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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. GATAG is a zinc finger transcription factor whose presence is crucial for early
embryonic development. GATAG is expressed in many cell types of the heart including
myocardial, endocardial, neural crest, and vascular smooth muscle. In human, mutations in
GATAG result in variable cardiac phenotypes. The objective of this thesis was to determine
the roles that GATAG6 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. GATAG6-dependent BAYV 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 GATAG6 in secondary heart field myocytes during
valvulogenesis. We further uncovered a role for GATAG6 as an important regulator of the
cardiac conduction system and revealed that GATAG expression regulates the activity of the
cardiac pacemaker. GATAG 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

Vi



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 GATAG6 role in normal and pathologic heat
development. Our results also suggest that GATAG6 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.

vii



Acknowledgement

“Every great work, every big accomplishment, has been brought into manifestation through
holding to the vision, and often just before the big achievement, comes apparent failure and
discouragement”

Florence Scovel Shinn

It has been a tough journey full of ups and downs, but I wouldn’t have made it without the
tremendous love and support of many people in my life. To my family, friends, lab mates
and supervisors, you should know that your support and encouragement during the period of
my PhD was worth more than any words | can express on paper.

| would like to begin by expressing my deepest appreciation to my supervisor, Professor
Mona Nemer. | am so grateful for having the opportunity to work and graduate from your
lab; | have for sure learned from the best. Your passion to research and your adventurous
spirit were always a great motivation to me. Thank you for setting the bar high and for
showing me that nothing is impossible to accomplish; “where there’s a will, there’s a way”.
Also thank you for being a second mother and for caring for us as if your own. Without your
guidance and persistent help, this work would not have been possible.

| would like to express my appreciation to my TAC members, Dr. Balwant Tuana and Dr.
Erik Suuronen, for their constructive criticism and insights, as well as their continuous
support during the course of this work. | would like to thank the Bicuspid Aortic foundation
and the University of Ottawa for granting me the prestigious M.E. Abbott scholarship and
the UOttawa differential and excellence scholarships, respectively.

Furthermore, the people who have made the lab my second “Home”, away from home,
deserve special thanks. Thank you for helping me keep things in perspective, for your
scientific advice, for all the support when experiment went wrong, for all the laughs and
happy moments, for the birthday cakes and fun activities, and all the rest. To my dear Dr.
Hiba Komati; thank you for being an amazing friend and for being always there with a word
of encouragement or with a listening ear. To Dr. Wael Maharsy; thank you for being the
punching bag when things go wrong, and for all your help and support. To the soon Doctor-
to-be Jamie Whitcomb; Thank you for sharing this bumpy road with me and for being there
at every step of the way ©. Thank you “super”” Megan Fortier and Janie Beauregard for your
friendship and all your assistance. Thank you: Abir el Mazloum for your friendship and
happy spirit; Dr. Alice Lau for all your support and comments on the thesis; Massomeh
Sheikh-Hassani, Laura Collins and Mathieu Joyal for all your support.

A special thank you to the former Nemer lab members with whom | crossed the way during
my PhD; your presence was great in so many ways, thank you: Dr. Rami Darwich, Dr. Smail
Messaoudi, Dr. Omar Mansour, Claudia Terran, Dr. Wenjuan Li, Dr. Alicia Jurado, Ariana
Rostami, Romina Hassanzadeh, Mercy Akuma, and all the rest. To Dr. Abir Yamak, my

viii



great friend, shopping and gossip buddy ©; thank you for your friendship, help and support
throughout my PhD. Thank you, Hélene Touchette, for your continuous assistance.

To my other mentor, Dr. Georges Nemer; thank you for encouraging me to pursue an
advanced degree and for your continuous support and guidance.

To my “Lab Musketeers”, my brothers, Elias Abou Samra and Georges Kanaan; Thank you
for your marvelous friendship, for keeping me sane and for providing me with a much-
needed form of escape during this period. Without you, it wouldn’t have been the same!
“One for all and all for one” © (Alexandre Dumas pére)

Special thanks to the amazing people in my life, friends near and far, for all their support and
for tolerating my weird temper during that period. | won’t be stating all the names, but you
know who you are!

