely necrotic (necrotic). Phenotypic analysis 

was carried out together with Anna Wilsdon (David Brook’s lab). 
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Figure 5.6. Gross morphological appearance of Cdk13+/+ (left panels) and representative 
Cdk13tm1b/+ (right panels) embryos and hearts at E12.5 and E13.5. (A) Representative pictures 
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of whole embryos from the Cdk13tm1b line. A reduction in size and developmental delay was 

found in some Cdk13tm1b/+ embryos. Scale bar = 2 mm. (B) Representative pictures of WT and 

heterozygous hearts from developmentally delayed embryos. Heterozygous hearts are smaller 

than their WT counterparts. Scale bar = 350 µm 

 

5.2.3. CHD4 and CDK13 expression during development 

In order to gain information about the cardiac expression of both Chd4 and 

Cdk13 during development, two different approaches were followed: X-Gal 

staining on Chd4tm1b/+ and Cdk13tm1b/+ hearts collected at E12.5 and E13.5, and 

western blot analysis using E12.5, E13.5 and E14.5 cardiac protein extracts from 

WT embryos. Fig. 5.7 shows the protein expression of Chd4 and Cdk13 in the 

heart during development from E12.5 to E14.5. Due to time constrains, only 

one western blot experiment was performed, and these preliminary results are 

shown in Fig. 5.8. This experiment revealed that both Chd4 and Cdk13 are 

detected at E12.5, E13.5 and E14.5, and that the expression of Chd4 seems to 

be higher than that of CdK13 at all time points analysed. Both for Chd4 and 

GAPDH (which was used as a loading control), non-specific bands were also 

detected in the blots, especially in the case of Chd4 in which a strong, smeared 

band of a higher molecular weight was also detected at all time points. 

 

Figure 5.7. Western blot detection of Chd4 and Cdk13 in mouse heart extracts. Extracts were 

generated from pools of 10 WT hearts at different stages of development (E12.5, E13.5 and 

E14.5). Anti-GAPDH was used as loading control.   
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The cardiac expression of both Chd4 and Cdk13 was also analyzed by 

performing X-Gal staining on heterozygous hearts from both lines (n=5 hearts 

analysed per line and developmental stage) (Fig. 5.8). Staining of E13.5 Chd4 

tm1b/+ hearts revealed a really strong expression of Chd4 in a ubiquitous manner 

throughout the heart, and more prominently in the ventricles. Expression of 

Cdk13 was also detected in the heart at two different time points: E12.5 and 

E13.5, also in a ubiquitous manner. When comparing Chd4 and Cdk13 staining 

at E13.5, the Chd4 signal was slightly stronger than that of Cdk13, thus 

suggesting that the expression of Chd4 is higher. In conclusion, although 

further replicates and experiments are required to fully confirm it, preliminary 

expression analysis via western blot and X-Gal staining show the expression of 

Chd4 and Cdk13 during cardiogenesis at different time points. 
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Figure 5.8. X-Gal staining of Chd4tm1b/+ and Cdk13tm1b/+ hearts. (A) Representative images of 

the Chd4 expression in the heart at E13.5. Scale bar = 350 µm (B) Representative images of the 

Cdk13 expression in the heart at E12.5 and E13.5). Scale bar = 350 µm. Wild-type hearts were 

used as negative controls. 

 

5.2.4. HREM  

HREM analysis on E15.5 hearts was performed in order to generate 3D models 

which would allow us to study, in greater detail, the cardiac morphology and 

anatomy of our transgenic lines. Due to time constrains, I was only able to 

participate in the generation of 3D reconstructions of WT hearts. 

