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Abstract 

Cardiovascular diseases are the leading cause of morbidity and mortality worldwide. 

Congenital heart disease (CHD) is a risk factor for premature cardiovascular complications. 

Great advances have occurred in the past years leading to the identification of several genes 

essential for proper cardiac formation such as GATA4/5/6 mutated in some individuals with 

CHD. GATA6 is a zinc finger transcription factor whose presence is crucial for early 

embryonic development. GATA6 is expressed in many cell types of the heart including 

myocardial, endocardial, neural crest, and vascular smooth muscle. In human, mutations in 

GATA6 result in variable cardiac phenotypes. The objective of this thesis was to determine 

the roles that GATA6 play in the different cell types of the heart and to elucidate the 

molecular basis of the cardiac defects associated with Gata6 haploinsufficiency. For this, a 

combination of cell and molecular techniques were used in vitro and in vivo. First, we show 

that Gata6 heterozygozity leads to RL-type bicuspid aortic valve (BAV)- the most common 

CHD affecting 2% of the population. GATA6-dependent BAV is the result of disruption of 

valve remodeling and extracellular matrix composition in Gata6 haploinsufficient mice. 

Cell-specific inactivation of one Gata6 allele from Isl-1 positive cells, but not from 

endothelial or neural crest cells, recapitulates the phenotype of Gata6 heterozygous mice 

revealing an essential role for GATA6 in secondary heart field myocytes during 

valvulogenesis. We further uncovered a role for GATA6 as an important regulator of the 

cardiac conduction system and revealed that GATA6 expression regulates the activity of the 

cardiac pacemaker. GATA6 exerts its role via regulation of the cross-talk among the 

different cell types of the SAN. Lastly, some CHDs are characterized by abnormalities of 

both the limbs and the heart such as the Holt Oram syndrome (caused by mutation in TBX5 



 

vii 
 

transcription factor). The molecular basis for limb-heart defects remain poorly understood. In 

the course of this work, we discovered that Gata6 haploinsufficiency resulted in a partially 

penetrant polysyndactyly (extra digits fused together) phenotype. Together, the data provide 

novel molecular and cellular insight into GATA6 role in normal and pathologic heat 

development. Our results also suggest that GATA6 should be added to the list of genes whose 

mutations are potentially associated with heart and limb abnormalities. Better knowledge of 

the molecular basis of CHD is a prerequisite for the development of diagnostic and 

therapeutic strategies to improve care of individuals with congenital heart disease. 
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1. Introduction 

1.1. Heart development  

1.1.1. Stages of embryonic heart formation 

The human four-chambered heart is a powerful muscular pump that ensures, via the 

establishment of rhythmic contractions, the unidirectional circulation of blood throughout the 

entire body. By the second week of gastrulation, in order to satisfy its increasing nutritional 

needs, the human embryo now requires an efficient cardiovascular system 1. The formation 

of the cardiovascular system in mammals is controlled by a genetic program that is 

evolutionarily conserved across species. Heart development begins at an early stage of 

embryonic life: embryonic day 7 (E7) in mouse and gestation day 21 in human. During this 

process and in a short period of time, by E15 in mouse and gestation day 50 in human, 

mesodermal cells transform into a fully mature and functional four-chambered heart capable 

of autonomously pumping blood (Figure 1.1 A-D). 

During gastrulation, the main layers composing the embryo will be established: the 

ectoderm (giving rise to the nervous system and skin), the mesoderm (required for muscle 

formation) and the endoderm (predominantly giving rise to the gut) 2. Two distinct 

mesodermal cell populations, deriving from the same origin, seem to contribute to the 

developing heart in a spatially- and temporally- specific manner. Cardiac progenitor cells 

derived from the lateral plate mesoderm, also termed the First Heart Field (FHF) cells, will 

migrate to the region of the forming heart in an anterior to lateral direction and extend across 

the midline of the embryo forming the cardiac crescent (E7.5 in mouse) (Figure 1.1 A). The 

second population of cells to migrate forms the Secondary Heart Field (SHF), which lies 

medial and anterior to the FHF. By E8 in mouse and gestation day 21 in human, cells of the 
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FHF fuse along the ventral midline forming a primitive heart tube capable of beating (Figure 

1.1 B). This linear heart tube contains an exterior layer of myocardial cells – which grants 

the heart its contraction properties – separated from an interior layer of endocardial cells 

lining the lumen, by an extracellular matrix (ECM). This ECM facilitates the signaling 

between the endocardial and myocardial layers 2–6. 

 

 

Figure 1.1: Schematic representation of stages of mammalian heart development and its 

transcriptional regulation. The embryonic days correspond to human (Hu) and mouse (Ms). FHF: 

primary/first heart field. SHF: secondary heart field. V: ventricle. A: atria. RA: right atria. LA: left 

atria. CT: conotruncus. OFT: outflowtract. RV: right ventricle. LV: left ventricle. Ao: aorta. PA: 

pulmonary artery (adapted from4,7). 

 

As development progresses, the heart tube then elongates via division of myocardial 

cells and addition of SHF cells at the anterior and posterior regions of the heart tube. These 

cells will contribute later to the formation of the outflow tract (OFT), the right ventricle (RV) 
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and partially the right atria (RA). The proper alignment of the aortic and pulmonary trunks 

with the left and right ventricles, respectively, requires the lengthening of the OFT 8. The 

first signs of cardiac remodeling occur when the heart tube breaks the symmetry of the 

embryo and loops to the right (E8.5 in mouse and gestation day 28 in human) initiating the 

formation of the future ventricles and atria 9 (Figure 1.1 C). Establishment of the right and 

left atria occurs early on and is controlled by right and left progenitor pools of 

undifferentiated cells from the lateral plate mesoderm. At the same time, ventricle 

specification starts along the antero-posterior (A-P) axis but switches, after cardiac looping, 

to the left-right (L-R) axis (Figure 1.1 C) 10. The re-alignment and differential growth of the 

heart tube results in the formation of its inner and outer curvatures along the A-P and dorso-

ventral (D-V) axes. This outer curvature will then balloon out to form the chambers (atria 

and ventricles) mainly composed of working myocardium that proliferate quickly and has a 

fast conduction potential. In the luminal surface of the ventricles, sponge-like structures 

called trabeculae will form from cells of the outer layer and compresses to give rise to the 

compacted myocardium. On the other hand, in the atria, pectinated muscles in a comb-like 

structure are present to ensure a great atrial contraction potential with minimum muscular 

mass 7,10–13. 

Obtaining a fully functional four-chambered heart requires a series of septation and 

remodeling events. Valve formation (will be detailed in section 1.3) and proper heart 

septation are crucial steps to ensure correct blood flow between the systemic and pulmonary 

circuits.  Following chamber formation, septation of the atria begins when a muscular 

structure grows from the atrial roof downward towards the atrioventricular cushion (AVC). 

This structure forms by active proliferation of myocardial cells with addition of 
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mesenchymal cells at its edge, to form the mesenchymal cap (MC). This muscular outgrowth 

septates the atrial chambers leaving a small opening between the MC and the AVC – the 

ostium primum. Closure of the ostium primum occurs when the MC along with the dorsal 

mesenchymal protrusion, a SHF derivative, merge with the AVC and form the mesenchymal 

complex. Simultaneously, a second opening – the ostium secundum – between the right and 

left atrium will result from the dissolution of the upper margin of the primary atrial septum. 

A secondary atrial septum will then form by folding of the atrial roof inward, resulting in 

closure of the ostium secundum. The fusion of both septums occurs shortly after birth, 

thereby completing the septation of the atrial chambers 14–16. On the other hand, an 

interventricular muscular septum (IVS) will ensure septation of the ventricles, and this 

septum emerges upwards within the ventricular chamber towards the AVC. The IVS is found 

to have two components: 1) a muscular component emerging from proliferation of 

ventricular myocytes situated at the interventricular groove, and 2) a mesenchymal 

component resulting from fusion of the AVC with the conotruncal cushions 14,17.  

The cardiac conduction system (CCS) starts developing around the same period as 

well. Its role is to ensure the proper propagation of the electrical impulse throughout the 

heart. Its major components as well as the stages of its formation will be detailed in section 

1.4. 

1.1.2. Transcription factor-mediated regulation of cardiogenesis 

Heart development consists of a series of complex morphogenetic events that requires 

the functional presence of various proteins. The spatio-temporal expression of some genes, 

as well as the chamber-specific expression of others, is found to be highly regulated by the 

interactions of several TF with each other, and with their cofactors 18.  
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The heart is an asymmetric structure receiving signals along the three body axes – 

anterior-posterior (A-P), dorsal-ventral (D-V), and L-R – dictating its final structure 19. The 

transformation of the linear heart tube into the C-shaped heart loop requires two major steps: 

1) bending of the primitive ventricular region towards its ventral side while simultaneously 

rotating to the right, and 2) the proper positioning of the ventricle and the conotruncus (CT), 

in a caudal and ventral position respective to the atria 19. This transformation controls the L-

R asymmetry of the heart. NODAL (member of TGFβ family), LEFTY2 (Left right 

determination factor 2), and PITX2 (paired like homeodomain 2) are present in the 

splanchnic mesoderm of the arterial pole and have been shown to be involved in 

lateralization 19.  Fibroblast growth factor 8 (FGF8) in the mouse appears to be a left 

determinant factor whereas the homeodomain protein NKX3.2 is asymmetrically expressed 

on the right side 20. Patterning along the A-P axis is mainly controlled by retinoic acid 

signaling. Deficiency of retinoic acid leads to expansion of the ventricular region, whereas its 

increase leads to expansion of the atrial region 21. The homeobox protein IRX4 is shown to 

impose a ventricular phenotype over a default atrial phenotype whereas TBX5, a member of 

the T-box family of TF, is essential for atrial formation 22,23. Finally, D-V patterning is 

governed by expression of atrial natriuretic peptide (NPPA), Heart- and neural crest 

derivatives-expressed protein 1 (HAND1), IRX3, IRX5 and CITED1 at the ventral side of 

the heart tube 21 (Figure 1.1). 

Cells of the lateral plate mesoderm are first committed to a cardiac fate via inductive 

signals coming from the underlying endoderm; the migration of these cells requires mainly 

the function of the basic helix Loop helix (BHLH) TFs MESP1 and MESP2 24. Other signals 

include Bone Morphogenetic Protein 2 (BMP2), FGF8 and Wnt protein 11 (WNT11), all of 
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which act via positive signaling. However, inhibitory signals can be also induced, limiting 

the induction to a specific group of mesodermal cells, such as NOGGIN (anti-BMPs) and 

WNT3a and 8 (Wnt signaling) 10,25. Induction of the SHF is controlled by expression of 

factors in the pharyngeal endoderm and splanchnic mesoderm, all important for OFT 

development: we mainly list FGF8, BMP2, sonic hedgehog (SHH) and Wnt/β-Catenin 

signaling 26.  These factors then induce expression of important cardiac TF such as GATA4, 

NKX2.5, and TBX5.  

Studies have shown that GATA4, a TF that belongs to the GATA family of TF, plays 

a critical role as a regulator of the earliest stages of cardiogenesis. It has been reported that 

its presence allows cells to respond to primary inductive signals and it is able to mediate 

BMP signaling via its interaction with other factors such as NKX2.5 27,28. The Nkx2.5 

homologue in Drosophila, Tinman, is reported to be essential for heart formation 29. In 

mouse, roles for NKX2.5 in cardiac regionalization and chamber specification have also 

been reported pointing to a specific role in left ventricle (LV) chamber development 30. After 

specification of the cardiac mesoderm, the two heart fields fuse along the midline to form a 

single heart tube (Figure 1.1 B). Failure of fusion results in cardia bifida, which describes 

the formation of two tube-like structures. Mouse mutant for Gata4 and the helix-loop-helix 

TF Mesp1 display the cardia bifida phenotype 31,32. Furthermore, right and left ventricular 

specification is controlled by HAND1 and HAND2, the basic helix-loop-helix TFs found to 

be expressed in the pre-cardiac mesoderm and non-cardiac precursor cells (Figure 1.1 C). 

HAND1 is specifically expressed in the anterior and posterior region of the heart tube, which 

will give rise to the LV and the CT, whereas HAND2 expression governs the whole heart 

tube but becomes restricted during the looping to the RV 33. TFs NKX2.5, GATA5 and 
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TBX5 mark the myocardium of the developing chambers and regulate the expression of 

NPPA 4. Finally, the process of epithelial to mesenchymal transformation (EMT) required 

for the septation of the OFT and the AVC, as well as valve formation, is controlled by BMP2 

and BMP4 21. However, expression of endocardial-specific genes is induced by GATA5, 

another GATA family member, and Nuclear Factor of Activated T-cell c (NFATc) is shown 

to play a crucial role in septa and valve formation (Figure 1.1) 34.  

1.1.3. GATA family of transcription factors  

Complex morphological and tissue remodeling events orchestrate the complex 

process of heart development which is usually accompanied by gene expression changes 

regulated in a spatio-temporal manner. This combinatorial network of TF ensures the proper 

proliferation, differentiation and survival of cardiomyocytes; otherwise, developmental heart 

defects can result from disruption of these interactions. 

The most intensively studied family of TF is the GATA family, which belongs to the 

zinc finger (ZF) superfamily of TFs harboring two ZFs DNA binding domains, Cys-X2-C-

X17-Cys-X2-Cys (ZFI and ZFII), which recognize the sequences (A/T)GATA(A/G) 35. In 

vertebrates, six members are present in this family (GATA 1-6) (Figure 1.2). Their ZF 

domains, which are the DNA binding regions, are more than 70% conserved, and are both 

involved in mediating protein-protein interactions. While the carboxyl (C-terminal, C-term) 

zinc finger, ZFII, is the major DNA binding domain, the amino (N-terminal, N-term) zinc 

finger, ZFI, is thought to play a role in the stabilization of DNA-protein interactions. The N-

term and C-term regions of the proteins exhibit lower similarities and are more important for 

the transcriptional function of the protein 36. The GATA protein family is further divided into 

two subgroups: 1) GATA1/2/3 are mainly expressed in the hematopoietic and central 
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nervous systems and are required for differentiation of mesoderm- and ectoderm-derived 

tissues, and 2) GATA4/5/6 are important for differentiation of embryonic stem cells and 

epithelial cells in the adult, in addition to their major role in the development of the 

cardiovascular system 37,38.  

 

Figure 1.2: Schematic of the vertebrate family of GATA proteins: GATA1-6. All members share 

the same DNA-binding domain consisting of two zinc finger domains (one N-terminal and one C-

terminal) and a nuclear localization signal (NLS). TAD: transactivation domain. N-term: N-terminal. 

C-term: C-terminal. 

 

GATA1, the founding member of the family, is largely restricted to the hematopoietic 

lineage where its expression was found to mark differentiated structures such as erythroid 

cells and megakaryocytes. On the other hand, GATA2 is required for hematopoietic 

precursor cell proliferation. GATA3 expression is restricted to T lymphocytes and is crucial 

for T cell differentiation 39,40. Targeted disruption of Gata1, 2 and 3 in mice leads to 

hematological abnormalities, further supporting the critical role of these factors in 

hematopoiesis. They are also required for the development of non-hematopoietic cells─ 

GATA1 participates in gonad development and GATA3 is crucial for brain and kidney 

development 38,41. 
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GATA4/5/6 proteins, the cardiac GATA members, are mainly expressed in the 

mesodermal precursors that develop into the heart 42. They are found to be differentially 

regulated during development and show cellular and regional specificity, with GATA4 

predominantly expressed at all stages in cardiac cells 43. In addition to their role in 

cardiogenesis, GATA factors have been shown to play a role in development of the liver, 

pancreas, kidney, the gastrointestinal and urogenital tracts, and the central nervous system 37. 

1.1.3.1. Role of cardiac GATA factors in embryonic development 

GATA4 is one of the earliest TFs present in the precardiac splanchnic mesoderm and 

associated endoderm; its expression is detected as early as E7.0-7.5, preceding the expression 

of contractile protein and natriuretic peptide genes, which are the earliest markers of cardiac 

differentiation (Figure 1.1). At later stages, GATA4 transcripts are detected within the 

myocardium and endocardium , and continue to be well expressed in the postnatal 

heart 44
. Gata4−/− mice are embryonically lethal at E8.0 due to failure of heart tube 

development in addition to defects in ventral foregut closure 45. Differentiated 

cardiomyocytes are observed in Gata4-/- mice suggesting a compensatory role of other 

proteins such as GATA6, whose expression level is increased in Gata4-null mice 46. A role 

for GATA4 as a mediator of survival, proliferation, and differentiation signals has been also 

described after antisense-mediated knockdown of GATA4 from the pluripotent P19 

embryonal carcinoma cells 47. 

In the mouse embryonic heart, GATA5 is expressed within the myocardium as well 

as in the endocardial cushions and endocardium 48. The requirement for GATA5 for 

endocardial differentiation has been demonstrated in vitro: terminal differentiation at a pre-

endocardial stage was blocked when RA was added to drive cardiac mesoderm-derived cells 



 

10 
 

towards an endocardial fate 49. Null mutations of Gata5 in zebrafish lead to the formation of 

cardia bifida, whereas no obvious cardiac phenotype was observed in mice, suggesting 

different functions of this TF across species 50
. Partially penetrant (25% occurrence) bicuspid 

aortic valve (BAV) disease, which is the presence of two asymmetric aortic valve leaflets 

instead of three symmetrical ones, as well as hypoplastic hearts were found to result from 

deletion of both Gata5 isoforms in mice 51. 

On the other hand, GATA6 is expressed in the precardiac mesoderm at the late 

primitive streak stage and its expression governs myocardial and vascular smooth muscle 

cells at later stages 44,52. GATA6 has been shown to play a crucial role during extra-

embryonic endoderm development as Gata6-/- mice die at early embryonic stages (E4-4.5) 

due to extra-embryonic defects 53. Forced expression of either GATA6 or GATA4 is able to 

drive differentiation of embryonic stem cells towards the extra-embryonic endoderm 54. In 

vitro studies in heterozygous embryos revealed that Gata6−/− embryonic stem (ES) cells are 

able to contribute to the heart and to differentiate into myocardium, which indicates that the 

loss of GATA6 protein does not cause cell autonomous heart abnormalities 55. Tissue 

specific deletion of Gata6 from neural crest cells (NCC) and smooth muscle cells lead to 

persistent truncus arteriosus (PTA) and interrupted aortic arch revealing a crucial role for 

GATA6 in patterning of the aortic arch arteries 56.  

 1.1.3.2. Functional analysis and combinatorial interactions of GATA4/5/6  

Structure function analysis of GATA4 has revealed the presence of two 

transcriptional activation domains located in its N- and C-term regions 36. A role for GATA4 

as a potent trans-activator of many cardiac promoters such as atrial natriuretic factor (Anf), 

brain natriuretic peptide (Bnp), cardiac troponin (cTnC and cTnI) and slow myosin heavy 
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chain (slow MyHC3) was reported through transfection studies in non-cardiac cells 57–59. It 

has also been shown that following injury, and as a compensatory mechanism, GATA4 can 

regulate cardiac angiogenesis by inducing vascular endothelial growth factor (Vegf) 60. As 

well, cardiogenic activity of GATA4 is enhanced by direct interaction with Cyclin D2 61. 

GATA4 was also shown to be a cofactor of NKX2.5 since their co-expression in 

heterologous cells resulted in a synergistic activation of the Anf promoter 62. 

Gata5 is differentially regulated in chicken by two alternative non-coding exons; 

similarly, in mice, two distinct isoforms are produced 63. This is a common feature in the 

GATA family since Gata6 was also shown to possess distinct initiation sites in humans and 

mice 64. In vitro studies revealed that GATA4 or 5 can interact, in combination with NKX2.5 

and TBX20, to synergistically activate cardiac gene expression in fibroblasts (Anf and the 

endocardial channel Connexin40 (Cx40)). GATA5 has been shown to regulate endocardial 

differentiation and to activate in vitro cardiac promoter in cooperation with TBX20 65. 

Similarly, a cooperative role for NFATc and GATA5 in endocardial transcription has been 

highlighted, in vitro, using the GATA-dependent promoter of the endothelial gene ET-1 34. 

GATA6 have been shown to regulate several target genes in neuronal, cardiac and 

vascular cells such as the secreted glycoprotein Semaphorin 3C (Sema3C) and the Wnt 

family member 2 (Wnt2), which in its turn is able to regulate GATA6 expression in the 

posterior heart 56,66. Studies have also demonstrated that GATA6 can interact with both 

serum response factor (SRF) and NKX3.2 (an Nkx2.5 homologue from smooth muscle cells) 

to synergistically activate the smooth muscle gene α1-integrin 67. 

GATA factors are shown to regulate BMP signaling via two mechanisms: 1) by 

affecting the expression levels of BMP and 2) by interacting with downstream targets of the 
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pathway. Therefore, synergistic activation of the Nkx2.5 promoter in P19 cells is caused by 

physical interaction of GATA4 with the N-term region of SMAD-1 and -4 (mediators of 

BMP signaling). This SMAD interaction is also possible with GATA5 and 6 with the latter 

shown to functionally substitute for GATA4 in this interaction 68. Interestingly, GATA6 was 

shown to regulate BMP4 expression via binding to the functional GATA sites present on the 

promoter 43. 

 1.1.3.3. Role of cardiac GATA factors in postnatal heart development 

Several studies point to the role of GATA4 and 6 in reprogramming gene expression 

in hypertrophic hearts and controlling adaptive responses in the postnatal myocardium. Since 

the knockout mice of either of these two cardiac GATA factors leads to embryonic lethality, 

it renders it difficult to use the murine model to assess the role of these factors in postnatal 

heart development. Therefore, adenovirus-mediated antisense strategies, designed 

specifically to inhibit GATA4 or GATA6 expression in cardiomyocytes, were used. Results 

revealed a downregulation of ANF, BNP, cTnI, alpha- and beta-myosin heavy chain (α- and 

β-MHC), and platelet-derived growth factor receptor β (PDGFRβ), in cardiomyocytes 

lacking GATA4 or GATA6, suggesting that these genes are targets of the latter two TFs 69,70. 

GATA4 and 6 were shown to co-localize in postnatal cardiomyocytes and form a heterotypic 

complex that binds a single GATA binding site and therefore able to induce synergistically 

the transcriptional activation of target cardiac promoters (Anf and Bnp) 70. 

A role for the GATA factors in regulating cardiac hypertrophy has also been 

extensively explored. Cardiac hypertrophy occurs when cardiomyocytes lose their ability to 

respond to growth stimuli and will increase in size instead of number. It has been shown that 

activation of angiotensin type 1 receptor (At1r) and α–mhc promoters, following pressure 
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overload, depends on GATA elements present in their promoter sequences 71,72. Inhibition of 

GATA4 during hypertrophy can be achieved via regulation of nuclear localization, which is 

controlled by the serine/threonine protein kinase glycogen synthase kinase 3 (GSK3). By 

stimulating nuclear export through the nuclear exportin chromosomal maintenance 1 

(CRM1) and via direct phosphorylation of GATA4, GSK3 is able to induce a decrease in 

GATA4 nuclear expression 73.  

1.2. Cell lineages contribution to the heart 

 

Several cell populations, some of which originating from outside the heart field, 

contribute to the formation of the embryonic heart. Regulated cellular proliferation, 

migration, differentiation, cell death and cell-cell interactions are critical events for proper 

cardiac formation and sculpturing. Knowledge of the different cell types composing the heart 

is important for diagnosis and treatment of heart diseases. Among the major cell lineages 

contributing to the heart are: myocardial cells, cells originating in the SHF, NCC, 

endocardial cells and epicardial cells (Figure 1.3 and 1.4). 

 

 

Figure 1.3: Schematic representation of the cell lineages contributing to the cells of the heart at 

E6.5. Highlighted in red are markers known to distinguish each of the cell types (adapted from 74). 
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1.2.1. Myocardial cell lineage 

Myocardial cells ensure the contractility of the mature heart, which also depends on 

other mesodermal cell types for its function. Myocardial lineages include atrial and 

ventricular myocytes as well as cardiac conduction cells (Figure 1.3). Differentiated 

myocardial cells are first detected around E7.5 in an epithelial crescent-shaped structure, 

where they are localized on either side of the midline under the head folds and subsequently 

fuse at the midline to form the early heart tube (Figure 1.1). Two major lineages (first and 

second heart field) contribute to the heart myocardium: the first lineage is mainly the source 

for the left ventricular myocardium, whereas the second lineage gives rise to the OFT and 

most of the right ventricular myocardium; and both lineages contribute to the atria and other 

parts of the heart 75. MESP1 and MESP2 are among the earliest cardiogenic markers and 

identify both myocardial lineages. Progenitor cells expressing both of these factors 

contribute to the entire myocardium 24. MESP1 and 2 also play an important role in the 

delamination of the cardiac mesoderm since it was shown that no mesodermal cells can 

migrate out of the streak in the absence of either one of these factors 24. Mesp1 

overexpression in ES cells has been shown to induce increased cardiomyocyte differentiation 

rendering MESP1 a crucial upstream regulator of myocardial cell fate 76,77
. Bone 

morphogenetic proteins (BMPs) and fibroblast growth factors (FGFs) are important for the 

early cardiogenic induction of a specific population of mesodermal cells and their 

proliferation and differentiation into cardiomyocytes 25. 

 Left and right atrial cardiomyocytes are formed by addition of progenitor cells 

derived from the left and right posterior regions of the SHF which is characterized by 

expression of ISL LIM Homeobox 1 (ISL1) and the lack of other SHF markers such as 
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TBX1 and FGF8/10 78. In the left side of the SHF, PITX2 expression is found to repress the 

RA identity 78. The pulmonary trunk myocardium derives from both the anterior and the 

posterior SHF whereas the interventricular septum (IVS), which is a myocardium outgrowth, 

is marked by transgenes expressed in the left or right ventricular myocardium with a spatial 

distribution of labeled cells. There is an extensive contribution of cells from the LV to the 

dorsal part of the septum 17. These results are suggestive of a contribution of both first and 

second lineages to the formation of the IVS. The T-box TF TBX5 is found to be selectively 

expressed in the LV and is thought to contribute to the positioning of the IVS and delineating 

the line separating between the right and left ventricles 79. BMP10 is restricted to the 

working myocardium and is regulated by NKX2.5. It has been shown to play an important 

role in chamber formation via maintaining the proliferation and maturation of 

cardiomyocytes 80. Within the ventricular chambers, the wall thickens in a process called 

trabeculation which is regulated by signals such as Notch and Neuregulin, as well as retinoic 

acid and FGF signaling from both the epicardium and endocardium 81–83. At E12.5 in the 

mouse heart, the inner layer of myocardium, which expresses NPPA, the gap junction protein 

CX40, the Cyclin Dependent Kinase Inhibitor 1C (CDKN1c), and BMP10, forms the 

trabeculae; whereas the outer layer, expressing TBX20, hairy/enhancer-of-split related with 

YRPW motif protein 2 (HEY2), and MYCN (BHLH TF), constitutes only the compact layer 

within the chamber 77. 
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Figure 1.4: Schematic representation of the cell lineages contributing to the cells of the heart at 

E8.5. Highlighted in red are markers known to distinguish each of the cell types. NCC: neural crest 

cells (adapted from 74). 