Last, but not least, the deepest appreciation goes to my wonderful family. Dad, Mom and
Melissa, my dear sister, you knew it would be a long and bumpy road, but you always
encouraged me and supported me along the way. Thank you for your continuous support and
unconditional love which were empowering me along the way. | am blessed to have you in
my life. Therefore, | dedicate this thesis to you ©

Ottawa, February 2018

Lara Gharibeh



List of Figures

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

transcriptional regUIALION. ... ... i e 2
Figure 1.2: Schematic of the vertebrate family of GATA proteins: GATAL-6.. .8
Figure 1.3: Schematic representation of the cell lineages contributing to the cells of the heart at
BB, S 13
Figure 1.4: Schematic representation of the cell lineages contributing to the cells of the heart at
BB D 16
Figure 1.5: Schematic representation of the cardiac conduction.................cooooiiiiiiiiinnnnnn.. 18
Figure 1.6: Layersof the heart wall......... ..o 23
Figure 1.7: Schematic representation of the cardiac OFT and the different cell lineages contributing
to the formation and septation of the OFT.. e 2D
Figure 1.8: Different stages of semilunar valve formatlon ................................................... 27
Figure 1.9: Schematic representation of the valve leaflets................oco 28
Figure 1.10: Transverse view of the valves composing the heart................................. 29
Figure 1.11: Schematic representation of the cardiac conduction system and the electrocardiogram
LU 1o o PR 33
Figure 1.12: Schematic representation of the different type of cells composing the sinoatrial
100 [P OPP PSPPI 36
Figure 1.13: Schematic representation of a normal tricuspid valve and the different types of Bicuspid
AOTTIC VAIVES. ..o 44
Figure 2.1: Cardiac dysfunction in Gata6™ MiCe.............couuueiieeeeeeeeeieecceeee, 105
Figure 2.2: Analysis of valve structure and gene eXpression.............o.eeveieeneneneeenen 107
Figure 2.3: Dysregulation of matrix remodeling in Gata6* mice..........................o.... 109
Figure 2.4: Effect of GATA6 human mutations on transcriptional activity....................111
Figure 2.5: Islicre™ G6"YF mice recapitulate the phenotype of Gata6*"..................... 113
Figure 2.6: GATAG expression and variants in human BAV ... 115
Supplementary Figure 2.1: Normal EMT in E11-11.5 Gata6* OFT...................co..... 117
Supplementary Figure 2.2: Details of the workflow of human GWAS analysis.............119
Supplementary Figure 2.3: Biochemical characterization of GATA6 human mutations..120
Figure 3.1: Gata6*" display ECG abnormalities. ................ccoooeeiueeiieiiieiiieiie e, 148
Figure 3.2: Hypoplastic SAN in Gatab™ MiCe..............cooiiiiiiiiiiiiie e 150
Figure 3.3: Dysregulation of CCS regulators in Gata6* SAN......................cceeevun, 152
Figure 3.4: Reduced Hcnd+ and Thx3+ cells in the SAN of Gata6*............c............ 154
Figure 3.5: Cellular basis of GATAG role in SAN formation.................ccooeiiiiiinnn. 156
Figure 3.6: Multiple defects in homozygous conditionally deleted Gata6 embryos......... 158
Figure 3.7: Conduction defects in heterozygous conditionally deleted Gata6 embryos.....160
Figure 4.1: Gata6 haploinsufficiency results in hindlimb abnormalities....................... 186
Figure 4.2: Expression levels of limb regulators...............ccoiiii i, 188
Figure 4.3: GATAG is an upstream regulator of SOX9............oooiiiiiiiiii 190
Figure 4.4: Significant cell death deficiency in Gata6* mice with syndactyly...............192
Figure 4.5: Representative summary model of poly-syndactyly formation in Gata6*" mice
NINAIIMDS. . .. e, 194



List of Tables

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

SIUCTUIES . . oottt b et e b e e st e R e e me e e R e e e me e e b e e enr e e nneesmneeneennne e 37
Table 1.2: Phenotypes resulting from abnormal septation of the OFT/great arteries and their
BSSOCTALEA BNES. ...ttt e, 42
Tablel.3: Genes associated with human and animal (mouse) BAV phenotypes................46

Supplementary Table 2.1: Cardiac Phenotypes associated with the examined GATAG6

AUMAN MUEALIONS. ... et 122
Supplementary Table 2.2a: Demographic population and clinical variables................ 123
Supplementary Table 2.2b: Human GWAS analysis: Base pairs (BP) and location of each

Of the repOrted SNPS. ... o e e, 123
Supplementary Table 2.3: Clinical characteristics of the patients according to the two
groups of aortic valve in the microarray StUdy............coooeiiiiiiiii i, 124
Supplementary Table 2.4: Demographic information of patients from whom aortic tissues
WETE AEBITVEA. ...t 125
Table 3.1: Summary of conduction defectS..............coooiiiiiiiiiiii e 162
Table 3.2: Summary of SAN structural defects..............ccooiiiiiii i 162
Table 4.1: Mouse models of hindlimb and forelimb syndactyly and polysyndactyly........ 183
Table 4.2: Human mutations causing polysyndactyly...............ccoooviiiiiiiiiinnn, 184
Table 4.3: Limb phenotypes in Gatab™ mice................oovvuiiiiiiiiiieiiiieeiieeei, 185