Representative pictures of a WT reconstruction are shown in Fig. 5.9, 

showcasing different cross-sections of the heart (a short movie of this 

reconstruction will be shown in the viva process). In these images, several 

cardiac structures can be identified: right and left ventricle, right and left 

atrium, the ventricular septum, and in some of them, the outflow vessels (aorta 

and pulmonary trunk) as well as the tricuspid and mitral valves. I participated 

in sample collection, embedding and processing; whereas Anna Wilsdon, 

Siobhan Loughna and Qazi Waheed performed the software analysis and 3D 

reconstruction. 
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Figure 5.9. Representative HREM images of a E15.5 WT mouse heart. Several cross-sections of the heart are shown, displaying different cardiac structures such as the 

ventricles (RV and LV), atria (RA and LA), outflow vessels (aorta, AO, and pulmonary trunk, PT), ventricular septum (VS), and the mitral (MV) and tricuspid valves (TV). HREM 

sample processing was performed by myself, whereas imaging and software analysis was performed by Anna Wilsdon, Siobhan Loughna and Qazi Waheed (images provided 

by him and shown here with his permission).
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5.3. Conclusions, discussion and perspectives for 

future work 
The results shown in this part of my thesis constitute the preliminary 

experiments of a long-term project, which will be performed in our lab in 

collaboration with other research groups across the UK. Due to time 

limitations, I was not able to perform a detailed HREM analysis of the Chd4tm1b 

and Cdk13tm1b lines; however, the preliminary results obtained here give us 

valuable insight into them. Our main goal in this project was to establish these 

two lines at The University of Nottingham and to expand the colonies for future 

experiments. To do so, three WT x HET breeding pairs were set up for each of 

the lines and pups were genotyped. Genotypic distribution obtained was 

similar or extremely close to the Mendelian ratio, thus suggesting that mice 

carrying heterozygous loss-of-function mutations in the Chd4 and Cdk13 genes 

are as viable as their WT counterparts. A previously reported Chd4 loss-of-

function model also revealed that, in line with our results, heterozygous mice 

for a Chd4 deletion allele were viable and fertile413, thus suggesting that a single 

copy of Chd4 is enough for viability and fertility. In the case of Cdk13, there are 

no other loss-of-function models reported in the literature; however, 

heterozygous mice for a Cdk12 loss-of-function allele are also completely viable 

and fertile451. 

Even though heterozygous mice for both the Chd4tm1b and Cdk13tm1b lines are 

completely viable, according to information provided by the Sanger Institute 

and the International Mouse Phenotyping Consortium complete ablation of 

either of these genes has a strong developmental effect and they die during 

development (personal communication). To decipher at what stage of 

development these embryos die, a preliminary lethality assessment was 

performed using embryos collected from HET x HET crosses. Even though the 

number of embryos analysed was relatively low and further analysis is 

required, no homozygous Chd4tm1b embryos were found as early as E10.5, and 

chi-square test confirmed that the genotype frequency obtained during 

development was significantly different to the expected one, thus confirming 

that homozygous Chd4tm1b embryos die during development. These results 

suggest that Chd4 play an essential role during early embryogenesis and they 

are in line with previous reports indicating that mice lacking Chd4 are unable 

to go past the blastocyst stage413. A quick phenotypic analysis of Chd4tm1b/+ 

embryos also revealed that most of them were indistinguishable from their WT 

counterparts; however, we found that some of these embryos were slightly 

smaller than Chd4+/+ embryos, even though their hearts were pretty much 

indistinguishable from WT hearts. Whether this smaller size is due to the lack 
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of Chd4 or due to other unrelated causes could not be discerned due to the 

small sample size.   

In the case of the Cdk13tm1b line, 5 to 10% of the embryos analysed at E11.5, 

E12.5 and E15.5 were confirmed homozygotes. However, as with Chd4tm1b, chi-

square analysis of the observed genotype frequencies revealed a significant 

difference (in comparison to the expected ones) when all embryos analysed 

during development are considered, thus confirming that homozygous 

Cdk13tm1b embryos also die during development and are not as viable as their 

heterozygous counterparts. We also found a few heterozygous embryos for 

both lines that presented a smaller size and/or slightly delayed development 

than their WT counterparts. This reduced size and developmental delay was 

much more noticeable in Cdk13tm1b/+ embryos than in Chd4tm1b/+ embryos, 

something that could indicate that the loss of one copy of Cdk13 is more 

detrimental to normal development, although further sample analysis is 

required in order to confirm this. Also, a higher number of embryos is necessary 

in order to decipher at which precise stage during development homozygous 

embryos from both lines die. 