 

1.2.2. Second heart field cells 

The secondary heart field (SHF), also known as the anterior heart field, is a region of 

the pharyngeal mesoderm that contributes, within the heart, to the formation of the OFT and 

the RV. The SHF can be divided into many subdomains that contribute to the different 

regions of the arterial pole of the heart, as well as to facial muscles of the head 77. SHF-

progenitor cells are located medially to the cardiac crescent and do not immediately 

differentiate into the myocardial cells of the cardiac crescent (Figure 1.1). The contribution 

of progenitor cells of the anterior and posterior regions of the SHF to the RV, atria and OFT 

was revealed by genetic tracing and fluorescent dye labeling experiments 78,84. A significant 

cell migration within the SHF occurs early on to contribute to the OFT myocardium. On the 

other hand, the posterior SHF contributes to the formation of the AV canal, as reported by 

clonal analysis 75,85. The SHF also gives rise to endothelial cells forming the arterial tree at 
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the outflow region and to smooth muscle cells surrounding the great vessels at the arterial 

pole 86.  

The SHF was first identified using an Fgf10-LacZ reporter transgene, which marks 

the cells forming the OFT and the RV, showing that they both originate from the pharyngeal 

mesoderm 87. ISL1, the LIM homeodomain TF, is one of the main markers of the SHF that 

also marks the cardiac progenitors giving rise to a part of the inflow region and the LV as 

well as to both the OFT and RV. Morphogenesis abnormalities affecting the arterial and 

venous poles of the heart were observed after deletion of Isl1 88. MEf2C enhancer sequence, 

FGF8, and TBX1 also mark the SHF 89,90. TBX1, mostly found in the myocardial wall, has 

been suggested to regulate the expression of Fgf8 and Fgf10 therefore regulating SHF 

proliferation 91. Together with NKX2.5, TBX1 regulates the expression of Pitx2, which is 

mainly found in the left region of the SHF 92.  An impaired elongation of the primary heart 

tube has been shown to result from the loss of Fgf8 in the SHF during early cardiogenesis 

with altered expression of ISL1 and MEF2c 93. Expression of the Mef2C enhancer in the 

anterior heart field (AHF) has been shown to be regulated by ISl1 and the GATA TFs, as 

well as by TBX20, which in its turn, is able to activate an Nkx2.5 AHF enhancer 90,94. In 

addition to that, a role for BMP signaling, Wnt-βcatenin and Wnt-TGFβ pathways, hedgehog 

and retinoic acid signaling in the regulation of the SHF elongation, proliferation, and survival 

has been suggested (reviewed in 74). In the adult heart, a role for the SHF near the OFT is 

suggested to contribute to the cardiac regeneration process in zebrafish, where atrial 

cardiomyocytes were found to revert back to a cardiac progenitor state (expressing 

progenitor markers) before transforming into ventricular myocytes following injury 95. 
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1.2.3. Conduction cells 

The contraction of the heart is initiated and regulated by different structures (nodes 

and working myocardium) composing what is known as the CCS. The CCS is composed of 

1) the sinoatrial node (SAN), the pacemaker of the heart, 2) the atrioventricular node (AVN), 

situated at the proximity between the RA and RV, 3) the His bundle or the atrioventricular 

bundle (AVB), situated at the top of the IVS, and 4) the Purkinje fibers, which are 

conductive fibers delineating the IVS and propagating within the ventricular myocytes 

(Figure 1.5). 

 

 
Figure 1.5: Schematic representation of the cardiac conduction. SA: sinoatrial. AV: 

atrioventricular. RA: right atria. RV: right ventricle. LA: left atria. LV: left ventricle.  

 

 Many controversial hypotheses exist concerning the cellular origin of the CCS. It has 

been initially suggested that the mammalian CCS derives from the NCC, but in fact 

approximately 80% of the ventricular conduction system (VCS) derives from the cardiac 
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mesoderm 96,97. In the mouse, as early as E8, a primitive AV conduction system is formed, 

followed by formation of the AVN primordium around E11 at the dorsal canal and is usually 

marked by Periodic acid-Schiff (PAS) positive cells. Proliferation of these cells leads to the 

formation of the primitive AV bundle within the IVS and the proximal bundle branches 

(BBs) 98,99. Finally, at E12, connective tissue forms around the conduction system and 

isolates it electrically 100. The SAN is suggested to have a SHF origin and is derived from 

Isl1- and Tbx18-expressing cells 101. It is found to be marked by expression of TBX3, which 

is important for its specification and formation via regulation of downstream targets.  

SAN precursor cells expressing TBX3 are pre-specified early on (before E10) and 

become separated from the atrial myocytes that express NPPA that are unable to give rise to 

SAN cells 102. A subset of Tbx18 expressing cells also contribute to SAN formation 103. The 

AVN and the bundle of His are thought to segregate from precursors of the working 

myocardium. In the chick embryo, two hypotheses regarding the origin of  cells of the VCS 

have been proposed: one suggests that these cells arise from a population of cells at the top 

of the interventricular system, the other supports a recruitment of cardiomyocytes within the 

area to give rise to these cells 104–106. The AVC and AVN derivatives are mainly derived 

from Tbx2 expressing cells 107.  

The peripheral conduction system, mainly composed of the Purkinje fibers, is thought 

to result from continuous recruitment of cardiomyocytes where the progenitor cells can give 

rise either to working cardiomyocytes or to conduction cells 108. It is also thought that the left 

Purkinje fiber network and the LV originates from a different clonal cell population than that 

of the RV and right fiber branch 106. Endothelin (EDN1) was shown to induce the 

differentiation of embryonic cardiomyocytes into Purkinje fibers by retroviral analysis in 
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chick embryo 109. Similarly, in the mouse, Neuregulin 1 (NRG1) was able to induce the 

differentiation of cardiomyocytes into Purkinje fibers 110. 

1.2.4. Cardiac neural crest cells 

Cardiac neural crest cells (CNCC) generate initially from the neural plate and migrate 

to the third, fourth and sixth branchial arches, invading the heart through the venous and 

arterial poles (inflow and outflow tracts, respectively). CNCC contribute mainly to the 

formation of the OFT conotruncal cushions and the aorto-pulmonary septum as well as to the 

smooth muscle layer of the great vessels and the parasympathetic cardiac ganglia 111–113. 

CNCC are crucial for the formation of the semilunar valves (aortic and pulmonary valves) 

and invade the proximal and distal OFT cushions 114. CNCC are also important for the 

development of the tunica media of the aortic arch arteries and potentially play a role in the 

stabilization of the developing endothelial tube 115. The septation of the OFT is controlled by 

two waves of CNCC: the first wave controls the cleavage of the single OFT into pulmonary 

and aortic trunks, whereas the second wave of migrating cells plays an important role in the 

remodeling of the great vessels and their branches. Abnormal remodeling process leads to 

interrupted or double aortic arch associated with ventricular septal defect (opening within the 

IVS) 116. It has been shown that the ablation of the CNCC in avian embryos, prior to their 

migration, results in abnormal patterning of the OFT, the aortic arch arteries and the great 

vessels 117. NCC constitute the nerve fibers of the sympathetic and parasympathetic networks 

of the heart, as well as the vagal nerve branches 118,119. To track the migration of CNCC, 

several cre lines were generated for permanent lineage tracing in mice such as the Wnt1-cre, 

Cx43-cre and Pax3-cre transgenic lines allowing a better understanding of the role of CNCC 

within the heart 115,120,121. The migration of the CNCC is found to be directed extrinsically by 
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the endoderm, mesoderm and ectoderm via complex signaling interactions rather than having 

an intrinsic control. As such, it has been shown that targeted inactivation of the mouse 

retinaldehyde dehydrogenase 2 (Raldh2), an enzyme whose role is to convert all trans-retinal 

into retinoic acid, leads to embryonic lethality due to the absence of OFT septation 122.  

1.2.5. Endocardial/endothelial cells 

As the cardiac crescent begins to form, myocardial cells begin to express contractile 

protein genes. At the same time, clusters of endocardial cells located more ventrally become 

detectable 123. Under the control of angiogenic factors such as fibroblast growth factors and 

vascular endothelial growth factors, a small population of cells within the cardiac mesoderm, 

separate out and start to express marker genes for endothelial cell differentiation. The 

endothelial cells compose the inner surface of the heart which is also called the endocardium 

124,125. Within the heart, these cells contribute mainly to the septation of the chambers and 

OFT, and the formation of the valves and ventricular trabeculae, and they have been shown 

to play a role in the formation of the Purkinje fibers. It is thought that the endocardium may 

share mutual progenitors with the myocardium since myocardium (Figure 1.3) labeling has 

resulted in positive labeling of endocardial cells as well. Such is the case, for example, of 

cells in the cardiac crescent that express Isl1 which can give rise to myocardial and 

endocardial cells, supporting the common progenitor theory 88. In addition, deletion of 

Nkx2.5, one of the earliest myocardial marker, leads to defective endocardial cushion 

formation 126. Another model suggests that cells are committed to the endocardial lineage 

even before gastrulation, prior to the mesoderm formation, with a separation of the 

myocardial and endocardial cell lineages at the blastula stage 127.  
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Endothelial cell proliferation and endocardium formation are found to be regulated by 

various TFs. Ets variant 2 (ETV2), is a TF required for endocardial cell specification: lack of 

Etv2 results in cells failing to differentiate into endocardial cells 128,129. A role for endocardial 

GATA5 TF has also been shown to regulate aortic valve formation and its absence there 

leads to BAV 51. It was shown that cardiac progenitors isolated from mouse embryos, or 

those derived from ES cells, can result in cells expressing myocardial and 

endothelial/endocardial markers (e.g. the myocardial marker Nppa and the endocardial 

marker Nfatc1, crucial for valve and septa formation) 130,131. This further highlights the 

crucial role of endocardial cells in providing the required mesenchymal cells for valves and 

septum formation. 

1.2.6. Epicardial cells 

The epicardium develops between E8.5 and E10.5 and is derived from a group of 

cells adjacent to the heart venous pole also called the proepicardial organ (PEO) (Figure 

1.4). It is composed of a mesenchymal core and an external mesothelium 132. During foregut 

closure, the PEO, initially located at the anterior region, acquires a more posterior position at 

the venous pole of the heart and cells deriving from it start covering the heart to form the 

epicardium 133. Cells from the epicardium then delaminate, undergo EMT and invade the 

myocardium where they contribute to the formation of interstitial fibroblasts and the 

coronary vasculature or reside in the space between the myocardium and epicardium (Figure 

1.6) 134.  
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Figure 1.6: Layers of the heart wall. The wall of the heart consists of three layers: the epicardium 

(external layer), the myocardium (middle layer) and the endocardium (inner layer).  

 

Lineage tracing experiments have shown that cells of the PEO as well its derivatives 

are marked positive for Nkx2.5, Isl1, Tbx18 and Wilms tumor protein (Wt1) 135,136. Wt1 is 

expressed in the epithelial cells of the proepicardium, in the subepicardial mesenchyme and 

in the migrating epicardial derived cells. Its loss in mice leads to abnormal epicardial 

formation, thin ventricles and pericardial bleeding 137. GATA factors 4/5/6 are expressed in 

both the proepicardium and epicardium and GATA4 has been shown to be essential for the 

formation of the proepicardium, the septum transversum and the coronary vasculature 138,139. 

A role for the Tbox TFs has been also suggested: TBX18 is thought to be an early marker of 

proepicardium formation, whereas TBX5 is found to be involved in proepicardial cell 

migration 140,141.    

Signaling between the epicardium and myocardium is necessary for normal coronary 

vasculogenesis. It has been shown that loss of retinoic acid signaling from the epicardium 

results in myocardial hypoplasia due to the lack of either Raldh2 or the retinoid receptor 

(Rxr). Retinoic acid  is important for the induction of FGF9 in the epicardium, which plays a 

crucial role in myocardial development during heart formation 142,143. Epicardial cells 
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expressing Tbx18 have been shown to contribute to atrial and ventricular cardiomyocytes as 

well as to the IVS 144. The epicardium has also been suggested to play an important role in 

adult heart regeneration. Interestingly, the addition of growth factors (e.g. BMP2) to PEO-

derived cells in culture can give rise to myocardial cells highlighting the myocardial 

regenerative potential of epicardial cells 145.  

1.3. Formation of the outflow tract and cardiac valves 

The mature heart is composed of four chambers and four valves ensuring the 

unidirectional flow of blood from the heart into the systemic circulation. Complex 

morphogenetic processes as well as multiple cell lineages contribute to the septation of the 

heart chambers as well as the septation of the OFT and AV cushions. The AVC separates 

into left and right orifices connecting each atrium to its respective ventricle and gives rise to 

the AV (mitral and tricuspid) valves. On the other hand, the OFT divides into outlets 

connecting the left and right ventricles to the pulmonary and aortic trunks and gives rise to 

the semilunar (aortic and pulmonary) valves. 

1.3.1. Outflow tract septation 

NCC, delaminating from the neuroectodermal junction of rhombomeres 6-8 at the 

hindbrain, will migrate into the distal OFT where they play a major role in the septation of 

the cardiac OFT 112.  These NCCs then become the mesenchyme of the truncal cushions, 

structures that eventually fuse together to form the aortopulmonary septum that divides the 

distal OFT into aortic and pulmonary arteries 120. On the other hand, the mesenchyme of the 

conal cushions is formed from the endocardium that undergoes epithelial-to-mesenchymal 

transformation (EMT) at the proximal OFT. These cushions then fuse together to give rise to 

the conal septum that separates the proximal OFT into the ventricular outlets. These right and 
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left ventricular outlets are aligned to the ventricles and the arteries by the fusion of the 

truncal and conal cushions with each other and the fusion of the latter cushion with the IVS 

(Figure 1.7) 146.  

 

Figure 1.7: Schematic representation of the cardiac OFT and the different cell lineages 

contributing to the formation and septation of the OFT. The OFT contains two cushions: the 

conal also called proximal cushion and the truncal/distal cushion. The boundary between the conal 

and truncal cushions is marked by the conotruncal curvature, an outer curvature of the OFT (adapted 

from 15). SHF: secondary heart field. 

 

1.3.2. Cell lineages contribution to valvulogenesis 

The OFT is composed of migratory progenitor cells that give rise to endocardial cells, 

myocardial cells as well as to cells derived from the EMT within the OFT itself. These 

progenitor cells of different origins interact with each other and with other cell types to direct 

this complex process of valve development and heart septation. Among these progenitor 

cells, we appoint the endocardium, the SHF, and the NCC as major contributors to this 

process (Figure1.7). 

1.3.2.1.Endocardial cells: Endocardial cells contribute to the formation of the cushions by 

undergoing epithelial-to-mesenchymal transformation (EMT; will be detailed in 

section 1.3.3.), a process that only occurs to the cushion endocardium and is induced 

by the signaling myocardium (BMP, TGFs, VEGFs) (Figure 1.8). The chamber 
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endocardium, on the other hand, does not express genes essential for valvular and 

septal development such as NFATc1 and VEGF receptors, and therefore, is not able 

to respond to myocardial signals and undergo EMT 147,148. The cushion myocardium 

is programmed by genes in a way to suppress the chamber-specific genes, and is able 

to secrete ECM to support EMT and produce EMT-regulating molecules 149,150. 

1.3.2.2. Cardiac neural crest cells: NCC migrate from their original location to the heart to 

form the aortopulmonary septum 112. They exchange signals with their surrounding 

(OFT myocardium and pharyngeal arch) allowing their proper migration. The OFT 

myocardium secretes the ligand SEMA3C to attract the NCCs and promote them to 

migrate, since they express the SEMA3C receptor PLXNA2. Upon their arrival, they 

become the mesenchyme of the truncal cushions 151. NCCs ablation has been shown 

to lead to the inhibition of OFT septation resulting in various OFT defects 152. 

1.3.2.3.Secondary heart field cells: Studies have revealed that SHF progenitors contribute 

considerably to valve and septum formation. These cells, first of all, give rise to the 

OFT myocardium that plays two major roles during septo-valvulogenesis: 1) it 

secretes molecules to stimulate the conal endocardium to undergo EMT, and 2) it 

secretes chemotactic molecules to attract NCC to the OFT (e.g. SEMA3C) 146,151,153. 

SHF-derived cells also give rise to vascular smooth muscle cells at the base of the 

aorta and pulmonary trunks 88. Finally, these progenitors give rise to the dorsal 

mesenchymal protrusion (DMP) mesenchyme that will merge later on with the AVC 

and become part of the septum separating the right and left atria 154. Disruption of 

different signaling pathways within the SHF using the Mef2c-cre and Isl1-cre mouse 

lines lead to a variety of phenotypes affecting the OFT or the semilunar valves 88,153. 
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1.3.3. Atrioventricular and semilunar valves formation 

The complex process of valvulogenesis begins after heart looping, when the cardiac 

jelly, an extensive ECM separating the outer myocardium from the inner endothelium that 

forms the linear heart tube, extends to the AV junction and the OFT 155. Myocardial cells 

present in this region start secreting molecules such as TGF-β1, BMP2, and BMP4, leading 

to the activation of adjacent endocardial cells (Figure 1.8).  

 

 

Figure 1.8: Different stages of semilunar valve formation. EMT: epithelial-to-mesenchymal 

transformation. 

 

These cells lose cell-cell contact and the baso-apical polarity of epithelial cells, 

acquire a polarized golgi and extended filopodia, and transform into spindle shaped 

migratory cells that will invade the hyaluronin rich cardiac jelly 156,157. At this stage, the 

endothelial markers are downregulated (PECAM1, NCAM1 and VE-cadherin), while 

mesenchymal markers, such as smooth muscle alpha-actin (SM-α actin) are upregulated; the 

resulting mesenchymal cells continue to proliferate and dilate to form swellings termed 

cushions 156. The cells also digest the hyaluronen within the matrix and replace it with a 

denser matrix composed of collagens (COL I, II, and III), versican (VCAN) and other 
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proteoglycans 158. These cushions expand from the myocardium to form the thin leaflets 

composed of one layer of endothelial cells rich in glycosaminoglycans, collagen and elastin 

at their central matrix. Afterwards, these structures undergo extensive remodeling to give rise 

to the semilunar and the AV valves 155. The maturation process of the AV and semilunar 

valves is different, given that semilunar valves have free edges whereas the AV valves have 

tendinous chords attaching them to the chambers (Figure 1.9) 156. These valves will only be 

functional at later stages of gestation and would not mature until after birth 159.  

 

Figure 1.9: Schematic representation of the valve leaflets. An endothelial layer of cells surrounds 

the three layers composing the cardiac valves: the atrialis/ventricularis, the spongiosa and the fibrosa. 

VIC: valvular interstitial cells (adapted from 160).  

 

After birth, strengthening of the aorta and the aortic valve cusps occurs due to the 

increase of collagen-elastin lamellae number. This increase in the collagen-elastin content is 

the result of an increase in the aortic blood pressure accompanied by a decrease in the 

pulmonary artery (PA) pressure 161. The mature valves are composed of three symmetrical 

leaflets referred to as “tricuspid valves” that regroup the aortic, pulmonary, and tricuspid 

valves (at the junction between the RA and ventricle). The mitral valve (at the junction 

between the LA and ventricle) is the only normal bicuspid (two leaflets) valve present in the 
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heart (Figure 1.10). The mature and remodeled valve is composed of three distinctive layers: 

1) the atrialis (AV valve) or ventricularis (semilunar valve) layer rich in elastin, 2) the 

fibrosa layer rich in fibrillar collagen (middle layer) and 3) the spongiosa rich in 

proteoglycans (Figure 1.9) 162. 

 

Figure 1.10: Transverse view of the valves composing the heart. Aortic valve: valve 

situated between the left ventricle and the aorta. Pulmonary valve: valve situated between the 

right ventricle and the pulmonary artery. Tricuspid valve: valve situated between the right 

atria and ventricle. Mitral valve: valve situated between the left atria and ventricle. 

 

1.3.4. Molecular regulation of valve development 

Coordinated signaling between several growth factors, TFs and cell 

adhesion/migration molecules, secreted from the endocardium and the myocardium, is 

crucial for the proper septation of the OFT and the development of the cardiac valves. 

Among the most well characterized pathways regulating these processes are the 

TGF/BMP/SMAD pathway, the NOTCH pathway, the VEGF/NFATc1/Calcineurin pathway, 

the WNT/β-catenin signaling, as well as pathways involving the ECM.  
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1.3.4.1.TGFβ/BMP/SMAD pathway: TGFβs are among the first regulators of EMT 

initiation. While TGFβ2 is expressed in the myocardium and endocardium of the 

cushions, TGFβ1 is only expressed in the endocardium. Endocardial TGFβ2 is 

mainly required for cell separation during EMT whereas TGFβ3, expressed in the 

endocardium and mesenchymal cells after EMT, is required for mesenchymal 

migration and transformation 163. TGFβ2 is also known to promote EMT since it 

functions downstream of NOTCH1, BMP2 and TBX2, activating the WNT/β-catenin 

pathway 150,164. BMPs are important mediators of valvulogenesis, with BMP2 and 4 

being the most abundantly expressed within the cushions: BMP2 is expressed in the 

myocardium of the AV canal whereas BMP4 is expressed in the myocardial OFT 165. 

Absence of myocardial BMP4 or defects in BMP receptors leads to either lethality or 

to absence of proper OFT septation 166,167. SMADs are also known to modulate the 

TGF/BMP signaling and to be involved in septation and valve formation. Loss of 

Smad4 in NCCs lead to PTA, OFT cushion hypoplasia and pharyngeal arch artery 

defects, while loss of Smad6 leads to cushions and valve hyperplasia 168,169. 

1.3.4.2.NOTCH pathway: NOTCH1, expressed in the cushion endocardium during 

valvulogenesis, is crucial for the induction of EMT, which is regulated by 

TGFβ/SNAIL signaling, inducing repression of endocardial markers and upregulation 

of the mesenchymal ones 170. Constitutive activation of NOTCH1, mutation of 

NOTCH1 or its nuclear effector RBPJK, or activation/repression of its receptor 

Jagged1 (JAG1) lead to the absence of EMT 170,171. Inhibition of Notch from the SHF 

downregulates expression of FGF8, causing impairment of NCCs migration to the 

OFT and reduction of EMT, therefore leading to thickened and unequal sized 

semilunar valves as well as septation defects (ASD, VSD, PTA) 164,172. 
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1.3.4.3. WNT/β-catenin: In Zebrafish, the WNT/β-catenin pathway plays an important role 

in valvulogenesis: overexpression of the secreted glycoprotein Dickkopf (DKK1), 

which inhibits Wnt signaling, leads to interruption of EMT. On the other hand, 

activation of the WNT pathway leads to excessive cushion development 173. Other 

than its role in EMT, WNT signaling has been shown to be crucial for the recruitment 

of SHF-derived mesenchymal cells into the dorso-mesenchymal protrusion (DMP) 

and for the development of normal pharyngeal arteries. Therefore, mice lacking Wnt2 

or β-catenin from the SHF show a reduced DMP which result in chamber septation 

defects 174. On the other hand, β-CATENIN is found to be crucial in NCCs to control 

OFT septation, functioning through PITX2. Lack of β-catenin from migrating NCCs 

leads to a downregulation of PITX2 expression, resulting in failure of proper NCC 

migration with appearance of PTA, double outlet right ventricle (DORV) and 

transposition of the great arteries (TGA) 175. 

1.3.4.4. VEGF/NFATc1/Calcineurin: Regulation of valve development by VEGF signaling 

is complex, given the fact that VEGFs have differential functions and spatiotemporal 

expressions during this process. VEGFA, for example, is able to function as a growth 

factor for endocardial/endothelial cell proliferation, as an inhibitor of EMT, or as a 

promoter of valve elongation 148,176,177. VEGF receptors have also been shown to have 

major roles during this process, with VEGFR1 being essential for EMT of the OFT 

cushion and VEGFR2 being important for the elongation of the AV valves after EMT 

148. VEGF regulates the endocardium via binding to its receptor FLK1 and providing 

calcium to calcineurin from the endoplasmic reticulum to the endocardium, through 

the inositoltriphosphate (IP3) second messenger pathway. Calcineurin then controls 

the expression of PECAM and phosphorylates NFATc1 to induce proliferation 178. 
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Myocardial NFAT first triggers EMT by repressing VEGFA, but a second wave of 

NFAT from the endocardium, signaling via calcineurin and Nfatc1, regulates valve 

remodeling and elongation. Deficiency of Nfatc1, whether in the endocardium or the 

myocardium, or blockage of Calcineurin leads to absence of EMT and hypoplasticity 

of the cushions 147. In the OFT, NFATc1 delineates the boundary between EMT- and 

NCC-derived mesenchymal cells within the conal cushion to prevent excessive EMT 

and abnormal invasion of EMT-derived cells into the truncal cushion 179. Absence of 

Nfatc1-Calcineurin from the SHF leads to enhanced apoptosis within the conal 

mesenchyme cushion and abnormal semilunar valve formation, highlighting an 

important role of SHF in this pathway for conal cushion development 180. 

1.3.4.5. Extracellular matrix: EMT is mainly regulated by a well-organized ECM whose 

components are crucial for EMT progression and ECM remodeling. This matrix 

underlying the endocardium is primarily composed of  proteoglycans, which are 

present throughout the valve but are predominantly expressed within the middle layer 

to provide tissue integrity and compressibility 181. The glycosaminoglycan 

hyaluronan (HA), one of the most important components of the ECM, is secreted by 

the myocardium, and plays a role in valvulogenesis due to its ability to induce cell 

signaling 182. Disruption of HA synthesis or digestion of HA, using hyaluronidase in 

cultured embryos, results in absence of cushion formation 183,184. Many ECM 

remodeling enzymes are found to be expressed during valve maturation such as 

matrix metalloproteases (MMPs), tissue inhibitors of matrix metalloproteases 

(TIMPS), and Cathepsins. VCAN, a proteoglycan linking protein between 

hyaluronan and collagen, is also involved in ECM regulation since Vcan null mice 

fail to form valvular cushions 185. 
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1.4. Formation of the cardiac conduction system 

Fusion of regions of the lateral plate mesoderm during embryogenesis results in the 

formation of a linear heart tube. SHF, located medially in the cardiac mesoderm, proliferate 

rapidly and serve as a progenitor pool for myocardial cells, which will eventually be added to 

both poles of the heart tube. These cells are then characterized at that stage by their reduced 

proliferation rate 3. The myocardium of the initial embryonic tube has a phenotype 

resembling nodal tissues which display the following characteristics: poor contraction, 

atomicity, underdeveloped sarcomeres and sarcoplasmic reticulum (SR), and slow 

transmission of the impulse. The pacemaker activity in this tube is translated into peristaltic 

contractions showing a sinusoidal electrocardiogram (ECG). The electrical activity of the 

heart can be recorded, giving rise to the characteristic ECG tracing (Figure 1.11). During 

elongation of the tube, the atria and ventricles acquire functioning myocytes and expand by 

accelerated proliferation rate including upregulation of gap junction and mitochondrial genes 

21,186,187.
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Figure 1.11: Schematic representation of the cardiac conduction system and the 

electrocardiogram tracing. SA: sinoatrial. AV: atrioventricular. RA: right atria. RV: right ventricle. 

LA: left atria. LV: left ventricle.  

 

Not all the cardiac regions differentiate into chamber myocardium, some retain low 

proliferation rate such as the sinus venosus, the AVC, the OFT and inner curvatures. At this 

stage, the sinus venosus is the main pacemaker activity and the AVC retains a much slower 

mode of conductance than the surrounding chamber myocardium. The ECG starts to 

resemble that of a mature heart since serial and rapid contractions of the atrial and ventricular 

compartments start to occur. Early vertebrates show alternating configurations of slow (sinus 

venosus, AVC, OFT) conductance structures and fast conducting atrial and ventricular 

myocardium. Higher vertebrates develop distinctive conductance structures such as the SAN 

in the sinus venosus, the AVN within the AVC, the AV bundle (AVB), and the Purkinje 

fibers ensuring the ventricles’ contraction 21,187,188.  

To further understand the CCS, it is important to understand the arrangements of its 

components within the heart and how the electrical signal propagates within. The SAN, the 

pacemaker of the heart, is the first component of the CCS whose role is to initiate the 

electrical impulse. It is situated at the boundary between the superior caval vein and the right 

atrium. The impulse propagates then to the AVN, which is situated at the boundary between 

the atrium and the ventricle, forming the only myocardial connection between both 

chambers. The impulse arrives to the AVN through the atrial muscle, where its propagation 

is delayed, allowing the ventricles to be in diastole during the contraction of the atria. The 

slowing of the signal will also help protect from any ventricular arrhythmias which could be 

triggered by the atria. A switch to fast conducting structures allows the impulse to travel to 

the AVB and then to the Purkinje fibers, allowing the activation of the working ventricular 
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myocardium and therefore its contraction 189. On the ECG, the atrial depolarization is 

represented as the P-wave, with the P-R interval showing the AV delay. The QRS complex 

represents the ventricular activation or depolarization, whereas the T wave indicates the 

repolarization of the ventricles (Figure 1.11).  

1.4.1. Sinoatrial node 

The mature SAN is localized at the entrance of the right atrium at the intercaval 

region. Its core is composed of conduction cells surrounded by working myocardial cells 

(Figure 1.11 and 1.12). In between, transitional cells, with a phenotype resembling that of 

the SAN and working myocardium together, are found within the SAN. The outer border of 

the SAN is surrounded by a ring of connective tissue and arteries playing an important role 

in protecting it from the suppressing hyperpolarizing influence of the atrium 190. Pacemaker 

activity requires the presence of gap-junctions with very low conductance (CX30.2, CX45) 

to protect it from the fast-conducting neighboring atrial myocardium (CX40/CX43/SCN5a). 

These gap junctions also serve as a good marker to distinguish the node cells 191. The 

hyperpolarization-activated channel HCN4 (Potassium/sodium channel 4) and the T-box TF 

TBX3 are both enriched in the SAN and serve as excellent nodal markers along with the 

atrial natriuretic peptide (NPPA or ANF). The latter is not expressed in these cells, but serves 

as an additional negative marker 192,193. It is thought that SAN growth can be either mediated 

by recruitment of surrounding myocardial cells acquiring the SAN phenotype, or achieved by 

proliferation of specified SAN primordial cells. SAN progenitor cells were also shown to 

have features of progenitors of the secondary heart field (Isl1+) and the sinus venosus 

(Tbx18+) 194.   
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Figure 1.12: Schematic representation of the different type of cells composing the 

sinoatrial node. ECM: extracellular matrix.  

 

Many TFs have been shown to regulate the development and function of the SAN 

(Table 1.1.). TBX5, expressed in the SV and atria, have been shown to regulate the 

expression of the short stature homeobox TF 2 (SHOX2), TBX3 and BMP4, all of which are 

important regulators of SAN formation, via interaction with its partner NKX2.5 195,196. 

Within the SAN, SHOX2 represses the expression of NKX2.5, inhibiting the working 

myocardium genetic program. Therefore, Shox2 deletion in mice leads to conduction system 

defects manifested by a hypoplastic SV, an upregulation of NKX2.5, and a downregulation 

of the conduction cells markers HCN4 and TBX3 197,198. TBX3 prevents atrialization via 

inhibition of CX40, CX43, SCN5a and NPPA/B, markers of the myocardial program, with 

ectopic expression of TBX3 leading to the formation of new functional pacemaker cells 

within the atria 102. The TF PITX2 has been shown to play a major role in SAN development 

as a mediator of the right-side development of the SAN which occurs via suppression of the 

SAN gene program in the left SV. For this reason, the SAN is formed at both sinoatrial 

junctions (left and right) in Pitx2-deficient embryos, 199. TBX18 is expressed in the 

progenitor cells that give rise to the head and sinus horns of the SAN and its loss in mice 
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leads to an abnormal hypoplastic SV and SAN 194
. Finally, the LIM-homeobox TF ISL1has 

been extensively studied for its role as a regulator of SAN development, especially due to the 

fact that its expression is selectively maintained in the myocytes of the SAN during both 

embryogenesis and adulthood, yet its expression in regular myocytes is downregulated after 

their differentiation. ISL1 has been shown to be required for SAN proliferation and its 

deletion specifically from SAN cells leads to embryonic lethality in mice 200,201. 

 

Table 1.1: Summary of the different genes important for the formation of the CCS structures. 

SAN: sinoatrial node. AVC: atrioventricular cushions. AVN: atrioventricular node. VCS: ventricular 

conduction system. 

SAN AVC/AVN VCS 

TBX5,TBX3, TBX18 

BMP4 

NKX2.5 

HCN4, HCN1 

PITX2 

ISL1 

SHOX2 

CX30.2 

CAV3.1 

TBX2, TBX3, TBX20, TBX5 

BMP2, BMPR1a 

NKX2.5 

MSX2 

GATA4, GATA6 

MyoR 

ID2 

SCLC8a1 

CX30.2 

TBX3, TBX5 

SCN5a 

NKX2.5 

ID2 

IRX3 

CX40 

 

1.4.2. Atrioventricular node 

The AVN is the structure situated at the interface between the right atrium and 

ventricle that ensure the slowing down of the propagated signal (Figure 1.11). Lineage 

tracing experiments revealed that Tbx2+ cells of the inflowtract of the early tubular heart 

contribute to most of the AVC, which is first distinguished morphologically around E9 107. 

On the other hand, the left posterior SHF of E8-8.5 mouse embryos has been shown to 

contribute to the superior AVC, whereas the right posterior SHF contributes to the inferior 

AVC 85. During AV valve formation, the deposition of the cardiac jelly and invasion of the 
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epicardial-mesenchyme physically separates the AVC myocardium from the endocardium 

resulting in the insulation of the atrial and ventricular working myocardium 202. At this stage, 

and at the atrial side of the annulus fibrosus, the definitive AVN and AV bundles form from 

Tbx3+ cells from within the cushion. Cells of the ventricular septum ridge then participate in 

the formation of the AVB, which is the only myocardial conducting structure between the 

atria and ventricles 203. Many studies have investigated the different cell morphologies 

composing the AVN. Two of the cell types are regulated to be the most representative of this 

large heterogeneous population─ cells with ovoid shape and cells with rod shape. Both cell 

types are found to be autorhythmic but possess different action potential and ion pool 

profiles. Ovoid cells resemble the action potential of SAN cells and therefore have a high 

pacing rate, whereas a slower rate is found in the rod cells that resemble atrial cells 204,205. 

Many studies have been conducted to further elucidate the molecular pathways 

regulating AVC/AVN development (Table 1.1.). TBX2 and TBX3 are crucial regulators of 

the development of this structure due to their role in maintaining the primitive phenotype of 

slow conduction by repression of the chamber myocardium genes (CX40, NPPA, SCN5a). 

They are known to interact with MSX2 and NKX2.5, as well as with TBX5, suppressing 

expression of downstream targets within the AVC cushion such as NPPA, CX43 and CX40 

203. This explains the inactivation of Tbx2, whether from the myocardium or from the entire 

body, leads to abnormal formation of the annulus fibrosus and ectopic formation of 

conductive AV pathways 206,207. BMP2 is required for AVC formation and controls the 

restricted expression of TBX2 and TBX3 within the AVC. On the other hand, TBX20 

represses the activation of TBX2 by BMP/SMAD signaling, confining its expression to the 

AV canal and defining the AVC boundary 208,209. NOTCH and canonical WNT signaling are 

both required for proper formation of the electrical programming within the AVN. Inhibition 
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of Notch in mice leads to hypoplastic AVN, whereas myocardial deletion of Wnt signaling 

leads to hypoplastic RV and loss of the AVC myocardium 210,211. The GATA family 

members, GATA4 and GATA6, have also been shown to play a role in AVC/ANV 

development. GATA4 has been suggested to mediate the regulation of slow AV conduction 

genes (such as CX30.2) via its interaction with TBX5 and musculin (the basic helix-loop-

helix (bHLH) TF MyoR) 212,213. GATA6, on the other hand, has been shown to regulate 

expressions of ID2 and sodium-calcium exchanger NCX1 (SLC8a1), and that myocardial-

specific deletion of Gata6 leads to a prolongation of the PR interval in mice with the 

presence of fewer Tbx3+ cells within the AVN 214. 

1.4.3. Ventricular conduction system 

The myocardium-derived VCS comprises the bundle of His or the AVB, the BBs─ 

running along the septum towards the apex, on both right and left sides below the 

endocardium─ and the Purkinje fibers (Figure 1.11) 215. The VCS enables the fast 

conduction of the impulse from the AVN to the ventricles due to the presence of high levels 

of fast conducting genes such as SCN5a and CX40, which are the most specialized markers 

of the VCS. The cellular origin of the components of the VCS has been well studied. A 

domain within the AVC (Tbx3+) extends into the ventricular compartment and through the 

crest of the ventricular septum to give rise to the interventricular ring, at the origin of the AV 

bundle. However the embryonic location of the AVB progenitors has not been uncovered to 

date 192. The sub-endocardial myocytes of the septum trabeculae give rise to the BBs, 

whereas the Purkinje fibers are derived from the trabecular myocardium 203. It is thought that 

the Cx40- ventricular myocardium and the Cx40+ Purkinje fibers share the Cx40+ Purkinje-

like embryonic trabecular myocardium as a common precursor 216. 
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The molecular mechanisms underlying VCS formation have pointed out an important 

role for NOTCH signaling in promoting the transition of early embryonic myocardium into 

trabecular myocardium (Table 1.1.). This transformation has been shown to signal through 

Ephrin B2 (EFNB2) and neuregulin 1(NRG1), in addition to a role of BMP10 in maintaining 

the proliferation of trabecular cardiomyocytes. In this term, induction of a Purkinje-like gene 

program has been reported to be induced in neonatal ventricular cardiomyocytes following 

transient activation of NOTCH 217. More specifically, AVB and BBs development have been 

shown to be controlled by TBX3, which inhibits genes of the working myocardium, and by 

TBX5, which stimulates the expression of fast conducting genes (CX40 and SCN5a) 218. 

NKX2.5 have been shown to cooperate with TBX3 and TBX5 in VCS development with 

heterozygous mice for Nkx2.5 displaying prolonged QRS interval, low amplitude of AVB 

depolarization, hypoplastic Purkinje fibers and upregulation of BMP10. In double 

Tbx5/Nkx2.5 heterozygous mice, the AVB and BBs fail to develop with absence of ID2 

activation, which have been thought to play an important role in the formation of these 

structures, given that its total knockout leads to an identical phenotype 219. The Iroquois 

homeobox gene IRX3 has also been implicated in VCS development: mutant mice for Irx3 

display delayed and abnormal ventricular conduction as well as ventricular arrhythmias 

220,221.  

1.5. Congenital heart defects 

A large number of TFs and complex molecular regulatory networks control heart and 

valve morphogenesis and any deviation or disruption, due to environmental or genetic 

factors, will result in congenital heart defects (CHD). The incidence of human CHD is over 

1% of live births and represents a leading cause for death in infancy as well as a risk factor 
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for cardiovascular disease later in life 222. These defects can be divided into two categories: 

1) mild defects that initially do not affect the heart function but can later lead to cardiac 

complications if left untreated (e.g. ASD), and 2) life threatening defects that contributes to 

the majority of mortality cases. The spectrum of CHD is very wide and defects can result 

from OFT or chamber septation problems, cardiac valve formation problems, cardiac 

hypertrophy, or from defective conduction system morphogenesis. Despite remarkable 

progress in the past few years, the exact causes and pathways underlying the majority of 

CHD remain undefined, owing it to the multifactorial nature of CHDs─ mutations in one TF 

can lead to many phenotypes and one defect can be connected to several genes.  

1.5.1. Outflow tract defects 

Anomalies of the great arteries and cardiac OFT defects account for approximately 

30% of all CHD cases 223. Incomplete or mis-aligned OFT septation leads to a wide range of 

CHDs affecting either the great arteries or the cardiac valves. Abnormalities of the vessels 

include: 1) PTA, where the separation between pulmonary and aortic arteries fails resulting 

in one common trunk, 2) DORV, where the aorta and pulmonary trunks both exit from the 

RV, 3) TGA, where the pulmonary trunk arises from the LV and the aorta from the RV, and 

4) overriding aorta (OA), which is an OFT alignment defect that is usually found associated 

with Tetralogy of Fallot (TOF) (a condition with multiple heart defects including pulmonary 

stenosis (PS), RV hypertrophy and ventricular septal defect) (Table 1.2) (reviewed in 224).  
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Table 1.2: Phenotypes resulting from abnormal septation of the OFT/great arteries and their 

associated genes. PTA: persistent truncus arteriosus. TGA: transposition of the great arteries. 

DORV: double outlet right ventricle, OA: overriding aorta (reviewed in 224). 

 

Phenotype Genes associated with the phenotype 

PTA SMAD4, SMAD7, NOGGIN, BMP4, ACVR1, BMPR2, 

BMPR1, TBX1, FGF15, FGF8, FGFR1/2, GATA6, SOX4, 

PTK2, SEMA3C, NRP1, PBX1, PAX3 

TGA NRP1,FGF8, ACVR2b, CFC1, GDF1, NODAL, ZIC3, 

HSPG2 

DORV NF1, TGFB2, BMP2/4, BMPR21, FGF15, FGF8, FGFR1/2, 

SMAD4, PSEN1, BIRC5, HIF1A 

OA NOTCH2, JAG1, HES1, DNMAML 

 

Defects of the cardiac valves often results from abnormal valve formation or 

septation during embryogenesis. These defects involve abnormalities of 1) the tricuspid 

valve leading to tricuspid atresia (TA), where the valve is abnormally formed or missing, 2) 

the mitral valve leading to parachute mitral valve (PMV), which describes the presence of a 

single papillary muscle from which the tendinous cords of both valve leaflets divide, 3) the 

pulmonary valve, with pulmonary stenosis being the most common defect (narrowing of the 

pulmonary valve orifice causing a resistance to the blood flow), and 4) the aortic valve, 

resulting in aortic stenosis and BAV disease (to be detailed below).  

 1.5.1.1. Bicuspid aortic valve disease 

BAV disease is the most common CHD, affecting 1-2% of the population with a 

higher male prevalence (3:1) 225. It results from the failure of leaflet separation during valve 

formation and maturation, resulting in two asymmetrical leaflets instead of three symmetrical 

ones. BAV is an autosomal dominant heritable trait with a high prevalence among first-

degree relatives and in families with multiple affected individuals (9% and 24% of total 
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prevalence) 226. This incomplete penetrance in its inheritance suggests the presence of many 

gene-gene and gene-environment interactions. The leaflets position and orientation relative 

to the right and left coronary arteries varies among different BAV cases, resulting in the 

different BAV phenotypes. The right-left (RL) type BAV is the most frequently found, and 

results from the fusion of the right and left cusps, accounting for 59% of all cases227. The 

right-noncoronary (RN) type BAV, which accounts for 37%, results from fusion of the right 

and non-coronary cusps. The left-noncoronary (LN) type BAV, resulting from a failure of 

separation between the left and non-coronary leaflets, is the least common type 227 (Figure 

1.13). It has been thought that RN-type BAV results from defective formation of the OFT 

cushion, while RL-type BAV is caused by a defective septation process during valve 

morphogenesis 228.  

BAV can be isolated or occur in conjuction with other CHDs (e.g. VSD, interruption 

of the aortic arch), and can be asymptomatic or lead to life threatening events (e.g. 

aneurisms, stenosis, endocarditis). Therefore, it is considered a risk factor for many valvulo-

vascular complications 229. BAV patients often develop mid ascending aortic dilation that is 

found to correlate with older age. They can also develop aortic root dilation that is often 

more associated with younger males 230. BAV can also lead to severe valve complications at 

later stage with changes in ECM composition, disruption of endothelial cells, and activation 

of valvular interstitial cells (VIC, which are fibroblast-like cells and quiescent in normal 

conditions), causing valve dysfunction and calcification 231,232. Studies have shown that the 

presentation of valve dysfunction can vary among the different types of BAV: patients with 

RN-type BAV are found to have more severe regurgitation whereas RL-type BAV patients 

develop more severe stenosis and calcification 233. 
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Figure 1.13: Schematic representation of a normal tricuspid valve and the different types of 

Bicuspid aortic valves. Ao: aorta. PA: pulmonary artery. RA: right atria. LA: left atria. RV: right 

ventricle. LV: left ventricle. PV: pulmonary valve. AoV: aortic valve. MV: mitral valve. TV: 

tricuspid valve. RC: right coronary. LC: left coronary. NC: non-coronary cusp. LCA: left coronary 

artery. RCA: right coronary artery. RN: right- non-coronary. LN: left-non-coronary. RL: right-left. 

TAV: tricuspid aortic valve. BAV: bicuspid aortic valve 234. 

 

Great efforts have been devoted to determining the heritability and underlying 

pathways leading to BAV. However, in humans, only three genes have been reported to date 

to have BAV-causing mutations: 1) the transmembrane protein NOTCH1, 2) the GATA TF 

GATA5, and 3) the matrix nuclear gene matrin 3 (MATR3) 235–237,270. With that in mind, 

animal models lacking other important regulators of valve development have been generated 

and examination of the aortic valve revealed the presence of BAV. The Nos3-null mouse 

model was one the first models of BAV to be reported where 41.6% of the mice display the 

RN type BAV 238,271. The same study showed that NOS3 is able to regulate NOTCH1, with 

double Nos3-/- Notch1+/- displaying 100% BAV penetrance. Our group also reported that 

inactivation of Gata5 in mice leads to 26% penetrant BAV 51. Whether this deletion was 



 

45 
 

global or endocardial-specific, the partial RN-BAV penetrance was still observed. Deletion 

of the Activin type I receptor (Alk2), an important regulator of EMT, from the cushion 

mesenchyme also resultes in BAV 239. A role for HOXA1 and NKX2.5 has been highlighted 

from animal studies in valvulogenesis since inactivation of Hoxa1 or haploinsufficiency of 

Nkx2.5 lead to partially penetrant RN-BAVs (24% for Hoxa1 and 8.2% for Nkx2.5 models) 

240,241. On the other hand, models to study RL-BAVs remain limited. The inbred Syrian 

hamster model was the first model of RL-BAV to be reported with almost half the animals 

displaying BAV242. In 2016, MacGrogan et al. reported that abrogation of NOTCH signaling 

from the endothelium leads to 34.6% mutants with BAV involving both the R-N and R-L 

types of BAV with a penetrance of 76.4% and 23.5%, respectively 243. Genome wide 

association studies have also identified chromosomal regions 5q, 9q (NOCTH1), 13q, 17q 

(KCJN2) and 18q to contain genes associated with BAV (Table 1.3) 235,244,245.  

BAV can occur in conjunction with other phenotypes in some human syndromes. For 

example, Marfan syndrome is shown to be caused by mutations in the fibrillin-1 (FBN1) 

gene, which is important for the formation of elastic fibers. Marfan syndrome is a connective 

tissue disorder with patients having cardiovascular, ocular and skeletal abnormalities 246. As 

mentioned earlier, BAV can go undetected for a lifetime or can lead to cardiovascular 

complications that require surgery. It is therefore important to accelerate the discovery of 

new causative genes to allow genetic screening for early detection of affected individuals, to 

provide a better understanding of the basis of BAV formation and its degenerative nature, 

and to help in the development of genotype-phenotype correlations, allowing personalized 

treatment for patients. 

 



 

46 
 

Table 1.3: Genes associated with human and animal (mouse) BAV phenotypes. BAV: bicuspid 

aortic valve. CoA: coarctation of the aorta. PDA: patent ductus arteriosus. VSD: ventricular septal 

defect. (Adapted from 234) 237,243.  

 

1.5.2. Conduction system defects 

The SAN and the AVN, together with the His-Purkinje fibers, form the functional 

CCS. Nodal cells of the CCS have a different organizational structure than cells of the 

working myocardium and are able to generate the cardiac action potential due to the presence 

of specific ion channels within them. Dysfunction of impulse generation and propagation can 

result from an imbalance of the ionic content and/or from structural disorganization of the 

cells. Abnormalities of the SAN and AVN can be either inherited or acquired at later stages 

of life due to the structural and physiological changes that these structures undergo. For 

example, the SAN, harboring a small number of nodal cells, is able to undergo extensive 
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remodeling (due to pathological conditions such as arrhythmia)  leading to a decreased nodal 

area with increased fibrosis, therefore result in sinus dysfunction 204,247. As well, sick sinus 

dysfunctions (SSD) are cardiac disorders affecting the ability of the SAN to generate a 

normal heart rate and leads to sinus arrest, sino-atrial exit block (where the depolarization 

cannot exit the node towards the atria), bradycardia (abnormally slow heart rate), tachycardia 

(abnormally fast heart rate), or alternating periods of the latter two 248,249. Atrial arrhythmias 

are often associated with SSD with 40 to 70% of the patients displaying it at the time of 

diagnosis. Atrial fibrillation (AF) is the most common type of atrial arrhythmias, and is 

characterized by irregular and rapid atrial depolarisations showing abnormal/absent P waves 

by ECG 250,251. 

The AVN is found to compensate in cases with abnormal SAN activity: it acts as a 

pacing unit of ventricular myocytes in cases of sinus arrest and bradycardia, and as a low-

pass filter in cases of atrial tachyarrhythmia, protecting the ventricles from overwhelming 

excitations 204. However, abnormalities of the AVN can also occur and cause a partial or a 

complete block of the action potential that passes through it (AV block). Gain and loss of 

function mutations in the sodium channel SCN5a have been shown to be associated with 

both sinus dysfunction (inducing bradycardia and sinus-exit block) as well as with AVN 

dysfunctions/AV block, which can be observed either alone or with Brugada and/or LQT3 

syndromes (Brugada syndrome causes sudden death due to ventricular fibrillation). Long QT 

syndrome is caused by mutations in potassium or sodium ion channels 248,252.  As a result, a 

disturbance in their functionality leads to a prolonged QT interval and an abnormal T wave 

as shown on the ECG 253. 

Studies using mouse models have helped bringing more insight into the pathological 

mechanisms of conduction diseases. Loss of function mutations in the hyperpolarized 
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channel HCN4 have been identified in patients with sinus bradycardia. Similar findings were 

shown when Hcn4 was conditionally removed from the heart with mice showing sinus 

bradycardia and AV block that progressed from prolonged PQ interval to a complete heart 

block 254,255. Given the important role that calcium plays within the nodal cells, especially 

during the excitation-contraction coupling process, human mutations in the sarcoplasmic 

Ca2+-binding protein Calsequestrin (CASQ2) and the Ryanodine Receptor type 2 (RYR2), as 

well as mouse ablation of the Na+/Ca2+ exchanger (Ncx1), have been shown to result in 

conduction abnormalities including ventricular tachycardia, sinus bradycardia, and 

elimination of the SAN pacemaker activity 256–258. The identification of defective genes 

causing SAN and AVN dysfunctions, whether from animal models or from human screening, 

will further shed light on the functionality of important regulators of the conduction system 

and will help in the implementation of new and appropriate therapeutic treatments.  

1.5.3. Heart and limb defects 

As mentioned previously, CHDs can occur in isolation or in combination with other 

defects, as part of a more complex syndrome. Such is the case of skeletal/limb abnormalities, 

which form in addition to the heart phenotype, the Heart-Hand and Heart-Feet classes of 

syndromes. Before exploring the underlying mechanisms of heart-limb abnormalities, it is 

important to understand the origin/similarities shared by these two structures.  

1.5.3.1. Heart and limb development 

In humans, the anterior angioblastic chords, which give rise to the cardiac tubes, 

become visible at 19 days post-conception. The upper and lower limbs become visible later 

on at 26-27 days for the upper and at 27-28 days for the lower limbs. The embryonic head 

then folds shifting the heart tube closer to the upper limbs. Heart and limb primordia are 
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thought to derive from the same region located near the pre-chordal plate that will eventually 

give rise to the lateral plate mesoderm 259. The proper differentiation of the regions of the 

heart tube (ventricles, atria, CT and sinus venosus) and of the limb (pre-axial: anterior/near 

the thumb, meso-axial: in the middle, and post-axial: posterior/digit 5 area), along the A-P 

axis, is required for the development of these structures 260,261. Any chromosomal changes, 

gene mutations, or alterations affecting the A-P orientation, will perturb this early 

cardiomelic domain and will give rise to a wide range of heart, limb or heart and limb 

abnormalities together 259.  