My preliminary spatiotemporal expression analysis of these two genes showed 

their expression in the heart at different developmental stages, ranging from 

E12.5 to E14.5. During this time window, key events in murine heart 

morphogenesis are taking place: septation of the atria, ventricles and outflow 

tract have initiated by E11.5, and all are complete by E14.5. In addition to this, 

the valvular structures significantly mature during this period as well11.  In order 

to perform this analysis, I carried out two different techniques: X-Gal staining 

and western blotting. X-Gal staining was chosen because both of our transgenic 

lines (Chd4tm1b and Cdk13tm1b) carry a LacZ knock-in allele which can be used to 

study the spatial and temporal expression pattern of these two genes at a 

mRNA level. In the case of western blotting, I decided to carry out this 

technique as it is one of the most straightforward techniques in order to study 

protein expression levels, it allows the study of expression at a protein level 

and our lab have a great expertise on it. In spite of this, there are other 

techniques which would have been easier to perform and/or provide more 

useful information about the expression pattern of Chd4 and Cdk13. For 

example, a quick and easy-to-perform technique to assess this is quantitative 

PCR, which would have provided information about the mRNA expression 

pattern in an easy way. In order to gain more detailed information about the 

spatial expression pattern of these two genes, in situ hybridization on cardiac 

tissue sections could have been performed as well. Albeit more technically-

challenging, this technique would have provided information about the cardiac 

structures or cell populations in which these two genes are mainly expressed 
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during cardiogenesis. When normalized and compared to each other,  these 

preliminary results suggest that the expression of Chd4 is higher than that of 

Cdk13 at the same developmental stages. In spite of this, further western blot 

replicates need to be perform to confirm these results and to obtain “cleaner” 

images, as the blots showed in this thesis indicate the presence of unspecific 

bands in Chd4 and GAPDH blots.  

In order to study in greater detail the cardiac phenotypes of the Chd4tm1b and 

Cdk13tm1b during development, we aimed to set up in our laboratory the HREM 

technique, which allows the generation of high-resolution, three-dimensional 

computer models of embryos and histological samples. After several months of 

training and equipment preparation, we successfully generated a 3D 

reconstruction of a E15.5 WT mouse heart, which serves as a proof-of-concept 

for the use of this new imaging technique in the visualization of cardiac 

development and characterization of heart morphology. Currently, HREM 

analysis of the Chd4tm1b and Cdk13tm1b transgenic lines is taking place in our lab 

and we expect to have the first results in the near future. 

As mentioned above, the results presented in this chapter constitute the basis 

of a long-term project that will be carried out over the next years. In the near 

future, the main goal is to continue our HREM analysis in order to examine the 

diversity of heart morphology produced by the depletion of the Chd4 and 

Cdk13 genes in mice. In our lab we are currently establishing transgenic lines 

carrying point, humanized mutations found in syndromic-CHD patients in those 

genes. After characterizing the cardiac morphology of these lines, we will also 

study the effect of maternal diabetes and obesity on heart development by 

using these lines, something that will allow us to develop a predictive model 

for CHD. Last but not least, one of our goals is to understand how abnormal 

cardiac development is related to gene expression changes. To do this, we will 

conduct spatial transcriptomics analysis on cardiac tissue sections coming from 

our transgenic mice lines. All these studies will allow us to build a detailed CHD 

road-map and provide a CHD prediction model, which takes into account both 

genetic and environmental risk factors. 
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6. SUMMARY OF FINDINGS AND IMPLICATIONS 
OF THIS RESEARCH 

Congenital heart defects represent the most common form of congenital 

abnormality. These developmental disorders affect at least 4000 new-borns 

each year in the UK, and present an incidence of approximately one in every 

100 babies born46,64. Some of the main causes of CHD are genetic mutations 

that arise de novo during development or are passed down from parents to the 

offspring92. Over the years, our lab and many others around the globe have 

contributed significantly to our understanding of the genes involved in cardiac 

development and in the onset of CHD; however, we are still far from 

understanding the whole picture, and an even greater, global effort is needed 

in order to build a precise and detailed road-map for heart development and 

CHD. The main goal of this PhD thesis was to contribute to this global effort by 

discovering and characterizing new genes and factors involved in cardiac 

development and CHD, and the findings and results presented here do expand 

our knowledge on this topic. 

In the first part of this thesis, two new factors involved in cardiac and limb 

development were discovered: lysine acetyltransferases KAT2A and KAT2B. 

Our results indicate that these two acetylases play a key role in these 

developmental processes by potentiating the transcriptional activity of TBX5, 

one of the master regulators of cardiogenesis. By performing in vitro assays, 

we discovered a novel TBX5 activity-regulation-mechanism mediated by KAT2A 

and KAT2B, which potentiate TBX5 transcriptional activity by promoting its 

nuclear retention. The fact that TBX5 is susceptible to 

acetylation/deacetylation has already been described previously349; however, 

to our knowledge this is the first study stablishing a link between KAT2A/KAT2B 

and any cardiac transcription factor, as well as the first one providing 

mechanistic details about how these acetylases regulate cardiac transcription 

factor activity. In addition to the in vitro studies, we also studied the in vivo link 

between these factors by abolishing the kat2a and kat2b activity in zebrafish 

using three different approaches: CRISPR/Cas9-mediated KO, morpholino-

mediated KD and chemical inhibition. All these approaches revealed that 

zebrafish embryos lacking kat2a or kat2b show cardiac and limb defects similar 

to those found in tbx5a mutants, including relaxation of cardiac looping, 

bradycardia or presence of stumpy fins among others. Our experiments 

strongly suggest that these developmental defects are indeed due to the lack 

of tbx5a acetylation. On top of these findings, the generation of these kat2a 

and kat2b crispants and morphants share insight into the role of kat2a and 

kat2b in zebrafish, as previous studies have only addressed their function in 
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mouse355,359. All in all, these studies unveil two new factors which play a key 

role in cardiac and limb development through TBX5 activity regulation, and 

open up a range of possibilities for future research in upstream regulators of 

cardiac transcription factors. 

In the second part of this thesis, I carried out an in vitro characterization of five 

CHD4 mutant variants found in S-CHD patients. These in vitro assays revealed 

that four of these mutant variants have a decreased ATPase activity, whereas 

one of them present a significantly increased activity. No defects where found 

in their cellular localization and DNA-binding ability, and whereas most of them 

showed a normal interaction with several NuRD complex subunits, one of them 

(M1 variant) presented a significantly weaker interaction with RBBP4, one of 

the main NuRD complex subunits. These results strongly suggest that the 

defects found in the patients carrying these mutations are due to an impaired 

CHD4 helicase activity, which potentially lead to incorrect chromatin 

remodelling. To our knowledge, this is one of the first in vitro characterization 

studies of patient-derived CHD4 mutations, alongside with the one recently 

published by Weiss et al425, which also suggest an impairment in helicase 

activity as the main cause of an intellectual disability syndrome found in four 

individuals. These findings provide insight into the molecular role of CHD4 

during development, help us understand the molecular basis of the defects 

found in S-CHD patients and pave the way for even further characterization of 

these and related mutations. 

In the final part of this thesis we established two new transgenic mouse lines 

at the University of Nottingham: Chd4tm1b and Cdk13tm1b. These two lines carry 

loss-of-function alleles for the Chd4 and Cdk13 genes respectively, two of the 

genes whose mutations have been found in S-CHD patients. These preliminary 

studies revealed that heterozygous embryos for both of these lines are 

completely viable and fertile, and show no apparent defects in comparison to 

WT counterparts. Chd4tm1b and Cdk13tm1b homozygous embryos are 

embryonically lethal, and our lethality assessments suggest that they die at 

early stages during development. We also confirmed the expression of both 

Chd4 and Cdk13 in the heart at different stages of development.  

Even though I have worked with apparently unrelated genes in this thesis, 

pathway analysis using STRING (https://string-db.org/) shows that indeed, 

most of these genes are part of a cardiac development gene network, which 

include many of the key regulators of this process, such as TBX5, GATA4 and 

MEF2C among others. Fig. 6.1 shows the interaction maps generated when just 

the genes studied in this project are included in the input (Fig. 6.1A), and that 

generated when some of the key regulators of cardiac development are 

https://string-db.org/
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included as well (Fig. 6.1B). As shown in the first map, at first instance no direct 

relationship is found between most of the genes studied in this project, as 

interactions are found just between TBX5 and KAT2B, and KAT2B and KAT2A. 