In section 1.1.1, we detailed the origin of the cardiac progenitor cells and indicated 

that they derive from the lateral plate mesoderm and migrate to the region of the forming 

heart to form the cardiac crescent (Figure 1.1 A). Studies on the limb were first performed in 

chicks where it was shown that the limb formation begins early, when mesenchymal cells 

from the somatic layer of the lateral plate mesoderm and somites, begin to proliferate and 

accumulate under the epidermal layer to form a bulging structure─ the limb bud. Cells 

deriving from the lateral plate mesoderm will contribute to the formation of the skeletal 

structures of the limb (skeletal precursors), whereas those from the somites will form the 

musculature of the limb (muscle precursors). The cells of the lateral plate mesoderm play a 

crucial role in limb bud initiation via secretion of the FGF10, a paracrine factor, which has 

an important role in initiating the different interactions between signals of the mesoderm and 

ectoderm 262,263. At this stage, the limb buds have to be specified to either becoming 

forelimbs (upper extremities) or hindlimbs (lower extremities) via differential expression of 

TBX5 and TBX4 262. Following entrance of the mesenchymal cells into the limb forming 

region, they start secreting factors that induce formation of the apical ectodermal ridge 

(AER) from the overlying ectoderm. The role of the AER is 1) to maintain the proliferation 
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of the mesenchymal cells allowing the growth of the limb along the proximal distal ( P-D) 

axis, 2) to express molecules required for the generation of the A-P axis and 3) to orchestrate 

the signals between the anterior-posterior and dorsal-ventral (D-V) axes ensuring proper cell 

differentiation 262. Further details on the molecular mechanisms governing proper limb 

formation will be explained in Chapter III. 

 1.5.3.2. Examples of heart and limbs diseases 

Human CHDs with heart and limb defects occur 1 in every 5000 live births 259. It has 

been shown that there is an association between anterior or posterior cardiac problems and 

limb anomalies. The anterior anomalies generate heart conotruncal-limb pre-axial defects 

whereas posterior defects generates heart atrial-limb post-axial defects 259. Many genes have 

been found to be crucial for heart and limb development; for example, TGF-β, BMP4, MSX-

TFs, retinoic acid receptors and SHH. TGF-β and BMP4 are both expressed in the AV valve 

and in the early limb mesenchyme, MSX-TFs are expressed in the AV canal, the conduction 

system, and within the limb mesenchyme.  The RA receptors are expressed in the 

conotruncal region and the limb bud, and SHH is expressed in the OFT region and within the 

limb bud 260,264. Below are some examples of diseases displaying cardiac-limb anomalies and 

their underlying causes. 

1.5.3.2.1. Holt Oram syndrome: HOS is the most common heart-hand disorder. 75% of 

patients with HOS also have CHD, most commonly being ASD, VSD, and 

conduction system defects 265. The limb deformity phenotype affects only the 

upper extremities involving the radial (the bone extending from the lateral side of 

the elbow to the thumb side) or the carpal (small bones that make up the wrist) 

bones. These patients display polydactyly frequently (presence of more than 5 
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digits). HOS is inherited in an autosomal dominant manner with TBX5 being the 

disease causing gene 265. 

1.5.3.2.2. Ellis-Van Creveld syndrome: EVC is a rare disease characterized by the presence of 

short ribs, short limbs, postaxial polydactyly, growth retardation, dysplastic 

fingernails and teeth, ectodermal defects and heart defects. Atrial septal defects 

are the most common CHD observed in EVC patients with a prevalence of ASD 

occurring in 60% of the patients 266. It is an autosomal recessive skeletal dysplasia 

disease displaying variable expressivity. Mutations in the EVC1 and EVC2 genes 

have been shown to be associated with this syndrome 266.  

1.5.3.2.3. Bardet-Biedl syndrome: BBS is characterized by primary features including cone-

rod retinal dystrophy, polydactyly, renal defects, genital abnormalities, obesity, 

and learning difficulties. Secondary features of the disease also include 

developmental delay, brachydactyly or syndactyly (SD), dental defects, olfactory 

deficit, diabetes mellitus, and CHD (e.g. IVS hypertrophy and dilated 

cardiomyopathy). It is a rare autosomal recessive gene with a high prevalence in 

inbred populations. It has been shown that BBS can result from mutations 

affecting at least 14 genes (also called the BBS genes) that are known to play 

important roles in cilia formation. The most common mutations affecting BBS are  

BBS1 and BBS10 267,268.  

1.5.3.2.4. McKusick-Kaufman syndrome: MKS is a syndrome characterized by the 

combinatorial presence of post-axial polydactyly, heart disease and abnormalities 

in the formation of the genital organs. Cardiac malformations in MKS include 

ASD, VSD, small aorta and hypoplastic LV, TOF, and patent ductus arteriosus. It 
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is inherited in an autosomal recessive manner and have been shown to be caused 

by a mutation in the MKKS gene 269.  

 

Finally, CHDs affect an estimated 1% of the population causing a variety of phenotypes, and 

are the main cause of morbidity and mortality. CHDs create a significant financial burden on 

the healthcare system as well as on the patients and their families. Nowadays, there are few, 

if any, curative therapies, despite our progress and good understanding of some of the 

genetic basis of many CHDs. New approaches are therefore needed to determine the altered 

pathways leading to disease. This may reveal potential biological targets which will be useful 

for prognosis and therapy development. 
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1.6. Objective and hypothesis 

 

1.6.1. Objective: The objective of this PhD project is to investigate the role of transcription 

factor GATA6 in heart and limb formation and to identify the cellular and molecular 

pathways underlying its action (s). 

 

1.6.2. Hypothesis: GATA6 is expressed in several cardiac cell types and mutations in 

GATA6 are associated with variable cardiac phenotypes in human. Proper heart 

formation and function require well-orchestrated interaction between different cell 

types. I hypothesize that GATA6 plays a cell specific role in heart morphogenesis 

and homeostasis and that disruption of GATA6 from different cell types will lead to 

distinct cardiac phenotypes. 

 

In the first and second chapters, we report a novel role for GATA6 in the formation of the 

aortic valve and the sinoatrial node. In the third chapter, a role for GATA6 as a potential 

heart and limb causing gene is revealed. The data presented in this thesis provide novel 

insights for understanding the different functions of GATA6 in heart and limb development. 
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2.6. Abstract 

Background: Bicuspid aortic valve (BAV), the most common congenital heart defect 

affecting 1-2% of the population, is a major risk factor for premature aortic valve disease and 

accounts for the majority of valve replacement. The mechanisms of disease etiology and 

pathogenesis remain largely undefined. 

Methods: Cardiac structure and function was analyzed in mice lacking a Gata6 allele. 

Human GATA6 gene variants were analyzed in 452 BAV cases from the BAV consortium 

and 1849 controls from the Framingham GWAS study. GATA6 expression was determined 

in mice and human tissues using qRT-PCR and immunohistochemistry. Mechanistic studies 

were done in cultured cells. 

Results: Gata6 heterozygous mice have highly penetrant RL type BAV, the most frequent 

type in human. GATA6 transcript levels are lower in human BAV as compared to normal 

tricuspid valves. Mechanistically, Gata6 haploinsufficiency disrupts valve remodeling and 

extracellular matrix composition through dysregulation of important signaling molecules 

including matrix metalloproteinase 9. Cell-specific inactivation of Gata6 reveals an essential 

role for GATA6 in secondary heart field myocytes as loss of one Gata6 allele from Isl-1 

positive cells- but not from endothelial or neural crest cells-recapitulates the phenotype of 

Gata6 heterozygous mice. 

Conclusion: The data identify a new cellular and molecular mechanism underlying BAV. 

The availability of an animal model for the most frequent human BAV opens the way for the 

elucidation of BAV pathogenesis and the development of much needed therapies. 

Keywords: Bicuspid Aortic Valve- GATA proteins- Extracellular Matrix- MMP9- GWAS 



 

80 
 

2.7. Introduction 

Aortic valve disease (AVD) is a major cause of morbidity and mortality worldwide 

and represents a significant health and socio-economic burden. From 2000 to 2012, 

hospitalization for AVD increased by 59% and in 2015, the cost to the healthcare system was 

estimated at $3.207 billion in the USA alone1. Despite intense efforts, the etiology and 

pathophysiology of AVD remain incompletely elucidated which impedes to the development 

of effective preventive and therapeutic regimens. At present, surgical approaches including 

valve replacement, the second leading cardiac surgery in North America, are the only 

effective treatment options. Cardiovascular diseases such as atherosclerosis and hypertension 

as well as congenital malformations likebicuspid aortic valve (BAV) and Marfan Syndrome 

are risk factors for premature valve deterioration and aortopathy2. BAV is the most common 

heart defect affecting 1-2% of the population with a higher male prevalence. It featuresthe 

presence of two usually-asymmetric instead of the normal three symmetrical leaflets. 

Individuals with BAV are at increased risk of valve deterioration and account for the 

majority of valve replacements particularly in patients under 65 years of age. They are also at 

increased risk of aortic dilatation and dissection and many develop serious cardiovascular 

complications 10 years earlier than individuals with a tricuspid aortic valve (TAV)2,3. As 

such, BAV has the greatest health burden of all other congenital heart diseases. The 

molecular mechanisms underlying the etiology and pathophysiology of BAV and BAV 

related valvulo-aortopathy remain largely undefined. 

BAV is an autosomal dominant trait with variable expressivity and incomplete 

penetrance suggestive of genetic and environmental modifiers. Human genetic studies have 

provided evidence for linkage of 3 loci, 18q, 5q and 13q4 with BAV with MATRIN3 as the 
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candidate 5q gene5. Mutations in NOTCH1 and in GATA5 –a regulator of the Notch 

pathway- have also been identified in some BAV patients6,7. Loss of function mutations in 

genetically engineered mice confirmed a causal relationship between the Notch1 and Gata5 

genes and BAV 8. However, mutations in these genes account for only a small percentage of 

human BAV and the genetic basis for the majority of BAVs remains undetermined. 

Additionnally, we lack mechanistic understanding of BAVpathophysiology. For 

example, it is unclear why BAV is associated with accelerated valve calcification and 

deterioration, or with aorthopathy. Why different BAV subtypes are associated with different 

clinical outcomes supports the genetic hypothesis. In human, BAVs are classified according 

to which leaflets – right (R), left (L), and non-coronary (N)- are fused together. The RL type 

(right and left leaflet fusion), is the most frequent in human, accounting for 59% of BAV 

whereas the RN type accounts for 37% 9. Retrospective analysis suggests that BAV 

morphology is of prognostic relevance with RN BAV being associated with a greater degree 

of valve dysfunction and a shorter time to valve intervention10,11. BAV morphology also 

results in different types of aortopathy and distinct hemodynamics across the ascending 

aorta12. Elucidating the molecular mechanisms underlying BAV associated aortopathy has 

been hampered by the paucity of BAV animal models. Gata5 null mice provides a model for 

RN type BAV8. In the case of RL-BAV, an inbred line of Syrian hamsters for which the 

genetic basis remains unknown is available13. Both RL and RN type BAVs were reported in 

mice lacking Jag1 in cardiac cells or Notch1 in endothelial cells; these mice have additional 

cardiac defects and compromised postnatal survival14. We now report that mice heterozygous 

for a mutated Gata6 allele have highly penetrant RL type BAV. Mechanistically, defective 

valve remodeling due to dysregulated extracellular matrix (ECM) degradation and decreased 
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cell death are the underlying cause of BAV formation. In human, we found that GATA6 

transcripts and protein levels are lower in the valves and aorta of individuals with BAV as 

compared to those with TAV and that three GATA6 gene variants associate with BAV in a 

cohort of European ancestry. Together, the data suggests that GATA6 may be a novel BAV 

causing gene. The study also provides a well-defined animal model of the most frequent type 

of BAV in human, opening the way for molecular dissection of BAV associated aorthopathy. 

  



 

83 
 

2.8. Methods 

The data, analytic methods, and study materials will be available to other researchers for 

purposes of reproducing the results or replicating the procedure. 

Animals. Mouse handling and experimentation were performed in accordance with 

institutional guidelines. Protocols were approved by the institutional Animal Care 

committee. Gata6 heterozygous (Gata6+/-, C57/B6) mice were previously described15. Cell-

specific knockouts were generated by crossing Gata6 floxed mice with mice harboring Cre 

recombinase. The Tie-cre (C57/B6) expressing mouse line was previously described8. Wnt1-

cre (129S4) and Isl1-cre lines (C57/B6) were obtained from Jackson laboratories (USA). 

Unless otherwise specified, mice were put on regular chow (Harlan 2018). For high fat diet 

experiment, mice were put on high fat/high carb chow for a period of 4 months (bioserv High 

Fat/High Carb Diet (F3282, 5kg box)). 

Echocardiography. Transthoracic echocardiography was performed using a visual sonics 

Vevo 770 ultrasound system with a RMV 707 30-MHz transducer as previously described16. 

M-mode imaging was obtained from 150-220 day old mice (n=11–14 mice per group). 

Histology. Mouse tissues were fixed with 4% paraformaldehyde in PBS, paraffin embedded, 

sectioned at 4-μm intervals, and processed. Masson trichrome, Alcian Blue and Movat 

Pentachrome stainings were performed by the histology facility at the University of Ottawa. 

Immunohistochemistry and immunofluorescence. Immunohistochemical studies were 

performed as described previously8,17. The GATA6 antibody18 was used at 1/1000 dilution. 

Goat polyclonal IgG GATA4 (C20) antibody was purchased from SANTA CRUZ (SC-

1237X; dilution 1/600). The following antibodies were purchased from ABCAM: 
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Semaphorin3C (ab 135842; dilution 1/350), SOX9 (ab3697, dilution 1/100), periostin 

(POSTN) (ab14041, dilution 1/1000), alpha smooth muscle actin (ab5694, dilution 1/750), 

total and cleaved Versican (ab19345 and ab177480, dilution 1/250 each), and NCID 

(ab8925, dilution 1/500). The Anti-phospho-Histone H3 (Ser10) antibody was from 

MILLIPORE (06-570, dilution 1/750). The biotinylated anti-Goat IgG and anti-Rabbit 

antibodies were from Vector Laboratories (BA5000) and Jackson (Cederlane) (711-065-152) 

respectively. Streptavidin-HRP conjugate was from Perkin Elmer (NEL 750000 1EA). 

Immunofluorescence was carried out using Anti-HA (Santa Cruz, Santa Cruz, CA, USA, sc-

805) and Alexa Fluor 546 Goat Anti-Rabbit IgG (Life Technologies, Carlsbad, CA, USA, A-

11035) at a dilution of 1/500 respectively. Image acquisition was completed using the Zeiss 

AxioObserver D1 microscope (Oberkochen, Germany).  

Cell count and TUNEL. Image J software was used to count the number of mesenchymal 

and endocardial cells in AV and OFT cushions in 3 different sections of 3-4 hearts per 

genotype. Terminal deoxynucleotidyl transferase-mediated dUTP end labeling (TUNEL) 

assays were carried out using Apoptag kit according to the manufacturer’s instructions 

(Intergen, Purchase, NY, USA). 

qRT-PCR. Total RNA was isolated from snap-frozen hearts with TRIzol reagent (Life 

technologies, 15596018) using FastPrep beads (MP-Bio, 6913-100); cDNAs were generated 

using the Omniscript RT kit (Qiagen, 205113). Oligonucleotide sequences are available on 

request. 

Luciferase assay. Transfections were carried out as previously described17. Total amount of 

DNA was maintained constant by adding appropriate amounts of empty DNA vector. The 
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BMP4-Luc and GATA6 constructs were previously described17. Full length MMP9-Luc 

reporter construct19 was a kind gift from Prof. Wolfgang Eberhardt. Site-directed 

mutagenesis was used to generate mutant constructs which were verified by sequencing. 

Western blot and Electrophoretic mobility shift assays. Nuclear and cytoplasmic extracts 

from AD293 cell line overexpressing GATA6 WT and mutant proteins were used. Anti-HA 

(Santa Cruz, Santa Cruz, CA, USA, sc-805), anti-GAPDH (ABCAM, ab8245) and anti-

nucleolin (Cell Signaling, D4C70, 14574) were used at a dilution of 1/2000. Secondary anti-

mouse (Jackson, Cedarlane, 715-035-151) and anti-rabbit (Jackson, Cedarlane, 711-035-152) 

antibodies were used at 1/40000 dilution. DNA binding activity of GATA6 proteins was 

assessed using nuclear extracts and the proximal GATA site from the BMP4 and MMP9 

promoters as described previously18.  

Human subjects. Written informed consent was received from participants prior to inclusion 

in all the studies. Microarray analysis: study was approved by the ethics committee of the 

“Institut Universitaire de Cardiologie et de Pneumologie de Québec” (IUCPQ). Human 

genetic study: The study was approved by the Partners HealthCare Human Research 

Committee.  Human aorta staining: the study was approved by the University of Ottawa 

Heart Institute Research Ethics Board. 

Microarray analysis. Gene expression was obtained from 12 aortic valves in each group and 

measured with the HumanHT-12 v4 Expression BeadChip. Bicuspid aortic valves (BAV) 

were obtained from male patients who underwent aortic valve replacement surgery. Normal 

tricuspid aortic valves (TAVn) were obtained from male patients who underwent heart 
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transplantation. Gene expression differences between groups of valves were tested using t-

test. 

Human aortas staining. Patients from the University of Ottawa Heart Institute undergoing 

surgical intervention for aortic valve and/or aortic disease were included in this study. Aortic 

wall tissue specimens were obtained and fixed for 24 hours in 10% buffered formalin. Six 

sections were taken horizontally across the excised aortic segment and paraffin embedded; 

5µm sections were prepared. 

Human genetic studies. 480 Caucasian BAV cases genotyped with the Omni2.5 chip were 

used yielding 2,379,855 genetic markers from BAV-Consortium database, and 2,477 

Caucasian controls genotyped using the HumanOmni5.0 bead chip with 4,271,233 genetic 

markers from dbGaP (FHS*). Quality control (QC) of the genotype data from both cohorts 

was performed using Genome Studio and PLINK (Supplementary Figure 2.2). We 

considered markers with a MAF>1% and performed extensive principal components-based 

filtering for population stratification.  After merging cases and controls and further QC, we 

used 452 BAV cases and 1,849 Caucasian controls with a common set of 1,355,128 single 

nucleotide polymorphisms (SNPs). An additive logistic regression model was performed for 

association analysis adjusted for gender and race using PLINK. 

*http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000007.v22.p8 

Statistics. For echocardiography and gene expression analysis, values are presented as means 

± standard error of the mean (SEM). P values were generated using Student’s 2-tailed t test. 

For statistical analysis of phenotype-genotype association, Fisher Exact Test (2×2 

contingency table) was used. For luciferase assay, statistical analysis was done by one-way 

http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000007.v22.p8
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ANOVA followed by Dunnett’s multiple comparison post-hoc analysis. In all cases, P values 

< 0.05 were considered as an index of statistical significance. 
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2.9. Results 

2.9.1. Gata6 haploinsufficiency leads to RL-type BAV. 

Previously, we reported that transcription factor Gata5 is involved in valvulogenesis and that 

its loss leads to BAV8. Genetic studies aimed at determining modifiers of Gata5 revealed a 

strong interaction with Gata6. Whereas Gata5 heterozygous mice have no detectable cardiac 

phenotype, Gata5+/- Gata6+/- compound heterozygous embryos have disrupted 

valvulogenesis and die perinatally due to severe defects in outflow track (OFT) 

formation15.Similarly, Gata4+/- Gata6+/- mice die embryonically at E13.5 due to vascular and 

OFT defects20. Functional cardiac analysis of adult Gata6 heterozygous mice using 

echocardiography revealed a significant decrease in fractional shortening (FS) vs their 

control littermates (Figure 2.1 A). Additionally, large percentage of Gata6+/- mice had 

significantly elevated aortic valve gradient- with no changes in the aortic root diameter- 

suggestive of AVD (Figure 2.1 B, C and D). Consistent with the presence of cardiac stress, 

qRT-PCR performed on adult ventricular tissues revealed increased levels of stress markers 

(ANF, HIF1alpha) and cardiac remodeling genes (FGFR1/3, CTGF), and decreased levels of 

sarcoplasmic calcium-ATPase (SERCA). GATA4 levels were unchanged (Figure 2.1 E). 

Analysis of cardiac structure revealed the presence of BAV in 56% of Gata6+/- males 

and in 27% of Gata6+/- females (32 out of 57 males and 7 out of 26 females) (Figure 2.1 F). 

BAV frequency was assessed by the Fisher exact test for both male (p<0.0001) and female 

(p=0.0043) groups. Interestingly, all BAVs were of the RL-type, the most frequently 

occurring type in human (Figure 2.1 F and 2.1 G). Thickening of aortic valve leaflets was 

also observed in Gata6+/- mice (Figures 2.1 H and 2.2 A, left panels a-c). This could be 

reflective of postnatal remodeling caused by vascular or myocardial disease. Defective 
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valvulogenesis could also be the underlying cause of the valve phenotype.  Masson 

Trichrome staining of newborn Gata6+/- mouse heart sections (P0) showed significant aortic 

valve thickening in 7 out of 11 Gata6+/- mice but not in their Gata6+/+ littermates (n=6) 

(Figure 2.1 I, left panels a-c). No thickening was observed in the mitral or tricuspid valves 

(data not shown) suggesting defective OFT but normal AV cushion formation. Movat 

pentachrome staining revealed thickened valves of unequal size with an increase in ECM 

deposition in Gata6+/- (blue color) when compared to controls. Increased collagen fiber 

content (yellow color) was also evident especially in the cushion-like aortic valves (Figure 

2.1 I, right panels d-f). These results suggest the presence of abnormal ECM content in the 

aortic valves of Gata6+/- mice. Similarly, Alcian blue staining of adult Gata6+/- sections 

revealed greater glycosaminoglycan content in the valves of Gata6+/- mice, indicative of 

abnormal matrix composition (Figure 2.2 A, right panels d-f). 

BAV is a risk factor for premature AVD including valve calcification and sclerosis 

(presence of accelerated fibrosis). To determine whether Gata6+/- are prone to AVD, we 

analyzed adult Ao valves using Masson trichrome staining which revealed increased total 

collagen content in some Gata6+/-  BAV and TAV, indicative of valve sclerosis (Figure 2.2 

B). We also analyzed the levels of several transcripts in dissected aortic valves. As shown in 

Figure 2.2C, significant gene expression changes were noted in Gata6+/- valves including 

decreased levels of TIMP1 (Tissue inhibitor of Metalloproteinase 1), FBN1 (Fibrillin 1), and 

VCAN (Versican). These changes are consistent with altered ECM integrity and valve 

elasticity. Reduced level of SOX9 transcripts in Gata6+/- valves is also noteworthy since 

decreased expression of SOX9 promotes heart valve calcification21 (Figure 2.2D, panels a-

b). Similarly, decreased levels of periostin (POSTN) causes de-repression of the osteogenic 
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potential of the mesenchymal cells within the OFT and calcium deposition within the aortic 

valve22. Immunohistochemistry showed that expression of POSTN is downregulated in 

Gata6+/- valves compared to wildtype littermates (Figure 2.2 E, panels a-c). Interestingly, 

levels of SOX9 and periostin were differentially regulated in mice fed a normal or a high fat 

diet (HFD). In Gata6+/+ valves, SOX9 levels were increased in mice on the HFD whereas 

POSTN levels were decreased. In contrast, POSTN levels were upregulated in Gata6+/- mice 

on HFD and SOX9 levels remained unchanged (Figure 2.2 D and 2.2 E, lower panels). 

Thus, Gata6 haploinsufficiency promotes a pro-osteogenic state in the aortic valves and 

disrupts genetic reprogramming in response to pro-osteogenic stimuli. 

2.9.2. Abnormal ECM and valve remodeling underlie GATA6-dependent BAV. 

Defects in Epithelial to Mesenchymal transformation (EMT)-a critical stage during 

valvulogenesis- can lead to BAV23. To determine whether cell number and composition of 

the OFT cushions are changed in Gata6+/-, we performed Alcian blue staining and cell 

counts on E11-11.5 cushions.  Cell number was similar in Gata6+/- and Gata6+/+ mice 

(Supplementary Figure 2.1 A and C) and staining for Phosphohistone H3 (PHH3) revealed 

no changes in proliferation, neither in OFT nor in AV cushions (Supplementary Figure 2.1 

D). Smooth muscle alpha actin staining was also similar in both groups suggesting normal 

differentiation (Supplementary Figure 2.1 B). Next, cardiac neural crest cell (CNCC) 

dysregulation was examined. qRT-PCR revealed that expressions of SEMA3C- a secreted 

class 3 semaphorin present in and adjacent to migrating CNCC- and PLXNA2 (Plexin A2)- a 

semaphorin receptor expressed on CNCC-24 were similar in Gata6+/- and Gata6+/+ 

littermates (Supplementary Figure 2.1 E, right panel). Immunohistochemistry revealed a 

similar SEMA3C expression pattern at the level of the cells surrounding the branchial arch 
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arteries and in the left lateral wall of the conus in E11-11.5 from both genotypes 

(Supplementary Figure 2.1 E, left panels). These results suggest that the defect observed in 

Gata6+/- is not due to defective CNCC migration to the OFT cushions.  Thus, the formation 

of BAV in Gata6+/- does not appear to be caused by defective cell proliferation, migration or 

differentiation processes. 

Abnormal septation and valve thickening could be the result of either excessive 

proliferation in the valves or defective remodeling which involves cell apoptosis. Valve 

remodeling was examined in transverse sections of E14.5 embryos using TUNEL or PHH3 

staining. As shown in Figure 2.3 A and B, cell death was significantly lower in Gata6+/- 

valves whereas cell proliferation was modestly increased. This result suggests abnormal 

apoptosis and valve remodeling in Gata6+/- mice which could result from an abnormal 

synthesis and/or breakdown of the ECM, a regulator of cell survival, migration and 

proliferation25. Matrix metalloproteinases (MMPs) and their endogenous inhibitors, tissue 

inhibitors of MMPs (TIMPs), play an important role in the ECM degradation process. 

Expression of mRNA levels of MMP9, TIMP1, MMP2 and TIMP2 was assessed in Gata6+/- 

E11.5 hearts. At this stage, a significant decrease in MMP9 levels along with a trend of 

decrease in MMP2 was observed (Figure 2.3 D), which could lead to dysregulated ECM 

degradation. Consistent with this, immunohistochemistry revealed lower levels of cleaved 

versican in E14.5 Gata6+/- valves (Figure 2.3 C). Expression of genes known to be involved 

in OFT formation and valve remodeling was also examined. BMP4, a direct target for 

GATA6, whose deletion from the anterior heart field (AHF) alters OFT septation18,26, was 

significantly decreased (48%) in Gata6+/- hearts (Figure 2.3 D). 
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We tested whether MMP9 is transcriptionally regulated by GATA6. In silico analysis 

of the MMP9 promoter revealed the presence of conserved GATA binding sites (Figure 2.3 

E). Co-transfection in NIH3T3 cells of GATA6 expressing vector and MMP9 luciferase 

constructs showed significant GATA6 activation of the MMP9 promoter that is dependent on 

the presence of the proximal GATA site (Figure 2.3 E and 2.4 B). Mutations in human 

GATA6 have been reported in congenital heart disease associated with OFT defects (Figure 

2.4 A and supplementary Table 2.1)27. The 2nd zinc finger (ZnF) in GATA6 mediates 

most protein-protein interactions as well as binding to DNA and is the site of many human 

mutations. We examined the effect of several GATA6 mutant proteins on transcriptional 

activation. All mutants showed reduced transcriptional activation of MMP9 and BMP4 

promoters (Figure 2.4 B and data not shown). Interestingly, most mutations (except for 

T452A) showed reduced nuclear accumulation and increased cytoplasmic localization 

(Supplementary Figure 2.3 A and B). Additionally, all GATA6 mutants tested were unable 

to bind GATA elements (Supplementary Figure 2.3 C). The results suggest that functional 

GATA6 haploinsufficiency resulting from these mutations may cause human CHD. 

2.9.3. Loss of one Gata6 allele in Isl1+ cells recapitulates the aortic valve phenotype of 

Gata6 heterozygous mice. 

Endothelial, neural crest and second heart field myocytes contribute to OFT formation. 

Endothelial cells within and lining the interior of the OFT vessels undergo EMT, giving rise 

to the endocardial cushions28. Cardiac neural crest cells (CNCC) that arise from the dorsal 

neural tube and migrate as mesenchymal cells to populate the OFT, are known to contribute 

to the formation of the endocardial cushion and the septum separating the aortic and 

pulmonary trunks29. Recent studies have suggested that secondary heart field (SHF) 
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precursors lying in the ventral pharynx are able to interact with CNCC migrating to the OFT 

cushion; together  they  control  ECM  development  and  apoptosis  during  valve 

remodeling30. Later on, invading CNCC merge with the endocardial cushions cells and SHF 

mesenchymal cells to ensure the elongation and proper septation of the OFT. Since GATA6 

is present  in  all  these  lineages18,31,32,  we  used  mouse  genetics  to  test  which  cell  types  

are responsible for BAV formation. Gata6 was deleted from endothelial, neural crest and 

SHF cells by crossing Gata6Fl/Fl mice with Tie2cre, Wnt1cre and Isl1cre mice respectively. 

No BAVs were found in mice with a deleted Gata6 allele in endothelial (Tie2cre+ G6Wt/Fl) 

or neural crest (Wnt1cre+ G6Wt/Fl) cells. However, removal of one copy of Gata6 from Isl1+ 

cells resulted in BAV in 44% of Isl1cre+ G6Wt/Fl mice and recapitulated the valve phenotype 

of Gata6+/- mice (Figure 2.5 A, B and C). The BAV frequency in Isl1cre+ G6Wt/Fl mice was 

significant as assessed by the Fisher Exact Test (p=0.0021). Thus, GATA6 appears to be 

essential in SHF cells for proper aortic valve formation. 

2.9.4. GATA6 expression and variants in Human BAV 

We investigated whether variants within the GATA6 gene associate with human BAV using 

452 sporadic BAV cases and 1849 controls. After quality control (detailed in supplementary 

Figure 2.2), an additive logistic regression model revealed nominal association of several 

variants (Figures 2.6 A and B and supplementary Table 2.2 a and b). However, none 

reached the locus wide significance (0.00014). Since the genotyping platform would not 

detect rare missense variants, we analyzed GATA6 expression in human tissues of 

individuals with BAV and TAV. In human aortic valve tissues, GATA6 transcripts were 

significantly lower in the BAV vs TAV specimens (Figure 2.6 C and supplementary Table 

2.3). Similarly, GATA6 immunoreactivity was lower in aortic tissue sections from BAV vs 
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TAV patients who underwent aortic repair surgery (Figure 2.6 D and supplementary Table 

2.4)). Interestingly, this decrease was more pronounced in tissues from patients with RL vs 

RN type BAV. Immunostaining for activated Notch intracellular domain (NCID) and smooth 

muscle actin were used as controls. Together the data suggests a potential role for GATA6 in 

human aortic valve disease. 
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2.10. Discussion 

Bicuspid aortic valve is the most common congenital heart defect in human and a risk factor 

for aortic valve disease. The genetic basis of BAV formation and aortopathy in the majority 

of individuals remains unknown. The data presented identify GATA6 as a potential BAV 

causing gene and offers a unique animal model to study the pathogenesis of the most 

frequent type of human BAV.  

2.10.1. GATA6 regulation of aortic valve formation  

BAV is a genetically heterogeneous defect. Mutations in GATA5 and NOTCH1 have been 

reported in some BAV patients. In addition, 5 distinct loci on human chromosomes 5q, 9q, 

13q, 17q and 18q, have been associated with BAV in families4,33,34.  MATR3, the gene 

encoding MATRIN3, is located on 5q; it is reportedly linked to human BAV and its deletion 

in mice leads to partially penetrant BAV5. The identity of the causative genes within the 

other linked loci remains undetermined. The GATA6 gene is located on 18q11.2 and 

mutations in GATA6 as well as a microdeletion including GATA6 have been reported in 

patients with congenital heart disease35,36. The present study shows that GATA6 expression 

is decreased in the valves and aortas of individuals with a BAV vs TAV. Whether this 

reflects the presence of missense mutations within the GATA6 gene deserves to be 

determined using whole exome sequencing or targeted gene sequencing.  

GATA6 belongs to the GATA family of zinc finger transcription factors and is 

predominantly expressed in the heart and gut18. Its role within the heart is not fully 

elucidated and often overlaps with that of another GATA protein, GATA4. Gata6 null mice 

are embryonic lethal at implantation but cell-specific loss of Gata6 from myocytes, smooth 

muscle, or neural crest cells affects cell proliferation and hypertrophic growth and is 
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associated with structural cardiac defects37,38. No gross defects were reported in Gata6 

heterozygote mice. The data presented unravels a new role for GATA6 in aortic valve 

formation and points to its essential function in second heart field (SHF)-derived cells 

therein. Loss of one Gata6 allele from Isl-1+ cells recapitulates the highly penetrant BAV 

and thickened valve phenotypes seen in Gata6 heterozygote mice. Both phenotypes reflect 

remodeling defects caused, at least in part, by changes in ECM degradation and dysregulated 

cellular apoptosis. These can result from decreased levels of GATA6 regulated genes such as 

BMP4 and MMP9. BMP4 is a known GATA6 target18 and this study identifies MMP9 as a 

new GATA6 downstream target. 

Regulation of ECM plays an important role in normal and pathogenic development 

and is a key feature of many diseases such as congenital heart disease, cancer and 

inflammatory disorders. Interestingly, in colorectal cancers, GATA6 expression correlates 

with increased invasion and metastasis while in vitro gain and loss of function indicate that 

GATA6 levels regulate cell migration and invasion39.  Human GATA6 mutations have been 

reported in a wide spectrum of CHD (ASD, VSD, PDA, PTA, TOF) all of which implicate 

defective ECM due to alteration in expression of several metalloproteinases. For example, 

increased MMP2 and MMP9 activities were linked with the pathogenesis of VSD in 96 

children with peri-membranous VSD40. Similarly, loss of metalloproteinase Tolloid –like 

(TTL-1) leads to incomplete formation of the interventricular septum in Tll-1 knockout mice. 

An insertion mutation in the exon 10 of TLL-1 was found in patients with ASD, VSD and 

PDA41. Another matricellular protein, Cysteine-rich angiogenic inducer 1 (CCN1), plays a 

role in heart development as Ccn1-null mice have impaired cardiac valvulo-septal 

morphogenesis resulting in severe atrioventricular septal defect (AVSD); impaired gelatinase 
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activity and apoptosis may underlie the phenotype42. It is now well established that matrix 

metalloproteases regulate cell survival, proliferation and differentiation as well as cell 

adhesion and migration. More specifically, it is reported that MMP9 can lead to increased 

apoptosis during development. In fact Mmp9 null mice display a delay in hypertrophic 

chondrocyte apoptosis in addition to delayed vascularization and ossification43. Together 

with our findings, this raises the intriguing possibility for a broader role for GATA6 as ECM 

regulator in development and disease. 

2.10.2. Development of an animal model of RL-type BAV 

BAV is a major risk for premature onset of potentially fatal aortic disease. The heterogeneity 

of BAV and associated aortopathy combined with the paucity of corresponding animal 

models constitute a formidable challenge for the development of predictive tools for patient 

management. Identifying patients who could benefit from prophylactic reparative surgery or 

other interventions is presently an unachieved goal. Evidence is mounting that BAV 

aortopathy is not similar to that of genetic connective tissue disorders, like Marfan 

Syndrome, yet the clinical guidelines for BAV are extrapolated from those of Marfan 

Syndrome in which the molecular mechanisms of disease are well delineated44. Recent 

reviews of knowledge gaps have emphasized the critical need of deciphering the molecular 

pathology of BAV in order to identify markers of complications and targets for therapies2. 

As mentioned earlier, very few mouse models of BAV have been reported and in most cases, 

the BAV orientation is exclusively RN (Gata5-/- and Nos3-/- mice)8,45. Loss of the Notch 

ligand Jag1 from cardiac cells results in a polyvalvular phenotype with 47% BAV of both 

RN and RL orientations; these mice have VSD and significantly reduced late 

gestational/perinatal viability14. The development of an animal model of RL type BAV, the 
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most common type in human, represents a step forward towards understanding the etiology 

and pathophysiology of BAV including the role of genetics in BAV associated aortopathy. 

Among others, the presence of BAV in only 50% of Gata6+/- mice will make it possible to 

address the unanswered question of the contribution of genetics vs hemodynamics to BAV 

aortopathy and ultimately to developing much needed biomarkers. Indeed, the influence of 

cusp orientation on the 3D flow patterns across the ascending aorta remains controversial12 

and genetically controlled studies in human patients have proved to be challenging. 

Similarly, retrospective analyses have associated valve configuration with distinct aortopathy 

risks and long term outcome of BAV repair46. However, the lack of molecular knowledge 

prevents development of much needed predictive tools. 

In human, BAV is twice as common in male as in female but the reason for this 

gender bias is unclear. Remarkably, the prevalence of BAV is greater in male Gata6+/- mice 

vs female. BAV presentation is also heterogeneous in human even within each subtype (RL, 

RN, LN). Variations include presence/ absence of raphe and leaflet thickness and size. This 

heterogeneity is also observed in the Gata6+/- mice, with variable valve thickness and 

functionality. The availability of a mouse model that faithfully recapitulates features of the 

human disease will help unravel the genetic and environmental modifiers of BAV and BAV 

aortopathy. For example, the work presented indicates profound gene expression changes in 

BAV as well as TAV from Gata6+/- mice (Figure 2). In both cases, we observed increased 

evidence of sclerosis as well as increased markers of the pro-osteogenic program. In 

addition, gene expression changes in response to a pro-inflammatory/pro-calcific stimulus 

(HFD) were disrupted in Gata6+/- mice irrespective of the valve orientation. Together, these 

observations suggest that genetics may play a critical role in progression of aortic valve 
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disease. The availability of mice with bicuspid or tricuspid aortic valves on the same genetic 

background opens the way for molecular dissection of the etiology and pathophysiology of 

aortic valve disease which will ultimately result in the identification of biomarkers and 

therapeutic targets. 
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Figure 2.1: Cardiac dysfunction in Gata6+/- mice. Echocardiography analysis of Gata6+/+ 

and Gata6+/– mice at 150-220 days of age (n = 15–17 per male group and n=11-13 per 

female group) showing A) decreased Fractional shortening (FS) in Gata6+/- groups, B and 

C) increased Aortic mean gradient (AoMG), D) no changes in Aortic root area when 

compared to control littermates. Two groups are shown in A-D: group1: Gata6+/+, group 2: 

Gata6+/-. B) t-test shows significant difference between female Gata6+/+ and Gata6+/- 

(p<0.05). C) The scattered plot shows the distribution of aortic mean gradient in both groups, 

with normal (2-7) and above normal (>7) aortic mean gradient shown in group 2. Fisher test 

was performed to assess the prevalence of elevated Ao gradient: Males: Gata6+/- 6 out of 17 

(p=0.01918) and Females: Gata6+/- 5 out of 11 (p=0.01087). (E) Enhanced expression of 

stress and remodeling markers in Gata6+/– ventricles as revealed by qRT-PCR of same mice 

(n = 5–8 per group) (corrected to RPS16). (F) BAV incidence in Gata6+/- mice. (G) The 

different types of aortic valve morphologies. TAV: Tricuspid Aortic Valve. BAV: Bicuspid 

Aortic Valve. RL: Right-left. RN: Right-noncoronary. LN: Left-noncoronary. LCA: left 

coronary artery. RCA: right coronary artery. (H) Anatomical analysis of Gata6+/– mice 

revealing the presence of TAV and BAV with multiple presentations (thick and thin valves). 

(I) Trichrome staining of P0 valves from frontal heart sections showing thick aortic valves in 

Gata6+/- when compared to Gata6+/+ littermates. Movat pentachrome staining showing 

abnormal ECM in P0 Gata6+/- Ao valves marked by increased blue staining within the 

leaflets of the Ao valves. Scale bar: 400μm. Values are mean + SEM .*P < 0.05.  
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Figure 2.2: Analysis of valve structure and gene expression (A) Masson Trichrome 

staining of transverse sections of adult aortic valve showing the presence of 2 instead of 3 

aortic leaflets in Gata6+/– mice along with the presence of the RL-type BAV (left panel). 

Alcian blue staining of adult aortic valves transverse sections showing abnormal 

glycosaminoglycan composition (increased blue staining) within the aortic leaflets of 

Gata6+/- when compared to control mice (right panel). Scale bars: 200 μm. (B) Masson 

Trichrome stain showing total collagen (blue) content in bicuspid and tricuspid leaflets of 

Gata6+/- compared to their wildtype littermates. Scale bar: 100 μm. (C) qRT-PCR on RNA 

extracted from dissected adult aortic valves showing altered expression of important ECM 

components. (corrected to RPS16). Values are mean + SEM .*P < 0.05. (D and E) Sox9 and 

Periostin staining of adult Ao valves from mice on normal diet and from mice that were fed 

with a high fat diet for 4 months. HFD: high fat diet. (n=4-7 in each group) Scale bar: (D) 

50μm, (E) 100μm.  
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Figure 2.3: Dysregulation of matrix remodeling in Gata6+/- mice. (A) Representative 

images of Phosphohistone H3 and TUNEL positive sections of aortic valve from Gata6+/- 

E14.5 embryos (transverse sections). Scale bar: 40μm. (B) Quantification graphs of 

Phosphohistone H3 and TUNEL positive cells showing the increased cell proliferation and 

decreased cell death in aortic valves of Gata6+/- mice. (C) Staining for total and cleaved 

versican reveals decreased presence of cleaved versican (Neo-VCAN) within the ECM of Ao 

valves in Gata6+/- BAV mice when compared to control group. (n=5-6 in each group). Scale 

bar: 40μm. (D) qRT-PCR on RNA extracted from E11.5 hearts showing altered expression 

of important septation regulators and ECM components; note the significant decrease in the 

expression of matrix metalloprotease 9 (MMP9), BMP4 and GATA6 (corrected to RPS16, 

n=5-8 per group). (E) Schematic representation of GATA sites on the MMP9 promoter. 

pGL3-MMP9-One GATA site is a 5’ deletion leaving only one GATA site and p-GL3-

MMP9-No GATA site promoter has a mutation in this site. Increasing amounts of GATA6 

expression vector are transiently cotransfected with the indicated luciferase reporters in 

NIH3T3 cells (25, 50, 100, 250 and 500 ng of expression vector). Relative luciferase 

activities are represented as fold changes. The data is a representative of 3 independent 

experiments done in duplicates. Values are *P < 0.05.  
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Figure 2.4: Effect of GATA6 human mutations on transcriptional activity (A) Schematic 

representation of reported human GATA6 mutations. (B) Transcriptional activity of WT and 

mutant GATA6 proteins on full length MMP9 promoter. Transient cotransfection was 

carried out in NIH3T3 cells using 70, 125 and 500 ng of GATA6 expression vector. Relative 

luciferase activities are represented as fold changes vs empty vector control. The data are the 

mean ± SEM of 3 independent experiments done in duplicates. Note that all mutants had 

significantly lower activity vs WT GATA6. Statistical analysis was done by one-way 

ANOVA followed by Dunnett’s multiple comparison post-hoc analysis. 
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Figure 2.5: Isl1cre+ G6Wt/Fl mice recapitulate the phenotype of Gata6+/- (A) Percentage of 

BAV in the different mouse lines. The incidence in Gata6+/- was compared to Gata6+/+ 

littermates; Isl1cre+Gata6Wt/Fl was compared to cre-Gata6Wt/Fl.  (B) Trichrome and Alcian 

Blue staining of transverse sections of adult aortic valve from Isl1cre-Gata6Wt/Fl and 

Isl1cre+Gata6Wt/Fl showing the presence of RL type BAV and increased deposition of 

glycosaminoglycan within the leaflets of the aortic valve, recapitulating the phenotype 

observed in Gata6+/– mice. Scale bar: 200μm. (C) Trichrome staining of P0 valves from 

frontal heart sections showing thick aortic valves in Isl1cre+Gata6Wt/Fl when compared to 

Isl1cre-Gata6Wt/Fl littermates. Movat pentachrome staining showing abnormal ECM in P0 

Isl1cre+Gata6Wt/Fl Ao valves marked by increased blue staining within the leaflets of the Ao 

valves (n=6-9 per group). Scale bar: 400μm. 
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Figure 2.6: GATA6 expression and variants in human BAV. (A and B) Genotyping of 

452 BAV cases from the Framingham GWAS study (with 1849 controls) revealed 

several SNPs in and around GATA6 (chromosome 18). Schematic representation of the 

identified SNPs on GATA6 is shown. (C) Microarray analysis of human aortic valve samples. 

Boxplot of gene expression levels in human aortic valves for GATA6 according to the two 

groups of aortic valves (calcified BAV and non-calcified TAV controls). The y-axis presents 

the mRNA expression levels for GATA6 on a log 2 scale. Gene expression was obtained 

from 12 aortic valves in each group and measured with the HumanHT-12 v4 Expression 

BeadChip. Values are mean +/- SEM.*P < 0.05. (D) Immunohistochemical staining of 

GATA6, NCID, and Smooth muscle actin on samples of dilated aortas from patients with 

normal TAV (nTAV), RL- and RN- type BAVs showing markedly lower expression of 

GATA6 in tissues from RL-BAV patients. The data are representative of n=6 for each group. 

Scale bar: 20 μm. (E) Representative summary model of BAV etiology in Gata6+/- mice.  
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Supplementary Figure 2.1: Normal EMT in E11-11.5 Gata6+/- OFT. (A and C) Alcian 

blue staining was used to visualize acid glycosaminoglycans, such as hyularonic acid, within 

the outflow tract (OFT) cushion. Note the more intense staining in Gata6+/- tissues. Sagittal 

sections of E11-11.5 embryos (n=7) showing no change in total cell count between Gata6+/- 

and Gata6+/+. OFT: outflow tract cushion. AV: atrioventricular cushion. V: ventricle. Scale 

bar: A: 100μm (B) Smooth muscle alpha actin staining. Scale bar: 100μm. (D) Quantification 

of Phosphohistone H3 positive cells within the OFT and AV cushions at E11-11.5. E: 

endothelial. M: mesenchymal. (E) No alteration in semaphorine 3C (Sema3C) 

immunostaining was observed in sagittal heart sections between the groups and no changes 

in transcript levels as assessed by qRT-PCR (normalized to RPS16, n=5-8 per group). Scale 

bar: 100μm.Values are mean + SEM.*P < 0.05.  
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Supplementary Figure 2.3: Biochemical characterization of GATA6 human mutations 

(A). Western blot analysis of transfected, HA-tagged WT and mutant GATA6 using the HA-

antibody. The left panel shows the expression of recombinant HA-GATA6 WT and mutants 

in nuclear extracts of AD293 cells. The right panel shows the expression in cytoplasmic 

extracts of the same cells. (B) Immunofluorescence localization of GATA6 WT and mutants 

expressed in AD293 cells using the HA-antibody. Note the complete nuclear localization of 

GATA6 WT, the mostly cytoplasmic localization of N466H and the nuclear and cytoplasmic 

distribution of the remaining mutants. (C) Electrophoretic mobility shift assays performed 

using nuclear extracts from AD293 cells overexpression WT and mutant GATA6. The 

exogenous binding is indicated by an asterisk (*). Supershift/blocking was done with anti-

HA antibody and is indicated by a double asterisk (**). 
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Supplementary Table 2.2b: Measured SNPs in the GATA6 coding region, and eight SNPs 

within 500kbp of the coding region that had a P value <0.005, after covariate adjustment for 

gender and eight PCA covariates.  Coordinates are for GRCh37/hg19.  The GATA6 genic 

region is chr18:19,749,404-19,782,491. 
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Supplementary Table 2.3: Clinical characteristics of the patients according to the two 

groups of aortic valves in the microarray study. The number of missing values is shown 

in squared brackets. CAD: coronary artery disease. Continuous variables are expressed as 

mean ± SD. Dichotomous variables are expressed as percentage (n). CAD was defined as 

patients presenting a history of coronary artery bypass grafting, myocardial infarction, 

documented myocardial ischemia or coronary artery stenosis (>50%) on coronary 

angiography. The mean transvalvular gradient was calculated using the modified Bernoulli 

equation and the aortic valve area with the continuity equation, both based on Doppler 

transthoracic echocardiographic measurements. Hypertension was defined as blood pressure 

above 140/90 mmHg or the use of anti-hypertensive medication. Hypercholesterolemia was 

defined as total plasma cholesterol levels > 6.2 mmol/l or the use of cholesterol-lowering 

medication.  
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Supplementary Table 2.4: Demographic information of patients from whom aortic 

tissues were derived. HTN: hypertension; AI: aortic insufficiency; DM: Diabetes Mellitus; 

Dysl.: Dyslipidemia; CAD: Coronary artery disease; FHx of AoD: Family history of aortic 

disease; FHx of AoVD: family history of aortic valve disease; AoD: aortic disease; AoVD: 

aortic valves disease; AS: aortic stenosis.  
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3.6. Abstract 

Background: Cardiac rhythm abnormalities are major causes of mortality and morbidity 

worldwide from fetal to adult life. They can be due to inherited mutations affecting 

regulators of the cardiac electrical impulse or can develop in response to electrolyte 

imbalance. The mechanisms leading to cardiac conduction system (CCS) pathophysiology 

remain incompletely understood. Human genetic studies as well as analysis of genetically 

engineered mice have contributed to the identification of some CCS regulators such as 

NKX2.5 and TBX5. Atrioventricular (AV) conduction defects have been shown to result 

from mutations in these genes. The GATA family of transcription factors has also been 

reported to play a role in the regulation of CCS genes such as gap junctions and ion channels. 

Human mutations in these factors are formed in individuals with Atrial Fibrillation (AF). 

Methods and Results: we report that GATA6 is highly expressed in the sinoatrial node 

(SAN) and that Gata6 haploinsufficiency (Gata6+/-) in mice results in prolonged PR and QT 

intervals with some mice showing premature atrial contraction (PAC). Gata6+/- mice have 

hypoplastic SAN marked by reduction in HCN4+ and TBX3+ cells conduction cells. In vivo 

and in vitro assays revealed a role for GATA6 as a regulator of CCS genes including TBX3. 

Conditional deletion of Gata6 from ISL1+ myocytes, TIE2+ endothelial or WNT1+ neural 

crest cells, interferes with proper SAN formation and normal cardiac electrophysiology. 

Conclusions: Together, the data indicate that GATA6 is required in multiple cell types for 

proper SAN formation and that GATA6 is a regulator of the cardiac pacemaker.  

Key words: GATA proteins - Sinoatrial node - cardiac conduction system – Atrial 

fibrillation 
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3.7. Introduction  

The cardiac conduction system (CCS) consists of muscle cells and conducting fibers 

that insure the initiation of the impulse and its propagation throughout the heart. The CCS is 

composed of 1) the sinoatrial node (SAN, pacemaker of the heart) that generates the 

electrical impulse, and 2) the atrioventricular node (AVN), the His or atrioventricular  bundle 

(AV bundle) and the Purkinje fibers that ensures the propagation of the signal to the 

ventricular myocytes1. Little is known regarding the cellular origins of the CCS components. 

It is thought that the SAN is mainly composed of cells which have a secondary heart field 

origin and derive from ISL1 (ISL LIM Homeobox 1) and TBX18 (T-box transcription factor 

(TF) 18)- expressing cells 2. The AVN and His bundle on the other hand are thought to 

segregate from precursors of the working myocardium and are positive for TBX2 3.  

Abnormalities affecting the generation or propagation of the electrical signal can lead 

to fatal arrhythmias ─ irregular heart beat. Impaired impulse generation in the SAN leads for 

example to sick sinus syndrome (SSS) manifesting in sinus pause/arrest or bradycardia─ 

slow heart rate 4. On the other hand, a partial or complete block of the signal conduction to 

the AVN or Purkenje fibers would result in atrioventricular block 4. Atrial Fibrillation (AF), 

a condition involving a rapid and irregular cardiac rhythm, is the most common type of 

arrhythmias affecting 2.7 million Americans according to the report of the American Heart 

association 5. Its frequency increases with aging and it occurs in isolation or in association 

with other complications such as dementia, stroke and heart failure 6,7. Several factors have 

been known to potentially play a role in its initiation and maintenance such as alterations in 

atrial electrophysiology, calcium handling abnormalities, genetic factors, and contractile and 

structural remodeling involving fibrosis and connective tissue deposition, that increase with 



 

131 
 

aging. Elucidation of the genetic basis of AF revealed an important contribution of cardiac 

TFs. Mutations in the GATA family of TFs (GATA4/5/6), the Tbox factor TBX5 and the 

homeodomain TF NKX2.5 have been reported in many cases with familial form of AF. Six 

GATA4 and seven GATA5 mutations, all of which were associated with loss-of-function 

effects, were reported in patients  with familial AF from cohorts of European and Chinese 

descents 8. On the other hand, gain and loss of function mutations in GATA6 have been 

reported in familial cases of AF from different descents 9–12.  

A role for GATA6 in CCS was suggested by the finding that an enhancer region 

upstream of the Gata6 promoter is specifically active in the atrioventricular (AV) conduction 

system 15. GATA6 contribution to AV development and function is also supported by 

analysis of a mouse model with a myocardial-specific deletion of the carboxyl zinc finger 

domain of Gata6 15. In this model, a truncated GATA6 protein containing the N-terminal 

activation domain and zinc finger is produced with the ability to interact with important 

cardiogenic cofactors including other GATA factors and regulators such as TBXs and 

NKX2.5. Therefore, the phenotype observed may reflect a direct role of GATA6 or may be 

the consequence of the truncated GATA6 protein interference with other CCS regulators. 

To determine whether GATA6 is a CCS regulator, we analyzed mice 

haploinsufficient for Gata6. We found that loss of one Gata6 allele leads to 

electrophysiological alterations and increased susceptibility to develop arrhythmias. 