However, when several master regulators of cardiac development are included 

in the analysis, most of them (except CDK13) are shown to be directly or 

indirectly linked to any of the cardiac regulators. For instance, KAT2B, besides 

interacting with TBX5, also interacts with SALL4, MEF2C and NKX2-5 among 

others, which are transcription factors involved in cardiogenesis. KAT2B, 

alongside KAT2A, also interact with CHD7, a paralog gene to CHD4 whose 

mutations lead to CHARGE syndrome. HDAC4 and HDAC5, two deacetylases 

which act in an opposite way to KAT2A and KAT2B and which deacetylate TBX5 

in vitro (Dr. Tushar Ghosh, unpublished data) were also included in the analysis. 

The map shows that these two deacetylases are linked to KAT2A and KAT2B, as 

expected, as well as PRKD1, CHD4 and several cardiac transcription factors such 

as SALL4, GATA4 and MEF2C. Last but not least, CDK13 seems to be not 

connected or linked to any of the other genes included in the analysis, 

something that could be explained by the fact that this gene is still poorly 

characterized. This pathway analysis suggest that most of the genes which have 

been studied in this thesis are indeed part, in a direct or indirect way, of the 

genetic network that controls cardiac development.  

 

Figure 6.1. Interaction maps for TBX5, KAT2A, KAT2B, CHD4, CDK13, PRKD1 and several 
cardiac transcriptor factors.  
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Even though this thesis is comprised of three different and, at first glance, 

unrelated projects, they all greatly contribute to our understanding of the 

genetic causes of congenital heart disorders and provide further insight into 

the molecular mechanisms controlling cardiac development. Perhaps, the most 

relevant finding of the KAT2A/2B project is that post-translational 

modifications of a classic gene involved in cardiogenesis and in the onset of 

CHD (such as TBX5) do indeed play a crucial role in the correct regulation of 

these processes, thus providing new insights and potential new mechanisms to 

explain the molecular and cellular basis of congenital heart disorders. During 

the last few years, and thanks to the advances in the field of proteomics, 

several publications have provided further insight into the relationship 

between post-translational modifications, cardiogenesis and heart disease467–

469, thus supporting the fact that these PTMs play a key role during 

cardiogenesis.  

A different field that is gaining notoriety in the context of congenital heart 

disorders and cardiogenesis is chromatin remodelling and epigenetics. Over the 

last few years, many different publications have postulated that the dynamic 

changes on chromating modifications and structure might have a strong impact 

on cell fate during cardiogenesis, thus having a role in the occurrence of 

CHD470–472. In addition to this, mutations in genes involved in chromatin 

remodelling (such as CHD3473, CHD4474 and CHD7475) have been described in 

patients presenting syndromic CHD conditions. In this same context, the work 

presented here provides further evidence that chromatin remodelling do play 

a key role in the control of cardiac development, as CHD4 mutations found in 

syndromic-CHD patients lead to an impaired ATPase/helicase activity of the 

protein that would have an impact of its chromatin remodelling ability.  

All in all, these results support that not only mutations in “classic” cardiac 

transcription factors (such as TBX5, MEF2C or NKX2.5) seem to be the main 

genetic cause for congenital heart disorders, but also mutations in genes 

involved in chromatin remodelling and post-translational modifications (two 

processes which are also closely related, as demonstrated by the fact that 

histone tails modifications control chromatin structure and function). The 

increasing relevance and importance of these two processes provide a new 

outlook for future studies on cardiogenesis and CHDs, and broaden our scope 

on this field: for example, it would be of great interest to perform proteomic 

studies on samples coming from CHD patients in order to unravel whether the 

PTM-signature of these patients differs from that of healthy patients. Also, we 

need to be on the lookout for new chromatin remodelling genes involved in 

congenital heart disorders, as well as to perform an exhaustive molecular 
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characterization of them in order to better understand how they can lead to 

the onset of these defects. 

To sum up, by discovering and characterizing these novel factors implicated in 

these processes, we have managed to expand the network of CHD and 

cardiogenesis-related genes, opening up new possibilities for future research 

in cardiac transcriptional networks. 
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