Furthermore, hypocellularity and reduction in HCN4+/TBX3+ cells (conduction cells) 

marked the SAN of Gata6+/- mice. Cell specific deletion of Gata6 revealed its requirement in 

different SAN forming cell types suggestive of an important role in the cellular cross-talk 

required for proper SAN formation. 
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3.8. Methods 

Animals and Histology.  Mouse handling and experimentation were done in accordance with 

institutional guidelines and were approved by the Animal Care committee of the University 

of Ottawa. Gata6 heterozygous (Gata6+/-, C57BL/6) mice were previously described 16. Cell-

specific knockouts mice were oftained by crossing the Gata6Fl/Fl line with the respective cre 

lines. Embryos and adult heart tissues were fixed with 4% paraformaldehyde in PBS, 

paraffin embedded, sectioned at 4-μm intervals, and processed. Masson Trichrome staining 

was performed by the histology service of the University of Ottawa. For RNA analysis of 

dissected SAN and right atria, all experiments were performed in accordance with the 

guidelines of the Canadian Council on Animal Care and the Guide of the Care and Use of 

Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 

85-23, revised 1996). Experiments were also approved by the Montreal Heart Institute 

Animal Care Committee (approval reference number 2015-80-03). 

Electrophysiology. Surface ECG recording was done using EMKA technologies platform. 

PR interval, QRS duration, QT Interval, RR Interval were analyzed using the IOX 2.4.2.6 

software and reported. The QT intervals were corrected (QTc) for the heart rate using the 

standard formula for mice (QTc=QT/(RR/100)1/2) 19.  

Telemetry analysis (Arrythmias). Implantable radio frequency transmitter (Data Services 

International, DSI’s PhysioTel® ETA-F10) with subcutaneous (SC) leads was placed 

subcutaneously along the lateral flank to acquire data. The negative lead was fed SC to the 

right pectoral muscle and the positive lead was fed SC to the left caudal rib region. Precision 

and proper placement of the ECG leads were crucial to allow recording of the ECG 

waveforms over a long period of time and with low signal-to-noise tracings. Data was 
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acquired 20 seconds from every 1 hour for 72 hours.  Analysis was perfomed using Ponemah 

Physiology Platform Software (Version 5.2 SP7, DSI).  

3D reconstruction. Serial sections for the SAN from E14.5 embryos were used for the 

reconstruction using the Free-D software (version 1.14) according to the developer’s 

instructions 19. Sections were registered before the SAN tracing for each of the serial sections 

so that the tracing does not interfere with the alignment. Following the SAN tracing, images 

were stacked to obtain the 3D reconstructions.  

Immunohistochemistry. Immunohistochemical stainings were performed as previously 

described 20. Briefly, following blocking for an hour with 5% BSA, sections were incubated 

with the primary antibody overnight at 4°C. After rinsing with PBS, the secondary antibody 

was applied for 45 min before switching to the streptavidin-HRP conjugated antibody for 

30min. The GATA6 and TBX5 antibodies 21,22  were used at a dilution of 1/2000 and 1/2500 

respectively. GATA4 (C20) goat polyclonal IgG and TBX3 E-20 antibodies were purchased 

from Santa Cruz (SC-1237X; dilution 1/600 and SC-31656; dilution 1/750). The HCN4 

antibody was purchased from Alomone (APC-052, dilution 1/1000) and the Anti-phospho-

Histone H3 (Ser10) antibody from Millipore (06-570, dilution 1/750).  The ANF antibody 

was used at 1/1000 and purchased from Peninsula (T-4014; RGG-9103). The following 

antibodies were purchased from ABCAM: NKX2.5 (ab35842; dilution 1/100), ISL1 

(ab20670; 1/500), TIE2 (ab24859; 1/500), PITX2 (ab192495; 1/750), TBX18 (ab86332; 

1/500), WNT1 (ab85060; 1/60). The biotinylated anti-Goat IgG was from Vector 

Laboratories (BA5000). The anti-Rabbit and anti-Mouse antibodies were from Jackson 

(Cederlane) (711-065-152 and 715-065-151 respectively). Streptavidin-HRP conjugate was 

from Perkin Elmer (NEL 750000 1EA). 
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RNA analysis. C57BL/6, 2-3 months old male mice were anaesthetized by inhalation of 

isoflurane 2% and killed by cervical dislocation. Sinoatrial nodes (SAN) were isolated under 

microscope then the right atrium was collected from the same heart 18. A single right atrium 

was used for each sample while 4 SAN were pooled to achieve sufficient mRNA 

concentration. Total mRNA was isolated using TriReagent® (ThermoFisher) and treated 

with a purification kit (Nucleospin RNA, Machery-Nagel). RNA concentrations were 

determined with a NanoDrop spectrophotometric analysis (NanoDrop 2000, ThermoFisher). 

cDNA was synthesized using High Capacity cDNA Reverse Transcription Kit (Applied 

BioSystems). 

Quantitative real-time PCR. Figure 3.1 D: qRT-PCR was performed with SYBR Select 

Master Mix (Applied Biosystems) in a StepOnePlus system (Applied Biosystems). cDNA 

was amplified by a 40 cycles protocol followed by a melting curve. Each cycle contains a 

step of denaturation (95°C, 15s), annealing (55°C, 10s) and elongation (60°C, 60s). Data 

were analyzed in duplicates with the 2-∆∆Ct method. Gene expression was normalized to 

reference genes HPRT1 and SDHA. Figure 3.4 A: Total RNA was isolated from snap-frozen 

hearts with TRIzol reagent (Life technologies, 15596018) using FastPrep beads (MP-Bio, 

6913-100); cDNAs were generated using the Omniscript RT kit (Qiagen, 205113). 

Oligonucleotide sequences are available on request. 

Luciferase assay. Transfections were carried out as previously described 23. Appropriate 

amounts of empty DNA vector were added to maintain a constant total amount of DNA. 

TBX3-Luc reporter construct was a kind gift from Dr. Sharon Prince and was previously 

described 24. 
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Statistics. For electrocardiogram analysis, values are presented as standard error of the mean 

(SEM). Statistical analysis for qRT-PCR was performed with Origin8.0 software (OriginLab, 

MA). F-Test for equality of variance followed by unpaired Student’s t-test were used to 

compared data sets. Primer sequences are available upon request. P values were generated 

using Student’s 2-tailed t test with P values < 0.05 considered as an index of statistical 

significance. 

  



 

136 
 

3.9. Results 

3.9.1. Loss of one allele of Gata6 in mice results in ECG alterations and hypoplastic 

SAN.  

Surface electrocardiogram (ECG) was performed on Gata6+/- and control littermates to 

assess whether these mice display any CCS defects. The ECG profiling showed significant 

increases in both PR and QT intervals in Gata6+/- group indicative of problems in heart 

depolarization/ repolarization (Figure 3.1 A and C). Arrhythmias analysis using 

DSI/Ponemah platform revealed the occurrence of premature atrial contractions (PAC) in 3 

out of 9 Gata6+/- hearts (33%); those have been shown to lead to AF when occurring in the 

atrial vulnerable period 25 (Figure 3.1 B). GATA6 expression starts on during gastrulation 

and persists throughout embryogenesis and adulthood. Whithin the cardiovascular system, 

GATA6 is expressed in atrial and ventricular myocytes, in some endothelial cells as well as 

smooth muscle cells forming the outflow tract and neural crest cells 26,27. GATA6 was also 

shown to be present in the proximal CCS (AV node, His bundle and Purkinje fibers) but its 

contribution to the SAN was never assessed 15. We examined expression of GATA6 in the 

SAN and right atria. qRT-PCR performed on dissected SAN from control mice revealed the 

presence of GATA6 and GATA4 in cells of the sinoatrial node (Figure 3.1 D). 

Immunohistochemistry (IHC) staining showed that GATA6 is expressed throughout the heart 

and confirmed its presence in HCN4 and GATA4 positive cells composing the SAN as early 

as E14.5 (Figure 3.1 E).  

Gain and loss of function mutations in GATA6 are associated with outflow tract 

defects or CCS abnormalities, such as familial AF 9,12 (Figure 3.2 A). Most of the reported 

mutations linked to familial AF are located within the regulatory C- and N-terminal regions 
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of the protein- region important for protein-protein interactions. Dilation of right and left 

atria as well as impaired ventricular function have been shown to be common in patients with 

chronic AF 28. Examination of Gata6+/- P0 hearts shows that these mice present reduced left 

ventricular function (data not shown) with some showing enlarged right atria and/or right 

ventricle (Figure 3.2 B). Masson trichrome staining performed on P0 Gata6+/- revealed a 

hypoplastic SAN with fewer myocytes as compared to control littermates (Figure 3.2 C). 

Expression pattern of key regulators of CCS formation was also assessed at this stage. TBX3 

is expressed mainly in the SAN and is considered one of the major regulators of the SAN 

genetic program. It prevents atrialization by repressing the expression of myocardial genes 

including Cx43, Cx40, Nppa/b and Scn5a. Conversely, in the adjacent atrial myocardium, 

NKX2.5 represses Hcn4 and Tbx3 and ectopic expression of TBX3 and HCN4 is found in 

the heart tube of Nkx2.5 deficient mice 32. In this line, expression of NKX2.5 in the right atria 

was downregulated in Gata6+/- when compared to Gata6+/+ whereas expression of TBX3 was 

found to be increased in the AV node, bundle of His and SAN, with fewer cells expressing it 

in the latter (Figure 3.3 A and B). Decreased ANF expression in the atria and increased 

expression in the SAN was evident in Gata6+/- P0 mice, indicative of genetic reprogramming 

(Figure 3.3 A). Expression of TBX5 was also shown to be upregulated in the SAN of 

Gata6+/- when compared to control littermates (Figure 3.3 A).  

3.9.2. Reduced Hcn4+ and Tbx3+ cells in the SAN of Gata6+/-.  

Since Gata6+/- mice showed obvious conduction defects with surface ECG and a 

hypocellular SAN, we sought to further explore the underlying pathways leading to the 

conduction abnormalities in these mice. Quantitative and qualitative analysis of several 

regulators of the CCS was performed by examining early stages of embryonic SAN 



 

138 
 

development (E11.5 and 14.5). Consistent with the presence of a dysregulated CCS program 

on E11.5 heart embryos revealed, qRT-PCR analysis revealed decreased conduction 

channels expression (KIR3.1 and CX43), and decreased expression of the stress marker 

ANF, shown to be regulated by GATA631 (Figure 3.4 A). Staining for HCN4 and TBX3 in 

E14.5 emrbyos revealed a decreased number of Hcn4+ and Tbx3+ cells in the SAN, 

indicative of fewer conduction cells in Gata6+/- (Figure 3.4 C). As expected, staining for 

GATA6 was decreased in these mice. Expression of GATA4 and TBX5 was also 

downregulated in SAN composing cells (Figure 3.4 C). To quantitatively assess the size of 

the SAN in Gata6+/-, a three-dimensional (3D) reconstruction of the SAN was employed, 

which revealed significantly smaller SAN in Gata6+/- (Figure 3.4 B). 

Previous studies have shown that TBX3 directly binds and modulates 

the Gata6 promoter 32. We checked whether GATA6 can in turn activate the TBX3 promoter. 

In silico analysis of the TBX3 promoter revealed the presence of 3 putative GATA binding 

sites. Cotransfection in NIH3T3 cells of GATA6 expressing vector and TBX3 luciferase 

construct showed a significant dose dependent GATA6 activation of the TBX3 promoter 

which was consistently shown to be higher than achieved over the ANF promoter (Figure 

3.4 E). These results indicate that GATA6 directly regulate a key CCS gene. 

3.9.3. Cellular basis of GATA6 role in SAN formation.  

The SAN is a unique structure within the heart that plays the crucial role of initiating its 

pacemaking activity. It is thought to comprise a variety of cell types regrouping pacemaking 

(myocardial derived, mainly ISL1+ cells) and non-pacemaking cells (Figure 3.5 A). Non-

pacemaking cells include endothelial and fibroblast cells in addition to transitional cells 

whose phenotype varies depending on their position within the SAN: the closer they are to 



 

139 
 

the atria, the more these myocytes resemble the atrial myocytes and lose their pacemaking-

like cells phenotype 33. Immunohistochemical staining of E12.5 Gata6+/- and Gata6+/+ 

embryos revealed decreased expressions of ISL1 and WNT1 in Gata6+/- SAN. Expression of 

TBX18, an important marker of the SAN program, was also decreased. On the other hand, 

increased expression of TIE2 and PITX2 marked the SAN of Gata6+/- mice (Figure 3.5 B). 

These observations are suggestive of important genetic and cellular reprogramming in 

Gata6+/- SAN.  

We used mouse genetics to test which cell type is the responsible for the SAN 

phenotype in Gata6+/- mice. Gata6 was deleted from endothelial and conduction cells by 

crossing Gata6Fl/Fl mice with Tie2cre and Isl1cre mice respectively. Deletion of Gata6 from 

neural crest cells (NCCs) was also performed using Wnt1cre since a contribution of NCC to 

the CCS has been suggested 34. Analysis of embryos from timed matings suggested high 

perinatal lethality when both Gata6 alleles were conditionally deleted from Tie2+ and Isl1+ 

cells with decreased viability evident as early as E14.5 (Figure 3.5 C). However, mice in 

which both Gata6 alleles were deleted from NCCs survived to birth, but none were found at 

weaning (Figure 3.5 C and data not shown).  

Examination of the homozygous embryos from the different lines at E14.5 revealed 

smaller embryos with multiple defects including growth retardation and abnormal 

vascularization (in Isl1cre+G6Fl/Fl and Tie2cre+G6Fl/Fl) (Figure 3.6 A). Histological analysis 

of Wnt1cre+G6Fl/Fl and Tie2cre+G6Fl/Fl embryos revealed a smaller hypocellular SAN, 

recapitulating the phenotype observed in the Gata6+/- model. The SAN of both lines revealed 

a significant decrease in GATA6 expression along with a decreased presence of HCN4 and 

TBX3 expressing cells (Figure 3.6 B). Similar analysis of Isl1cre+G6Fl/Fl embryos was not 

possible due to the severity of the phenotype. 
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Since deletion of a single Gata6 allele from any cell type did not compromise 

survival, we examined adult hearts from all the lines generated. Masson Trichrome staining 

revealed an enlarged right ventricle in all the conditionally deleted models; in addition, 

thickening of the left ventricular wall and abnormal cardiomyocytes in the apex region was 

found in Wnt1cre+G6Wt/Fl mice, suggestive of abnormal heart innervation (Figure 3.7 A). 

Surface ECG showed distinct alterations in the various lines which recapitulated some of 

those present in Gata6+/- mice: Tie2cre+G6Wt/Fl mice displayed prolonged QT interval, 

whereas Isl1cre+G6Wt/Fl showed prolonged PR and QRS intervals (Figure 3.7 B). 

Wnt1cre+G6Wt/Fl showed a larger R amplitude which is indicative of left ventricular 

hypertrophy (Figure 3.7 A and B). Close examination of E14.5 embryos revealed a 

dysregulated expression of GATA6, HCN4 and TBX3 in most cases (Figure 3.7 C). Taken 

together, these results suggest that GATA6 is required in various SAN cell types and plays 

cell autonomous as well as non-cell autonomous functions in SAN development. 
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3.10. Discussion  

The proper contraction of the heart and its relaxation are highly controlled processes 

orchestrated by the slow and fast conducting structures: the distal and proximal CCS. The 

proximal components of the CCS comprise the SAN and the AVN while distal ones regroup 

the His bundle, bundle branches and the Purkinje fibers. Our knowledge on the different 

regulators of the CCS came largely from studies of knockout and transgenic models as well 

as from human genetic studies including genome-wide association studies and exon-

sequencing. However, despite the remarkable progress that have been made in the past few 

years, the cellular origins and gene regulatory networks contributing to the specification and 

development of each of these structures remain to date incompletely understood. Whithin the 

heart, the SAN develops in the sinus venosus (SV) bordering the right atria whereas the 

atrioventricular node forms within the atrioventricular cushion and is mostly derived from 

first heart field cells of the primary heart tube. The atrioventricular bundle on the other hand 

is located at the top of the interventricular septum and  is known to derive from progenitor 

cells at the border between the first and second heart fields 35. Lineage tracing analysis have 

shown a major contribution  of ISL1+ progenitor cells to the SAN and SV 36. As mentioned 

earlier, the mature SAN is composed of myocardial pacemaker cells (ISL1+), packed in 

clusters, and surrounded by fibroblasts, transitional and endothelial cells, all lying within a 

well structured extracellular matrix 33. Here we show that removal of two copies of Gata6 

from Isl1+ (SHF) or Tie2+ (endothelial) cells lead to embryonic lethality with incomplete 

formation of the SAN, whereas, removal of one copy leads to smaller SAN with 

dysregulated expression of SAN key regulators (Tables 3.1 and 3.2). Taken together, these 

results reveal an important role for SHF-myocytes and endothelial GATA6 in SAN 
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formation. To undertand the role that GATA6 play in the formation of the CCS, it is 

important to understand its role in each of the cell types that form the SAN. It has been 

shown that in endothelial cells, GATA6 can promote their angiogenic function and survival 

and can induce endothelial adhesion molecules such as the endothelial vascular adhesion 

molecule 1 (VCAM1) 37,38. Its role in SHF-derived myocytes hasn’t been explored until 

recently by our group where we showed its importance in valve morphogenesis and 

remodeling (Chapter I).  

Within the heart, NCCs are shown to mainly mark the valves, truncus arteriosus and 

the proximal conduction system 34. No direct contribution to the distal CCS has been 

explored. Their contribution to the CCS was first revealed in chicks where ablation of NCCs 

resulted in failure of compaction and electrical insulation of the His bundles 39. GATA6 

plays an important in NCCs migration- a critical step in cardiogenesis- via regulation of 

semaphorin 3C (SEMA3C) expression, a guiding molecule important for neuronal and 

vascular patterning. NCC-inactivation of GATA6 leads to perinatal mortality mainly due to 

OFT defects 27. Human mutations in GATA6 also cause OFT defects and when tested, the 

mutants proteins failed to transactivate Sema3C and its receptor plexin A2 (PlnxA2) 40. Our 

results reveal that NCC-inactivation of Gata6 using Wnt1-cre leads to defective SAN 

formation (Figure 3.6 B). However, lineage tracing analysis for Wnt1 expression using the 

R26R reporter does not show labeling within the SAN 34. Our findings suggest that NCC-

Gata6 might be indirectly involved in regulating SAN formation. 

In vitro studies have shown that within the heart, migrating NCCs can differentiate 

into different cell types including fibroblasts, smooth muscle cells, pigment cells, 

chondrocytes, as well as sensory and autonomic neurons 41. In fact, NCCs has the ability to 

differentiate into neurons and participate in the formation of the cardiac autonomic 
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innervation system 42. Briefly, the heart primarily receives sympathetic innervation at 

around E14 from the sympathetic ganglia. The sympathetic nerves act then on the SAN 

and on the myocardium, via secretion of noradrenaline, to increase the rate and the 

contractility of the heart. On the other hand, parasympathetic nerves from the hindbrain, 

responding to acetylcholine, maintain the baseline rate of the heart by also acting on the 

SAN, counteracting the effect of the sympathetic system. Tachycardia or bradycardia 

(elevated or suppressed heart rate) can result from any imbalance in the opposing 

components of the nervous system. In the case of Gata6+/- mice, disrupted innervation of 

the heart might underlie the conduction phenotype: these abnormalities can be due to 

either a disruption in NCC migration or differentiation or due to defective axonal 

extension. It has been shown that sympathetic axons follow veins to reach and innervate 

the ventricular myocardium and the SAN, unlike other known cases where they follow 

arteries 43. Decreased heart innervation is also reported to be the result of endothelin 1 

(Edn1) ablation from vascular endothelial cells. EDN1 is known for its role in guiding the 

sympathetic axons to the heart and its removal from endothelial cell lineage using Tie2-

cre leads to defects mostly evident in the venous trajectory leading to the SAN 43. 

Interestingly, GATA6 have been shown to induce Edn1 expression in vascular smooth 

muscle cells in response to inflammatory stimuli and to regulate its promoter in a dose 

dependent manner when forcely expressed 44. Interestingly, qRT-PCR analysis shows a 

downregulation of EDN1 in Gata6+/- mice as early as E11.5. These findings, taken 

together with our results, suggest that expression of GATA6 within the neural crest and 

endothelial cells can be controlling cardiac/SAN innervation, via regulation of EDN1 

expression, herein leading to defective SAN formation and embryonic lethality. Our study 

reveals a novel role for GATA6 in the formation of the distal conduction system.  
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Figure 3.1: Gata6+/- display ECG abnormalities. (A) Electrocardiogram profile showing 

the different interval measurements for Gata6+/+ and Gata6+/- mice. HR: heart rate. Fc: 

cardiac frequency. Values are mean + SEM.*P < 0.05. (B) Representation of PAC resulting 

from the arrhythmias analysis performed on adult Gata6+/+ and Gata6+/- mice. PAC: 

premature atrial contraction. (C) Representative ECG showing prolonged QT in Gata6+/- 

mice. ECG: electrocardiogram. (D) Relative mRNA expression of GATA4, GATA5, 

GATA6, ANP and HCN4 genes in SAN (n=5) and in RA (n=5). Results are normalized to 

the expression of the housekeeping genes GAPDH and SDHA of the same sample. All 

samples were analyzed in duplicates with the 2-∆∆Ct method (Data are presented as mean  

SEM) (* P<0.05, ** P<0.01 and *** P<0.001). (E) Immunohistochemistry staining for 

HCN4, GATA6 and GATA4 in the SAN of E14.5 Gata6+/+ control embryos. The 

micrographs  are representative of similar findings in 4-5 embryos for each genotype. RA: 

right atria. SAN: sinoatrial node. LA: left atria. Scale bar: 400μm. 200μm.  
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Figure 3.2 : Hypoplastic SAN in Gata6+/- mice. (A) List of GATA6 human mutations 

associated with Atrial Fibrillation. ZF1: zinc finger 1. ZF2: zinc finger 2. NLS: nuclear 

localization signal. (B)  Masson Trichrome staining showing enlarged right atria and 

ventricle in Gata6+/- newborn mice. Scale bar: 400μm. (C) Masson Trichrome staining on 

newborn Gata6+/+ and Gata6+/- showing hypolastic SAN in Gata6+/- mice (n=5-9). Arrows 

are pointing to the SAN. AV node: atrioventricular node. SAN: sinoatrial node. RA: right 

atria. LA: left atria. RV: right ventricle. LV: left ventricle. Scale bar: 200μm.   
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Figure 3.3: Dysregulation of CCS regulators in Gata6+/- SAN. Immunohistochemistry in 

the SAN, RA, AV node and His bundle of Gata6+/+ and Gata6+/- mice showing dysregulated 

expression of (A) NKX2.5, ANF,TBX5 and (B) TBX3 (n=5-9). SAN: sinoatrial node. AV 

node: atrioventricular node. RA: right atria. Scale bar: 400μm. 100μm.  
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Figure 3.4: Reduced Hcn4+ and Tbx3+ cells in the SAN of Gata6+/- (A) qRT-PCR on 

RNA extracted from E11.5 hearts showing altered expression of important conduction 

system regulators; note the significant decrease in the expression of KIR3.1, NKX2.5, CX43, 

ANF and EDN1(corrected to RPS16, n=5-8 per group). (B) 3D reconstruction of the 

sinoatrial node (SAN) from E14.5 embryos showing smaller SAN in Gata6+/- mice (n=3-9). 

(C) Immunohistochemistry staining on SAN from E14.5 Gata6+/+ and Gata6+/- embryos 

showing expression of HCN4, GATA6, GATA4, TBX3, and TBX5. Note the decreased 

expression of GATA6, GATA4 and TBX5, and the lack of HCN4+ and TBX3+ cells in SAN 

of Gata6+/- mice. The micrographs  are representative of similar findings in 4-5 embryos for 

each genotype. Scale bar: 100μm. (D) Schematic  representation of TBX3 promoter showing 

the different GATA, T-box and Nkx-binding sites. (E) Increasing amounts of GATA4/5/6 

expression vectors are transiently cotransfected with the luciferase reporter under the control 

of the TBX3 and ANF promoters in NIH3T3 cells (25, 50, 100, 250 and 500 ng of 

expression vector). Relative luciferase activities are represented as fold changes. The data are 

a representative of 3 independent experiments done in duplicates. Values are mean + SEM.  
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Figure 3.5 : Cellular basis of GATA6 role in SAN formation. (A) Schematic figure 

representing the different cell types contributing to the formation of the SAN. ECM: 

extracellular matrix. (B) Immunohistochemistry staining for ISL1, TIE2, PITX2, WNT1 and 

TBX18 in the SAN of E12.5 embryos control and Gata6+/- mice. The micrographs  are 

representative of similar findings in 4-5 embryos for each genotype. Scale bar: 50 μm. (C) 

Frequency of genotypes obtained from generating Tie2cre, Wnt1cre and Isl1cre conditional 

knockout mice. Embryonic and perinatal lethality of cre+ G6Fl/Fl is demonstrated by the 

reduced frequencies of those embryos at various developmental stages.  
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Figure 3.6: Multiple defects in homozygous conditionally deleted Gata6 embryos. (A) 

Representation of E14.5 Gata6 homozygous embryos resulting from Tie2cre, Wnt1cre and 

Isl1cre conditional knockout mice. (B) Immunohistochemistry staining for HCN4, GATA6, 

and TBX3 in the SAN of E14.5 embryos control and cre+Gata6Fl/Fl mice. The micrographs 

are representative of similar findings in 4-5 embryos for each genotype. Scale bar: 100 μm.   
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Figure 3.7: Conduction defects in heterozygous conditionally deleted Gata6 embryos. 

(A) Masson trichrome staining on adult heart from Tie2cre+, Wnt1cre+ and Isl1cre+ G6Wt/Fl 

mice. Scale bar: 2000 μm. (B) Electrocardiogram profile showing the different interval 

measurements for each of the conditional knockout mice. HR: heart rate. Fc: cardiac 

frequency. Values are mean + SEM.*P < 0.05. (C) Immunohistochemistry staining for 

HCN4, GATA6, and TBX3 in the SAN of E14.5 embryos control and cre+Gata6Fl/Fl 

mice.The micrographs are representative of similar findings in 4-5 embryos for each 

genotype. Scale bar: 100 μm.  
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4.6. Abstract 

Introduction: CHDs as well as limb defects often occur simultaneously in many types of 

neonatal syndromes, such is the case of Elis-Van Creveld, Bardet-Biedl and Holt Oram 

(HOS) syndromes. HOS for example is a CHD characterized by abnormalities of the upper 

limbs and heart, caused by mutations in TBX5 gene. Genetic causes that explain the 

appearance of these phenotypes simultaneously remain poorly understood. Mutations in all 3 

cardiac GATA factors, GATA4, 5 and 6 have been also linked to various human CHD. In 

mice, Gata4 and Gata6 haploinsufficiency (Gata6+/-) as well as homozygous deletion of 

Gata5 result in CHD. Homozygous conditional deletion of Gata6 from the limb bud using 

Prx1-cre was shown to result in pre-axial polydactyly.  

Methods and results: Here we show that Gata6+/- mice develop pre-axial polydactyly (extra 

digit near the toe) and/or SD (fusion of digits) of the lower limbs. We show that GATA6 lead 

to polydactyly via induction of mesenchymal cell proliferation by dysregulation of SOX9 

and SHH signaling and to SD via disrupted interdigital cell death. Therefore, we suggest a 

potential common role for GATA6 in regulating, in a dosage sensitive manner, multiple 

processes governing heart and limb morphogenesis, including cell proliferation and ECM 

remodeling and maturation as well as cell death induction.  

Conclusion: Together, the data helps in including GATA6 in the list of genes whose 

mutations are potentially associated with combined heart and limb abnormalities. 

Keywords: GATA6 - SOX9 – Polydactyly – Syndactyly - heart-limb defects 
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4.7. Introduction 

Cell death is a mechanism by which highly organized cells, forming complex tissues, 

activate an intracellular death program as a mechanism of auto-regulation. This process is 

critical for normal organism development and is considered a vital component of various 

processes including normal cell turnover, embryonic development, and normal development 

and function of the immune system. It usually balances cell division by preventing tissues 

from over growing and becoming abnormal specifically in the ones where the number of 

cells should be reduced at a specific developmental stage 1. In some cases, cells die when the 

structure they formed is no longer needed; such is the case of valve cushions during 

valvulogenesis and valve remodeling. After EMT and cushion formation, the thick cushions 

undergo extensive compaction (ECM degradation and cell death) which leads to reduction in 

cell number and attenuation of the cushions into trilaminar organized thin leaflets 2. In other 

cases, cell death serves in defining the digits in the developing limb bud during mouse 

embryogenesis. The limb bud appears first to have a spadelike structure which then starts to 

transform into individual digits that only separate as the cells between them die 1. 

Throughout the past years, studies have identified most of the genes that control the killing 

process of programmed cell death, which acts via various pathways. 

Digit patterning is a complex process requiring orchestrated signals involved in the 

regulation of cell proliferation, differentiation, and death, along the different limb axes: the 

anteroposterior (A-P), the proximo-distal (P-D) and the dorsal ventral (D-V) axes (Figure 

4.1 A). The A-P axis is determined by diffusion of a secreted protein, SHH, from the zone of 

polarizing activity (ZPA) located at the posterior pole, whose role is to dictate to the limb 

bud mesenchymal cells their A-P fate. Experimental evidence has shown that  mesenchymal 
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cells previously expressing SHH as part of the ZPA, contribute to the formation of posterior 

digits 3 to 5, whereas cells exposed for a long time to SHH signaling, contribute to digit 2 

and partly digit 3 3. The thumb (the most anterior digit) does not require SHH signaling but 

rather depends on expression of the Sal-like 4 (SALL4), T-box 5 (TBX5) and HOX 

transcriptional regulators 1.The P-D axis gives rise to the different compartments of the limb 

and is characterized by the presence of the AER in the distal zone. Cells of the AER mainly 

produce members of the fibroblast growth factors (FGFs) ensuring the specification of this 

axis at early stages. Studies have shown that in the limb bud, retinoic acid induces proximal 

cell identity whereas the AER-FGFs induce distal cell identity 4. This process is known as 

the two-signal model. The regulated spatiotemporal expression and the cross talk between 

signals important in the specification of both axes are crucial factors to ensure proper limb 

bud outgrowth, digit determination and chondrogenic differentiation (reviewed in 1). The 

dorsal (knuckles, nails) and ventral (pads, soles) polarity of the limb bud is determined by the 

ectodermal layer surrounding it with WNT-7a being the most important molecule required 

for its specification 5 (Figure 4.1 A).  

 Limb and musculoskeletal defects are abnormalities of the upper and/or the lower 

limbs that occur during pregnancy and result from failure of proper formation of either the 

whole limb, or part of it. In 2007, epidemiological studies show that the incidence of 

congenital limb defects (CLD) varies from 3.5/10,000 to 2.27/1000 births depending on the 

country 6,7. These defects range from severe forms such as absence of part or the entire limb, 

to more subtle defects such as polydactyly, defined as presence of extra digits, and 

syndactyly (SD), which is a fusion between two or more digits. Accounting for 1/2000 births, 

SD is considered one of the most common CLD 8. It is found to affect males twice as much 
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as females and to involve feet more frequently than hands 9. The spectrum of SD defects 

ranges from a simple interdigital skin webbing to complete bone fusion.  SD can be 

presented as sporadic, or inherited autosomal dominant/recessive, or X-linked diseases 10. 

Genetic evidence resulting from human and mice knockout studies contributed to date to our 

understanding of SD and identified (TFs) (Hox11/12/13, Sp6), matrix proteins (Lama5, 

Itga3/6, Adamts5/9/20) and signaling molecules (Sostdc1, Sfrp2, Ptch1) as contributors to the 

SD phenotype (reviewed in Tables 4.1 and 4.2). However, there are still large gaps in 

our knowledge of SD that need to be addressed.  GATA6 is a ZF TF whose role in the heart 

has been extensively studied. A recent report revealed its involvement in limb bud formation 

and determination of the A-P axis 11.  Here we show that Gata6 haploinsufficiency leads to 

preaxial polysyndactyly (PPSD) - additional digit towards digit 1 and is fused to it - only in 

hindlimbs of Gata6 heterozygous mice. Our results confirm a role for GATA6 in the 

regulation of cell proliferation via controlling the expression of the secreted protein SHH and 

the TF sex-determining SOX9, which underlie the polydactyly phenotype in Gata6+/- mice. 

On the other hand, abnormal interdigital cell death (ICD) as well as dysregulated 

SOX9/WNT/β-CATENIN/FGF signaling is leading to SD in Gata6+/- hindlimbs. Together, 

our results indicate that GATA6 is a crucial regulator of limb bud morphogenesis and digit 

patterning. 
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4.8. Materials and Methods  

Animals and Histology.  Mouse handling and experimentation were performed in 

accordance with institutional guidelines. All protocols were approved by the institutional 

Animal Care committee of the University of Ottawa. Gata6 heterozygous (Gata6+/-, C57/B6) 

mice were previously described 12. Staged mouse embryos tissues were fixed with 4% 

paraformaldehyde in PBS, paraffin embedded, sectioned at 4-μm intervals, and processed.  

Immunohistochemistry. Immunohistochemical studies were performed as described 

previously 13. Briefly, sections were blocked with 5% BSA for an hour and incubated in the 

primary antibody overnight at 4°C. After rinsing with PBS, the sections were incubated with 

the secondary antibody for 45 min followed by the streptavidin-HRP conjugated antibody for 

30min. The GATA6 antibody 14 was used at a dilution of 1/1000. Goat polyclonal IgG 

GATA4 (C20) antibody was purchased from SANTA CRUZ (SC-1237X; dilution 1/600). 

The Anti-phospho-Histone H3 (Ser10) antibody was from MILLIPORE (06-570, dilution 

1/750). SOX9 and cleaved VCAN antibodies were purchased from ABCAM (ab3697; 

dilution 1/100 and ab177480, dilution 1/250). The biotinylated anti-Goat IgG and anti-Rabbit 

antibodies were from Vector Laboratories (BA5000) and Jackson (Cederlane) (711-065-152) 

respectively. Streptavidin-HRP conjugate was from Perkin Elmer (NEL 750000 1EA). 

Skeletal preparation. De-skinned newborns were stained with 0.015% Alizarin Red in 70% 

ethanol and 13% glacial acetic acid for 3 days, cleared in 0.5% KOH overnight and stored in 

glycerin. 

X rays. Images were acquired by the cardiac imaging department at the University of Ottawa 

Heart Institute using the DRX Carestream Revolution Mobile X-ray system. Images were 
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taken on a 24x30cm Ciesium Scintillator digital detector using technical factors of apx. 55 

kVp at 0.6 mAs. 

RNA analysis. Total RNA was isolated from snap-frozen right and left limb buds of E11.5 

embryos with TRIzol reagent (Life technologies, 15596018) using FastPrep beads (MP-Bio, 

6913-100); cDNAs were generated using the Omniscript RT kit (Qiagen, 205113). Droplet 

digital PCR was carried out on the QX200 Biorad Droplet Digital PCR system using cDNA 

from embryonic limb and using sequence specific primers as indicated and according to 

manufacturer’s protocol. Oligonucleotide sequences are available on request. 

Luciferase assay. Transfections were carried out as previously described 15. The total 

amount of DNA was maintained constant by adding the appropriate amount of empty DNA 

vector. Full length SOX9-Luc reporter construct was a kind gift from Dr. Sergio Jimenez and 

was previously described 16. 

Electrophoretic mobility shift assays. Nuclear extracts from AD293 cell line overexpressing 

GATA6 WT protein were used. The DNA binding activity of GATA6 protein was assessed 

using nuclear extracts and GATA site from the SOX9 promoter as described previously 14. 

TUNEL. Apoptag kit was used according to the manufacturer’s instructions to end label 

Terminal deoxynucleotidyl transferase-mediated dUTP (TUNEL) (Intergen, Purchase, NY, 

USA). 

Statistics. For gene expression analysis, values are presented as means + standard error of the 

mean (SEM). P values were generated using Student’s 2-tailed t test. P values < 0.05 were 

considered as an index of statistical significance. 
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4.9. Results 

4.9.1. Gata6 haploinsufficient mice display limb abnormalities.  

Examination of Gata6+/- forelimbs and hindlimbs revealed that 29% of Gata6+/- (30 out of 

103 Gata6+/-) have limb abnormalities, more specifically PPSD in their hindlimbs, with no 

abnormalities observed in their forelimbs: 1) pre-axial polydactyly presented as an extra digit 

located near the thumb, and 2) SD presented as fusion of the first 2 digits (Table 4.3 and 

Figure 4.1 B). The PPSD in most of the cases occurred unilaterally (right 23/30 or left 2/30 

and 5/30 bilateral). Multiple presentations of limb abnormalities were observed in Gata6+/- 

ranging from partial to complete PPSD (Figure 4.1 B). Xray imaging also revealed 

variations in the polydactyly phenotype, where in some cases the digits were completely 

separate or shared the same metatarsal bones (bones between the ankle and toes) but had 

different phalanges (Figure 4.1A, B and C). Alizarin red bone staining protocol was 

performed on P0 Gata6+/+ and Gata6+/- to visualize limb deformities right after birth which 

showed polydactyly and digit fusion in the anterior region of the feet in Gata6+/- mice 

(Figure 4.1 D). Little is known about the role of GATA6 in skeletal muscle and limb 

formation. Therefore, the expression of GATA6 as well as the expression of GATA4 in 

forelimbs and hindlimbs of control mice at E11.5 and E13.5 was assessed by 

immunohistochemistry (IHC) staining. At E13.5, very low expression levels of GATA4 and 

GATA6 (interdigital region) were detected in the control forelimbs (Figure 4.2 A). While 

extremely low levels of GATA4 were detected in the hindlimb, a significant expression of 

GATA6 highlighted the anterior region of the hindlimb with lower expression in the 

posterior part (Figure 4.2 A). Expression levels of GATA6 were also assessed in E11.5 

control limb buds, comparing left and right hindlimbs (LH and RH), using digital PCR. 
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Results showed that GATA6 levels in the RH are significantly lower than those in the LH, 

mimicking the expression levels of the paired like homeodomain 2 (PITX2), a marker of L-R 

asymmetry with a left predominance (Figure 4.2 B) 17. 

4.9.2. Gata6 haploinsufficiency leads to Polydactyly.  

Genetic evidence from mouse and human studies has contributed to date to our 

understanding of polydactyly and showed that polydactyly is often a result of single 

mutations. These studies revealed that polydactyly is mainly the result of defective anterior-

posterior (A-P) axis patterning of the developing limb and can occur as an isolated 

malformation or as part of a more complex syndrome. Therefore, we checked, using qRT-

PCR, the expression of key regulators of limb development as well as the expression of 

genes that have been linked to polydactyly (Figure 4.2 C and 4.3 A). Kozhemyakina et al. 

reported in 2014 that homozygous specific deletion of Gata6 from the limb bud results in 

pre-axial polydactyly 11 further supporting our own observation on Gata6+/- mice. They 

suggested that SHH signaling played a key role in the mechanism of the observed 

polydactyly. In fact, the secreted molecule SHH, a marker of the posterior region of the limb, 

is known for its role in digit patterning and cell proliferation 18–20. Therefore, expression of 

its receptor patched 1 (PTCH1) as well as its downstream targets GLI family zinc finger 1 

and 3 (GLI1/GLI3) and zinc finger of the cerebellum 3 (ZIC3) was evaluated. Whereas no 

changes in expression of GLI1 and GLI3 (Figure 4.2C and 4.3A) occurred, expression of 

PTCH1was increased in hindlimbs of Gata6+/- when compared to Gata6+/+ littermates 

(Figure 4.3 B). Our results, in addition to the previous findings by Kozhemyakina et al. 

2014, support a dysregulated SHH signaling which is affecting the A-P axis patterning and 

leading to polydactyly in Gata6+/- mice.  
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Sex determining region-Y (SOX9) is a TF known to be expressed in committed 

chondroprogenitor cells and differentiated chondrocytes during limb development. These 

cells undergo mesenchymal condensation, a critical step in defining the shape, size and 

number of the primordia of the skeletal elements 21. Sox9 haploinsufficiency leads to 

defective mesenchymal condensations and to premature skeletal mineralization 22. On the 

other hand, misexpression of Sox9 from the limb bud mesenchyme triggers the formation of 

ectopic mesenchymal condensations resulting in hindlimb polydactyly 23. qRT-PCR 

performed on E11.5 limbs from Gata6+/+ and Gata6+/- showed a significant downregulation 

of SOX9 in both the RH and LH (Figure 4.3 A). Interestingly, GATA6 has been shown to 

play a role in chondrogenesis since abundant levels of GATA6 were detected in pre-

cartilaginous condensations (PCCs), in both the axial and appendicular skeleton of mouse 

embryos, and in committed primary chondrocyte precursors 24. 

Given the important role of SOX9 during skeletal patterning and its abnormal 

expression in Gata6+/- mice, we decided to examine whether SOX9 is a direct target of 

GATA6 during limb morphogenesis. IHC staining in E14.5 embryos revealed a dysregulated 

protein expression of SOX9 in cells of the digital limb (Figure 4.3 C). To test whether 

GATA6 is able to transcriptionally regulate expression of SOX9, analysis of SOX9 promoter 

region was done revealing the presence of two main GATA binding sites along with 5 

GATA-like sites in its upstream region. NIH3T3 cells transfected with increasing 

concentration of human GATA6, along with SOX9 luciferase-fused promoter, showed that 

GATA6 can significantly activate the SOX9 promoter in a dose dependent manner (Figure 

4.3 D and E). GATA6 was also tested for its ability to bind SOX9-GATA consensus site 

using electrophoretic mobility-shift assay. We show, using a radiolabeled probe (32P) 

harboring a GATA element from the SOX9 promoter, that GATA6 is able to bind to this 
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consensus region on the SOX9 promoter and that this binding is completely abolished when 

competitor unlabeled oligonucleotides are added at 100-fold excess (Figure 4.3 E). Our 

results imply that GATA6 plays an important role during limb formation and digit 

determination processes.  

4.9.3. Gata6 happloinsufficiency leads to Syndactyly.  

During limb development, ICD occurs at the level of the mesenchyme situated between the 

forming digits (the condensed cartilage), starting from the distal region underlying the AER. 

This process is critical to assure a proper digit separation and occurs between E13 and E14.5 

in mice. It has been shown that dying cells are mainly detected in the ventral side of 

interdigital regions despite the fact that more digit separation occurs on the dorsal side, in 

addition to a dominance of ICD in the anterior region when compared to the posterior one 25. 

Reduced or absent ICD results in evident soft tissue remaining between digits therefore 

resulting in SD. Complete simple SD is observed when signals promoting cell death are 

missing whereas those inducing growth remain active. On the other hand, partial SD results 

from reduced cell death with no change in interdigital tissue growth 26. To determine whether 

excessive proliferation might be contributing to the SD phenotype in Gata6+/- mice, sections 

from E14.5 limb embryos were stained for Phosphohistone H3 (PH3) antibody. Total 

number of cells in the big toe (digit 1) and in the middle toe (digit 3) - including the 

interdigital regions nearby- was counted as well as the number of PH3+ cells. Results 

showed no difference in proliferation between Gata6+/+ and Gata6+/- groups (both 

subgroups: with and without SD) (Figure 4.4 A). The percentage of TUNEL positive cells 

over the total number of cells in digits 1 and 3 was also evaluated in E14.5 limbs to check if 

a dysregulated cell death mechanism is contributing to the SD phenotype. While no changes 
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were obvious in Gata6+/- with normal limbs, we observed a significant reduction in the 

percentage of dead cells in Gata6+/- with PPSD when compared to control groups (Figure 

4.4 B). In addition to cell death, web regression requires the degradation of the ECM, rich in 

hyaluronan, fibronectin, proteoglycans, and collagenase which has a major role in its 

regression. ADAMTs, important proteases composing the ECM, are able to cleave the 

proteoglycan VCAN, generating a specific C-term neo-epitope (DPEAAE) that can be 

detected by IHC 27. Staining for cleaved VCAN revealed a marked reduction in its 

expression in the interdigital region with tissue persistent SD, whereas it was normally 

present in the interdigital webs of control mice (Figure 4.4 C). 

 The major regulators of distal and proximal ICD include members of the fibroblast 

growth family (FGF4, FGF8 and FGFR2), msh homeobox members (MSX1and 2), the 

retinoic acid and the WNT/β-CATENIN signaling 26. Members of the bone morphogenetic 

program (BMP4, BMP7 and BMPR1A) play an important role in cell death during limb 

development since inhibition of the BMP signaling results in tissue SD and polydactyly 28. 

qRT-PCR analysis performed on right and left limbs from Gata6+/+ and Gata6+/- did not 

reveal any changes in expression of BMP4, BMP7 as well as MSX1 however expressions of 

β-catenin, FGF4 and Laminin 5 (LAMA5) were upregulated in both the left and right 

hindlimbs (Figure 4.3 A and 4.4 D). Interestingly, overexpression of FGF4 or β-CATENIN 

in the limb bud of transgenic mice lead to SD due to reduced ICD 29,30. Taken together, these 

results suggest that the SD phenotype observed in Gata6+/- mice is due to a reduction in the 

ICD process along with a dysregulation of important ICD regulators, therefore contributing 

to the persistence of soft tissue in the anterior region of the hindlimb. 
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4.10. Discussion  

During limb bud outgrowth and specification, disrupted signaling affecting any of the 

axes can result in limb and digit anomalies. Conditional deletion of Gata6 from the limb bud 

results in the perturbation of the A-P axis and pre-axial polydactyly due to dysregulated 

expression of SHH 11. The downregulation of SHH in the Prx1-cre-mediated homozygous 

Gata6 inactivation rescues the digit phenotype. However, the limitation of this study resides 

in their use of Prx1-cre for the conditional inactivation of Gata6: Prx1-cre is not expressed 

in the entire hindlimb bud, therefore leading to a hypomorph mutation in the hindlimb and a 

complete inactivation in the forelimb. In this study, we show that Gata6 haploinsufficiency 

leads to PPSD. Our results are consistent with the previously reported role for GATA6 as an 

upstream regulator of SHH 11. In addition, we report a role for GATA6 in regulating the 

expression of SOX9 within the limb bud. We suggest that GATA6 works upstream of SHH 

and SOX9, inhibiting SHH expression in the anterior region whereas promoting expression 

of SOX9 (Figure 4.5). In the case of Gata6 haploinsufficiency, SHH inhibition is removed, 

and expression of SOX9 is downregulated, therefore maintaining mesenchymal cell 

proliferation active. On the other hand, SOX9 is known to inhibit the WNT/β-CATENIN 

signaling. Hence, increased expression of β-CATENIN resulting from the dysregulated 

expression of SOX9 in Gata6+/- mice leads, along with the dysregulated expression of SHH, 

to the formation of preaxial-polydactyly. SD in Gata6+/- mice, on the other hand, results 

mainly from the deficiency in the ICD, as was shown by TUNEL and VCAN 

downregulation, which only affects the anterior region of the limb, where GATA6 is 

predominantly expressed.  
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It is known that during early embryonic stages, and under the control of different 

signaling pathways, the mesoderm gives rise to the different cardiac and muscle cell 

lineages. During this process, any defects in cell migration, proliferation, and differentiation 

processes, affecting common or overlapping signaling pathways can lead to abnormal organ 

development. Congenital heart abnormalities and limb malformations are found to occur 

simultaneously in many types of neonatal syndromes such as EIis-van Creveld syndrome 

(EVC), Holt-Oram syndrome (HOS) 31 and Timothy syndrome. EVC syndrome for example 

is an autosomal recessive skeletal dysplasia characterized by the presence of retarded growth 

and short stature in addition to polydactyly and heart defects mainly ASD occurring in 60% 

of patients with EVC 32,33. On the other hand, SD is observed in patients with Timothy 

syndrome, a condition affecting the heart conduction system- long QT interval 34. The 

genetic causes underlying the appearance of these heart and limb phenotypes together remain 

to date poorly understood. 

Limb defects are also found to occur in combination with abnormalities other than 

CHDs. Acro-renal syndrome refers to a combined occurrence of limb and congenital renal 

defects. It is a rare disease with only 20 cases reported in the literature with patients 

displaying a variety of limb and kidney phenotypes 35. Acro-renal defects can also occur in 

combination with eye anomalies resulting in the so-called Acro-renal-ocular syndrome 

(AROS) with patients displaying thumb hypoplasia (underdeveloped thumb), abnormal 

anatomic location of one or both of the kidneys, and optical canal defects 36. On the other 

hand, disorders of the vascular system can also occur in combination with limb 

abnormalities; such is the case of Parkes Weber syndrome (PWS), characterized by capillary 
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malformations and overgrowth of bone and soft tissue of one leg, making it longer and larger 

than the other one 37.  

Organs of the human body have different composition and exert specific 

physiological functions and some share common cellular composition. The knowledge 

whether the same cell type plays same roles in different tissues is still limited, but studies 

have shown that common genes are expressed within these tissues. These genes could be 

controlling either similar pathways or different ones within these tissues. Given this, 

mutations in these genes could lead to phenotypes affecting both organs. GATA6 is 

expressed within the heart, pancreas, kidneys, liver, lungs, and ovaries as well as in the 

central nervous system, and is found to play crucial roles in directing their development and 

function 38–43. We previously reported that Gata6 haploinsufficiency leads to congenital heart 

abnormalities: RL-BAV with 47% penetrance characterized by a fusion of the heart aortic 

valve leaflets leading to two asymmetric leaflets instead of three symmetrical ones (Chapter 

I). Interestingly, here we show that in addition to the heart phenotype, these mice have PPSD 

with 29% partial penetrance. In some instances, both phenotypes occurred simultaneously in 

the same Gata6+/- mouse whereas in others they were observed independently. The 

incomplete penetrance of BAV and polydactyly observed in Gata6+/- are suggestive of a 

dosage sensitive response for GATA6 in different cell types/structures. Together, these 

findings support a role for GATA6 as a candidate heart and limb malformations causing gene, 

similar to the role of TBX5 in HOS. Further studies still need to be done to explore defects in 

other organs of Gata6+/- mice, where GATA6 is also found to be highly expressed. 
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Figure 4.1: Gata6 haploinsufficiency results in hindlimb abnormalities. (A) 

Representation of the different axes forming the limb bud as well as the different bones 

forming the hindlimb (foot). (B and C) Multiple representations of hindlimb abnormalities in 

Gata6+/- showing left and right polysyndactyly (Xray images shown in pannel B). (D) 

Alizarin red staining of the hindlimbs of P0 Gata6+/- mice showing preaxial polysyndactyly 

which was not present in Gata6+/+ littermates. RH:  right hindlimb. LH: left hindlimb.  
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Figure 4.2: Expression levels of limb regulators. (A) Immnohistochemistry staining of 

GATA4 and GATA6 in E11.5 and E13.5 wildtype forelimbs and hindlimbs showing 

increased expression of GATA6 in the anterior region of the hindlimbs. RH:  right hindlimb. 

LH: left hindlimb. A: anterior. P: posterior. Scale bar: 200µm. (B) Expression levels of 

GATA6, SOX9 and PITX2 assessed by digital PCR in right and left hindlimbs from E11.5 

Gata6+/+ mice. (C) Differential expression of regulators of limb development in right and left 

hindlimbs from E11.5 Gata6+/+ and Gata6+/- embryos. Values are mean + SEM.*P < 0.05.  

  



 

190 
 

 

  



 

191 
 

Figure 4.3: GATA6 is an upstream regulator of SOX9. (A and B) Expression of genes 

linked to polydactyly was assayed by qRT-PCR in right and left hindlimbs from E11.5 

Gata6+/+ and Gata6+/- mice E11.5 embryos (n = 3–7 per group). Values are mean + SEM.*P 

< 0.05. (C) Polydactyly representation in E14.5 Gata6+/- hindlimb. Immunohistochemistry of 

GATA4 and SOX9 showing a dysregulated expression of SOX9 in the anterior region of the 

hindlimb in Gata6+/- with polysyndactyly when compared to control littermates (right 

hindlimb). PPSD: polysyndactyly. Scale bar: 400μm, 25 μm. (D) Schematic representation of 

GATA and GATA-like binding sites on SOX9 full length promoter sequence. (E) 

Transcriptional activity of GATA6 proteins on SOX9-Luc promoter (Ctrl, 25, 70, 125, 250, 

500ng). Relative luciferase activities are represented as fold changes. The data are a 

representative of 3 independent experiments done in duplicates +/- standard error. WT: 

wildtype control. DNA binding properties of GATA6. Electrophoretic mobility shift assay 

was performed using nuclear extracts from AD293 cells overexpressing GATA6. Results 

show a strong binding of GATA6 to GATA consensus region from the SOX9 promoter and 

that this binding is abolished when competitor (CP) unlabeled oligonucleotides are added at 

100-fold excess.  
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Figure 4.4: Significant cell death deficiency in Gata6+/- mice with syndactyly. (A) 

Counting of phosphohistone (PH3) positive cells within hindlimbs from E14.5 Gata6+/- and 

Gata6+/+ did not show differences among groups (Gata6+/+, normal Gata6+/- and Gata6+/- 

with SD, n=4-7). (B) TUNEL assay perfomed on hindlimbs from E14.5 embryos sections 

showing a significant decrease in the TUNEL positive cells in the big toe of Gata6+/- with 

SD when compared to other littermates (Gata6+/+ and normal Gata6+/-, n=4-7). Values are 

mean + SEM.*P < 0.05. RH: right hindlimb. LH: left hindlimb. (C) Immunohistochemistry 

of Versican showing a reduction in its expression in the anterior region of Gata6+/- with 

polysyndactyly when compared to control littermates (right hindlimb). PPSD: 

polysyndactyly. Scale bar: 200μm, 100 μm. (D) Expression of genes linked to SD was 

assayed by qRT-PCR in right and left hindlimbs from E11.5 Gata6+/+ and Gata6+/- mice 

E11.5 embryos. (n = 3–7 per group).  
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Figure 4.5:  Representative summary model of poly-syndactyly formation in Gata6+/- 

mice hindlimbs. GATA6, mainly expressed in the anterior region of the hindlimb bud and 

regulates the expression of SHH and SOX9. In the case of Gata6 haploinsufficiency, SOX9 

downregulation along with SHH upregulation lead to Preaxial Polydactyly due to absence of 

cell proliferation inhibitory signals. In its turn, SOX9 downregulation derepresses Wnt/β 

catenin signaling. Thus, as a consequence, the hindlimb of these animals display decreased 

interdigital cell death (as was also shown by TUNEL and decresed expression of VCAN) 

leading to SD.  

  



 

196 
 

5. General Discussion 

GATA6, a member of the GATA family of transcription (TFs), is one of the most 

important and therefore intensely studied cardiac TFs. Mutations of GATA6 in human lead to 

a variety of cardiac phenotypes ranging from structural to conduction defects. GATA6 

spatiotemporal expression in different cell types and compartments of the heart suggests a 

specialized function in heart morphogenesis that was not fully understood. In this thesis, we 

demonstrate that GATA6 is required for proper aortic valve formation. We report that loss of 

one Gata6 allele from all cells or from Isl1-positive cells leads to RL-type bicuspid aortic 

valve (BAV), the most common cardiac birth defect in human. At the molecular level, the 

defect is due to disruption of valve remodeling and extracellular matrix (ECM) composition. 

This is the first study that reports the requirement of GATA6 in secondary heart field (SHF) 

cells for proper aortic valvulogenesis. Moreover, we demonstrate that GATA6 is required for 

cardiac conduction system (CCS) formation. GATA6 is important not only for the 

development of the proximal conduction system, but also controls the proper formation of 

the sinoatrial node (SAN) via a cross-talk mechanism among different SAN cells. Lastly, we 

report that removal of one copy of Gata6 also results in lower limb polysyndactyly, which 

suggests that GATA6, similar to TBX5 in HOS, is a potential heart-limb defect causing gene. 

5.1. GATA6 role in matrix regulation and remodeling  

During embryogenesis, the ECM regulates individual structures of the heart during their 

development, remodeling, and maturation. ECM is involved in cell-cell signaling, and the 

regulation of cell proliferation, differentiation, and migration. Tight spatiotemporal 

regulation of ECM components is essential to ensure proper formation of different structures. 

Perturbation in gene expression of these matrix regulators, will lead to prenatal lethality or to 
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CHDs such as septal defects (ASD and VSD), valve and arch defects (PTA, PDA) as well as 

complex syndromes like TOF. Mice lacking hyaluronen, versican, collagens, proteases, or 

other ECM components, have a variety of cardiac and vascular phenotypes 1. Human 

mutations in important TFs regulating heart morphogenesis, such as GATA6, have been 

shown to lead to these phenotypes 2,3. Mutations in GATA6 have been reported in patients 

with PTA, ASD, VSD, PDA and TOF as well as in patients with atrial fibrillation (AF) 2,4. In 

mice, deletion of Gata6 using Sm22-cre or Wnt1-cre leads to OFT defects, hence, pointing to 

a crucial role for GATA6 in OFT septation 5. GATA6 is also shown to play a role in 

vasculature formation by promoting vascular smooth muscle cell (VSMC) contractile 

phenotype and inhibiting their proliferation. Microarray screening in VSMC revealed 

GATA6 regulation of multiple genes involved in cell-cell signaling and cell-

matrix interactions, as well as regulation of angiotensin receptor 1 (AT1a) and endothelin 

(ET1), whose expressions correlated with GATA6 expression changes 6. Together with our 

findings, these data suggest that GATA6 might be involved in ECM regulation and 

remodeling processes. 

Early evidence for a function of GATA6 in the regulation of ECM components came 

from studies performed on cancer invasion and metastasis. Cancerous cells are known to 

detach from the area where they are initially formed, to travel through the blood or lymphatic 

system, and form new tumors in new areas of the body. This breakage cannot be achieved 

without involvement of ECM components, which loosen the structure by breaking cell-to-

cell contact, allowing migration of cells to the new site. Knockdown of GATA6 in 

established colorectal cancer cell lines decreases the ability of these cells to invade and 

migrate; unlike its overexpression, which enhances their migration and invasion 7. On the 
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other hand, GATA4 or GATA6 silencing in ovarian granulosa alters the expression of 

important ECM components and affects the ECM structure. This effect was found to be more 

pronounced when both Gata4 and Gata6 are knocked out. A role for both GATA6 and 

GATA4 is suggested in the build-up of the extracellular components required during this 

process 8.  

Beyond cancer, a role for GATA6 in airway remodeling was reported in a murine model 

of chronic asthma. This remodeling was shown to occur via regulation of calveolin1 (CAV1), 

a scaffolding protein important in the regulation of airway epithelial integrity, inflammation 

and fibrosis, and known to alter ECM proteins expression 9,10. Expression of GATA6 in this 

model was shown to be elevated, whereas expression of CAV1 was inversely correlated. 

Silencing of GATA6 resulted in reduction of inflammatory cell accumulation, and inhibition 

of expression of Mmp9 and 2, as well as a disintegrin and metalloproteinase 8 (Adam8) and 

Adam33, which are all important in remodeling 9. Taken together, these studies support a role 

of GATA6 in ECM regulation and remodeling of structures beyond the heart. 

The heart responds to stress and altered conditions via extensive remodeling, which 

includes functional (contractility, electrophysiology) or structural (fibrosis, hypertrophy) 

changes. A compensatory and beneficial remodeling response is initially mounted to 

optimize the heart pumping function but might progress into a pathologic, detrimental state 

later on (e.g. arrhythmias, heart failure). Our results reveal a role for GATA6 in early 

valvulogenesis via regulation of expression of ECM components (Mmp9 and Vcan). GATA6 

is able to bind to the Mmp9 promoter and to activate it in a dose dependent manner. During 

valve remodeling, expression of MMPs should be induced, allowing the degradation of ECM 

and the formation of mature leaflets. Here we showed that Gata6 haploinsufficiency disrupts 
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proper valve remodeling and ECM degradation, leading to abnormal OFT cushion septation 

and thus BAV. It is well established that BAV is a risk factor for calcific AoV disease, which 

includes dysregulation of the valvular ECM 11. Whether GATA6 plays a direct role in ECM 

remodeling and valve calcification will need to be addressed. 

Atrial fibrillation (AF) is associated with ECM remodeling, involving atrial fibrosis and 

atrial dilatation. Changes in expression of collagens (COL I and III) and disturbed 

MMP/TIMP ratios have been implicated in this process 12. Mutations in GATA6 have been 

reported in patients with AF 4. Our results reveal an important contribution of GATA6 to 

SAN formation, as shown by altered expression of CCS regulators and abnormal electrical 

signals when one copy of Gata6 was removed. Dysregulated matrix composition of Gata6+/- 

SAN may be contributing, along with other factors, to the abnormal phenotype. Some 

Gata6+/-  mice revealed signs of PAC, which have been shown to lead to AF 13. Whether 

these mice are naturally susceptible to develop late onset AF or whether GATA6 indeed 

plays a role in atrial and SAN remodeling, should be further explored. 

Finally, the formation of digits within the limb also requires the degradation of the 

interdigital matrix, which is regulated by several proteases. Failure of ECM degradation 

results in syndactyly. Our results reveal that GATA6 participates in matrix remodeling 

during development and organogenesis, not only in the heart, but also in digits 

determination. In our model, Gata6 haploinsufficiency leads to abnormal matrix regression 

and results in pre-axial syndactyly, therefore revealing a new role of GATA6 in limb matrix 

regulation. These findings are suggestive of a putative common role for GATA6 in 

regulating heart and limb formation. Increasing our knowledge of ECM regulators is very 

valuable in elucidating the mechanisms involved in the pathogenesis of heart diseases.  
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5.2. Importance of animal model of human disease 

Despite the outstanding progress of recent years, our understanding of the mechanisms 

underlying the etiology of diseases and their progression remain poorly elucidated. The 

importance of deciphering the pathways leading to disease will help in the development of 

new therapeutic approaches. In the last decade or two, animal models have been 

indispensable in contributing to understanding human disease and in advancing therapies. 

The availability of a well-defined genetic system has opened the possibility of generation of 

transgenic and gene knockout animals. These models have helped in our understanding of 

how diseases progress and have helped in confirming the role of modifier genes that were 

reported by genome-wide or candidate gene approaches. 

5.2.1. Identification of modifier genes 

Cardiovascular and neuromuscular diseases are among the leading causes of 

morbidity and mortality worldwide. Genetic diagnosis testing when available, points to the 

primary mutation, associated with the phenotype. However, individuals with the same 

genetic mutation might display different phenotypes, hence the complexity of these diseases. 

Differences in phenotypes may be due to either genetic or environmental changes. Modifier 

genes can alter the disease outcome and are identified using candidate gene and genomic 

approaches. Animal models have helped tremendously in the identification of these 

modifiers, with some having successfully translated to treat human diseases.  

Inherited neuromuscular diseases (NMDs) cause muscle weakness, chronic disability, 

and premature death, and are known to affect approximately 1/3000 people worldwide 14. 

Many genetic modifiers in NMDs have been identified using different genetic approaches. 

The candidate gene approach helped, for example, in identifying modifier genes for different 
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types of NMDs, including chondrolectin for spinal muscular atrophy (SMA), ciliary 

neurotrophic factor (CNTF) for amyotrophic lateral sclerosis (ALS), and osteopontin for 

Duchenne Muscular Dystrophy (DMD) 15–17. Identification of modifiers in human NMDs 

was also performed using genome-wide approaches, where quantitative trait locus (QTL) 

mapping or genome-wide association studies (GWAS) were employed. However, some 

disadvantages arise from using GWAS: besides the large sample size required and the high 

burden of multiple testing, the identification of modifiers using GWAS is often biased. Using 

animal models offers advantages in the identification of modifier genes since the variability 

arising from the environmental differences can be reduced (i.e. housing, diet). However, 

some caveats still remain. Namely, the modifier pathway might not translate to human, 

which is considered a major limitation of the animal models 18. It is important to note that 

mouse models of ALS with different background strains yet carrying the same superoxide 

dismutase 1 (SOD1) mutation, display different phenotypes, which is suggestive of a role of 

genetic modifiers 19. 

Genetic modifiers have also been reported to be major contributors of CHD in people 

with Down Syndrome (DS), for example. Only half the people with trisomy for human 

chromosome 21 (HSA21) display CHDs. In people with DS displaying AVSD, sequencing of 

cysteine rich with EGF like domains 1 (CRELD1), a gene associated with AVSD in people 

with or without DS, and HEY2, a gene when mutated in mouse leads to septal defects, was 

performed. Mice with mutant forms of either Creld1 or Hey2 were crossed with the Ts65Dn, 

a mouse model of DS, and resulting mice showed increased frequency of CHD. These results 

reveal that, when inherited together, these modifiers interact with trisomic genes and further 

affect heart development 20. The availability of these mouse models has helped to further our 
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understanding of how these modifiers affect the disease, which would not have been possible 

with human studies alone. 

Exploration of genetic variation in mice has also helped in yielding novel insights 

into human disease mechanisms, such as dilated cardiomyopathy and heart failure. A link 

between cardiac troponin I interacting kinase (Tnni3k) and acceleration of disease 

progression in the calsequestrin (Csq) heart failure model was revealed. The use of the Csq 

transgenic mouse model, where the major calcium binding protein of the sarcoplasmic 

reticulum is overexpressed in different mouse genetic backgrounds, revealed variations in the 

disease progression depending on the background which correlated with expression levels of 

TNNI3K: higher expression of TNNI3K worsened the phenotype. The overexpression of 

human TNNI3K alone does not exhibit any heart phenotype, however, the double transgenics 

Tnni3k/Csq mice display reduced survival rate and impaired systolic function. Heart failure 

induced by constriction of the transverse aorta (pressure-overload model) revealed increased 

expression of TNNI3K with exacerbation of the cardiac dysfunction. Taken all together, 

these results confirm that TNNI3k is a strong modifier of murine heart failure development 21. 

While further work will be required to confirm that TNNI3K can also modulate the 

progression of the disease in human, without these animal models, comparisons eliminating 

environmental changes and TNNI3K transcript level correlations with disease progression 

would not have been possible. 

The finding that the severity of the phenotype can be controlled by changes of gene 

expression is very beneficial and helps in revealing new pathways involved in disease 

pathogenesis. To date, no direct disease causing GATA6 human mutation have been reported 

in patients with BAV, suggesting that more screening on large cohorts should be performed 
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to unravel potential disease-causing mutations. However, Lin et al. reported in 2010 a 

mutation in GATA6 (S184N) in a patient with ASD. Interestingly, one of the parents was a 

carrier of the mutation and had BAV 22. Taken together, these results and our findings 

suggest that GATA6 may be a modifier gene, either enhancing or suppressing the outcome of 

a primary disease-causing mutation. Further knowledge of the exact genetic changes that are 

mediating the presence of the phenotype would improve genetic testing, prognosis and help 

in treatment of individuals with differential genetic compositions. 

5.2.2. Pathophysiology 

Complications resulting from cardiac and vascular pathologies are very difficult to 

prevent and are controlled by many genetic and environmental factors. The development of 

animal models of cardiovascular diseases has helped in gaining more insights into the disease 

pathophysiology and progression and was an essential tool in development of techniques for 

disease prediction and complications prevention. The most common models of 

cardiovascular diseases include, among others, models to study heart failure, 

atherothrombotic diseases, and valve diseases. 

Studies on heart failure are mainly performed in small (mice, rats) and large animal 

models (rabbits, dogs, pigs), mimicking as close as possible the conditions found in human. 

The myocardial damage is often induced by surgery (ligation of left coronary artery 23), 

pharmaceutical (treatment with isoproterenol, a beta-one adrenergic receptor agonist 24) or 

electrical (generation of burns in exposed hearts 25) interventions. Temporary occlusion of 

the artery is also used and reproduces human ischemia/reperfusion injury, permitting visual 

monitoring of the reperfusion and analysis of the infarct size 26. The availability of the 

different models and the capacity to perform different types of interventions has extensively 
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helped in our understanding of myocardial damage and heart failure, in addition to testing 

new preventive drugs. 

Atherosclerosis is a multifactorial disease characterized by the formation of lesions. 

Genetically modified models of atherosclerosis are generated by alteration of lipoprotein 

metabolism, in addition to dietary changes. The most widely used models currently are the 

low-density lipoprotein receptor-deficient mice (Ldlr−/− mice) and apolipoprotein E-deficient 

mice (ApoE−/− mice), a hypercholesterolemia and hyperlipidemia models, respectively 27. In 

these models, addition of risk factors such as diabetes and hypertension are known to 

exacerbate lesion formation. These models have helped in the identification of 

atherosclerosis modifying genes and in deciphering the mechanisms and different cell-types 

involved in atherogenesis. In addition to that, they were used to dissect the effect of drugs on 

atherogenesis (effect of Simvastatin when tested on both Ldlr−/− and ApoE−/− mice 28) as 

well in assessing new therapies to prevent the progression of lesions 27. 

The previously described models (Ldlr−/− and ApoE−/−) have been also used in 

studying valvular heart diseases, with the aortic valve being the most frequently affected. 

The response of the cardiac valve to injury or age-related degeneration is mainly translated 

by a disorganized ECM structure, remodeling, and in some cases calcification, all together 

leading to valvular dysfunction. These models have been shown to develop aortic valve 

calcification when mice are subjected to a high fat/high cholesterol diet, constituting great 

tools to study valve disease progression 29,30. The presence of BAV is also associated with 

increased risk of calcific AoV disease as well as aortic aneurisms 31. Mutations in 

NOTCH1 and GATA5 have been shown to cause BAV and calcific AoV disease in human 

32,33. Mice, heterozygote for Notch1 or deficient for Gata5, display partially penetrant RN-
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type BAV, with the later having reduced expression of NOS3 and NOTCH signaling 34,35. 

These mice offer the opportunity to study the development of BAV-associated 

complication, aortic valve calcification and ascending aortic aneurysms, which can be 

induced by high fat/high cholesterol diet and stress-induced pressure overload via 

angiotensin II treatments 36. 

Here we show that Gata6+/- mouse model, with partially penetrant RL-type BAV 

(approximately 50%), is a novel tool to study the most common type of BAV in human. 

With the availability of both BAV models in our laboratory (RN and RL), we will be able to 

further uncover the underlying pathways leading to the different types of BAV and help in 

our understanding of disease progression. In human, RL-type BAVs have been shown to be 

associated with elevated wall shear stress in the ascending aorta and more common calcium 

deposition in the aortic valves when compared to RN-type BAV 37,38. 

5.3. Cellular basis of cardiac defects: cell autonomous and cell-cell 

communication roles of GATA6 

As stated in the thesis general Introduction, many cell types contribute to the proper 

formation of the different heart structures, including myocardial, endocardial, and neural 

crest cells. Their migration, proliferation, and differentiation are orchestrated by tight 

expression of regulatory genes. These genes are known to exert their role either in a cell 

autonomous manner, or via a paracrine effect, inducing changes in nearby cells. The exact 

outcome of gene activation is strongly dependent on the gene dosage and the cellular context. 

Cysteine rich transmembrane BMP regulator 1 (CRIM1) is a type-I transmembrane 

protein broadly expressed during embryonic development. It has been shown to play 
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essential autocrine as well as paracrine roles in heart development. In mice, Crim1 loss-of-

function results in epicardial defects, VSD, and hypoplastic myocardium of the ventricles. A 

cell autonomous role of CRIM1 in fate specification of cells derived from the epicardium is 

suggested: cells residing in the myocardium and lacking Crim1 are shown to proliferate less 

and to give rise to a reduced number of cardiac fibroblasts. On the other hand, epicardial loss 

of Crim1 is shown to influence the compact myocardial development, revealing its paracrine 

effect 39. 

However, some genes are shown to have only a paracrine effect. Such is the case of 

TBX1, which has been strongly associated as a major contributor to Di-George syndrome. 

This syndrome is caused by heterozygous deletion of a region of chromosome 

22q11.2 (containing TBX1), and is characterized by CHDs, in addition to their 

immunodeficient phenotype. Defective neural crest-derived structures are thought to be the 

underlying cause of the different anomalies. However, TBX1 is expressed in the pharyngeal 

endoderm but not in neural crest cells, revealing that TBX1 is able to influence indirectly 

NCC migration and maturation 40,41. Another example is endothelin (EDN1), a guiding 

molecule secreted by endothelial cells, which plays a role in guiding the migration of NCC 

into the heart to participate in its innervation. Endothelial-specific deletion of Edn1 using 

Tie2-cre leads to defective NCC migration and decreased heart innervation, supporting a 

paracrine role for EDN1 in the regulation of NCC 42. 

On the other hand, other genes are found to play more of a cell autonomous role 

within the heart and vasculature; such is the case of NOTCH1. Loss of global Notch1 is 

known to result in early embryonic lethality. Mutant embryos lacking endothelial Notch1 die 

early on, recapitulating the phenotypes of the total knock out model, and revealing an 
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essential cell-autonomous role of NOTCH1 signaling during vascular development in the 

endothelium 43. More recently, a role for SHF-NOTCH1 has been reported in ascending 

aortic aneurysms (AscAA), a complication mainly associated with BAV. Notch1 

haploinsufficiency was shown to exacerbate AscAA and this phenotype was recapitulated 

when heterozygous deletion of Notch1 was performed in the SHF lineage 44. These results 

further reveal that the same gene might be playing different roles in different cell types, in a 

cell-autonomous manner. 

We have previously shown that GATA5 is important during valvulogenesis, and that loss 

of Gata5 in mice lead to RN-type BAV. Conditional deletion of Gata5 from endocardial 

cells is sufficient to recapitulate the same percentage of BAV as in Gata5-/-, confirming an 

endocardial-specific role for GATA5 during valve formation. We report in this thesis, a cell-

autonomous role of GATA6 during valve formation. Heterozygous deletion of Gata6 from 

SHF lineage ─ but not from endothelial or NCC ─ was able to recapitulate the RL-BAV 

phenotype, with similar penetrance (around 50%) to that found in the global heterozygous 

model. These results highlight a crucial role for SHF-GATA6 in regulation of aortic valve 

development. On the other hand, our results also reveal a cell-cell communication role of 

GATA6 during SAN formation. Homozygous deletion of Gata6 from each of endothelial 

cells, SHF cells and NCC lead to embryonic or postnatal lethality, with an abnormal SAN 

formation recapitulating the phenotype of Gata6+/-. Heterozygous deletion of Gata6 from 

each of these cell types leads to a variety of electrophysiological defects, along with SAN 

abnormalities, but not as severe as in the case of homozygous deletions. Taken together, 

these results reveal a cell-cell communication role of GATA6 in facilitating the cross talk 

among different cells contributing to the proper formation of the SAN. 
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5.4. Conclusion and future perspectives 

Congenital and cardiovascular diseases are the leading cause of mortality in the 

general population, with CHDs accounting for 1-2% of live births. Disruption of any of the 

signals ensuring proper cell proliferation, migration and differentiation will lead to defective 

heart formation. Using in vivo and in vitro approaches, we examined in the current study the 

different defects associated with heterozygous Gata6 loss of function and determined the 

underlying mechanisms leading to the different cardiac and non-cardiac phenotypes.  

We revealed that half of the mice that are heterozygote for Gata6 have RL-type 

BAV. Patients with BAV can be asymptomatic or can have many BAV-associated 

complications such as aortic root dilation, aortic aneurysm and dissection, as well as valve 

calcification and endocarditis, with RL-BAVs being more prone to calcification than other 

BAV types 37. With the availability of both mice models (Gata6+/- and Gata5-/-) 

corresponding to both types of human BAVs (RL- and RN-types), it would be interesting to 

study aortic valve disease progression. After these mice are subjected to high fat/high 

cholesterol (HF/HC) diet for a period of minimum 4 months, valve calcification can be 

monitored to see whether these mice are more susceptible to valve calcification than their 

counter littermates. Replicating the calcification found in human BAV patients will allow a 

better understanding of the remodeling events in the diseased valves, and will show whether 

differences exist between RL and RN valves, rendering one more susceptible to calcification 

than the other. This will open the door for potential targeted therapy.  

Furthermore, since BAVs are associated with aortic root dilation and aortic 

aneurysms/dissection, it is possible that the genetic mutation leading to the formation of the 

BAV might also be the underlying cause leading to aorthopathy in BAV patients. Therefore, 
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ascending and descending aortas from these models will be assessed, at both baseline and in 

response to stress using angiotensin II (Ang II) or isoproterenol infusion ─ both known to 

induce pressure overload ─ to determine whether any dilation or aneurysms are present. 

Understanding the ECM composition and the elastic property of the aorta from both models 

will help in determining the cause of rupture in cases of stress. Conditional knockout of 

Gata6 and Gata5 from different cell types contributing to aortic formation will help reveal 

the exact role that GATA6 and GATA5 play in each of the cell types. These findings will 

potentially help in determining whether the presence of BAV in these models affects 

aortopathy progression. In addition, it will contribute in the potential discovery of 

biomarkers, which will help identify individuals that require close cardiovascular monitoring 

and be predictive of aortic complications, thereby decreasing unnecessary aortic aneurysm 

repair surgeries.  

In some cardiovascular diseases, disruptive mutations in genes involved in proper 

cardiac formation are the underlying causes of disease manifestation, whereas in others, 

while the manifestation of the phenotype is clear, no disease-causing mutation is anywhere to 

be found. Therefore, epigenetic modifications (methylation, phosphorylation, acetylation, 

glycosylation, etc.) might be the likely perpetrators in such cases. DNA methylations are able 

to decrease the accessibility of chromatin, inhibiting the binding of transcription factors to 

the DNA, therefore leading to silencing of the gene. Following nicotinic stimulation of 

acetylcholine in experimental animals, a downregulation of TBX5 and GATA4 in 

differentiating embryonic bodies and in hearts of offspring as well as promoter 

hypermethylation were observed. This also resulted in inhibition of myocardial 

differentiation 45,46.   
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Histones modifications are also linked to the function of the cardiovascular system. The 

proximal promoter of the nitric oxide (eNOS) gene was found to be highly regulated by 

changes in its dynamic signature (enriched with different histone modifications: H2A, 

H3K4me2, H3K4me3, H3K9Ac, and the H4K12Ac,). Deficiency in the H3K36me3 was 

shown to result in embryonic lethality due to vascular remodeling defects, suggesting a role 

for this methyltransferase in vascular development 47. 

Finally, non-coding RNAs (Nc-RNAs) are known to influence gene expression whether at 

the transcriptional or the translational levels, in response to or during cell differentiation. In 

the cardiovascular system, miRNAs are the best studied Nc-RNAs acting as 

activator/repressors via targeting the promoter region of the gene. Such is the case of miR-

499, miR-208a, and miR-208b, present in the myosin gene and responsible for 

cardiomyocytes contraction 48.  

The absence of direct GATA6 BAV-causing mutation in the population that we 

explored could suggest the presence of some epigenetic modifications that might be 

influencing the expression of GATA6 in patients with BAV. Further studies should be 

conducted to 1) determine DNA methylation state in patients with BAV compared to healthy 

controls, and 2) unravel Nc-RNAs that might be affecting GATA6 expression in these 

patients. Uncovering new epigenetic variants associated with BAV would be possible using 

epigenome-wide association studies (EWAS) that rely on microarrays capable of measuring 

DNA methylation 49. 

Taken together, the findings reported in this thesis reveal that GATA6 is a major 

regulator of human heart development and screening for mutations in GATA6 in patients with 
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CHD (more specifically BAV, AF and CHD-associated aortopathies) will have a high 

clinical relevance. Phenotype variability and incomplete penetrance are common in CHDs, 

supporting the existence of genetic modifiers. Therefore, the use of next-generation 

technologies such as whole exome and whole genome sequencing should be considered to 

help determine gene mutations and modifiers, opening the possibility of development of new 

therapeutic approaches. 
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