Xi



Abbreviations

A
ACVR1/2b
ADAM 8, 33
ADAMTSs 1/5/9/20
AER

AHF
ALDH1A2
ALS

ANF

Angll

Ao

A-P

APOE
AROS
ASCAA
ATIR

ATla

AV

AVB

AVC

AVD

AVN

AVSD

BAV

BBs

BBS

BHLH
BIRC5
BMP2/4/7/10
BMPR1A/2/21
BNP
CADM4
CAV1
CAV3.1/CACNALG
CCN1

CCS
CDKNl1c
CFC1

CHD
CITED1/2

CLD
CNCC
CNTF

Atria

Activin A receptor type 1/2b

ADAM metallopeptidase domain containing

A disintegrin and metalloproteinase with thrombospondin motifs
Apical ectodermal ridge

Anterior heart field

Aldehyde Dehydrogenase 1 Family Member A2
Amyotrophic lateral sclerosis

Atrial natriuretic factor

Angiotensin Il

Aorta

Antero-posterior

Apolipoprotein E

Acro-renal-ocular syndrome

Ascending aortic aneurysm

Angiotensin type | receptor

Angiotensin receptor 1 alpha

Atrioventricular

Atrioventricular bundle

Atrioventricular cushion

Aortic valve disease

Atrioventricular node

Atrioventricular septal defect

Bicuspid aortic valve

Bundle branches

Bardet-Biedl syndrome

Basic helix loop helix

Baculoviral inhibitor of apoptosis repeat-containing 5
Bone morphogenetic protein 2/4/7/10

Bone morphogenetic protein receptor 1A/2/21
Brain natriuretic peptide

Cell adhesion molecule 4

Calveolin 1

Calcium channel, voltage-dependent, T type, alpha 1G subunit
Cysteine-rich, angiogenic inducer, 1

Cardiac conduction system

Cyclin dependent kinase inhibitor 1c

Cryptic protein 1

Congenital heart disease

Cbp/P300 Interacting Transactivator With Glu/Asp Rich Carboxy-
Terminal Domain 1/2

Congenital limb defets

Cardiac neural crest cells

Ciliary neurotrophic factor

xii


https://www.genenames.org/cgi-bin/genefamilies/set/47
http://atlasgeneticsoncology.org/Genes/CYR61ID40256ch1p22.html

coLli/ni/m
CRELD1
CRIM1
CRM1
CSQ

CT

C-term
CTGF
CTNI/C
CX30.2/40/43/45
CYP26A1
DKK1
DNMAML
DORV

DS

D-V

E

ECM
EDN1
EFNB2
EMT

ES

ETV2
EVC
EWAS
FBLN1
FBN1/2
FGF1/2/4/5/8/9/10
FGFR1/2/3
FHF

FLK1
FOG2

FS
GDP1/GAPDH
GLI1/3
GREM1
GSK3
GWAS
HA
HAND1/2
HAPLN1
HAS?2
HCN1/4
HEY?2
HF/HC
HFD
HIFlo

Collagen I/11/111

Cysteine rich with EGF like domains 1
Cystein rich transmembrane BMP regulator 1
Chromosomal maintenance 1
Calsequestrin

Conotruncus

C-terminal

Connective tissue growth factor

Cardiac troponin 1/C

Connexin 30.2/40/43/45

Cytochrome P450 family 26

Dickkopf 1

Dominant negative mastermind like
Double Outlet right ventricle

Down syndrome

Dorso-ventral

Embryonic day

Extracellular matrix

Endothelin 1

Ephrin B2

Epithelial to mesenchymal transformation
Embryonic stem

Ets variant 2

Ellis Van Creveld

Epigenome-wide association study
Fibulin 1

Fibrillin 1/2

Fibroblast growth factor 1/2/4/5/8/9/10
Fibroblast growth factor receptor R1/2/3
First heart field

Vascular endothelial growth factor receptor 1
Friend of GATA2

Fractional shortening
Glyceraldehyde-3-phosphate dehydrogenase 1
Gli family zinc finger 1

DAN Family BMP Antagonist 1
Glycogen synthase kinase 3

Genome wide association study
Hyaluronin

Heart- and neural crest derivatives-expressed protein 1/2

Hyaluronan and proteoglycan link protein 1
Hyaluronan synthase 2
Potassium/Sodium channel 1/4

Hairy/enhancer-of-split related with YRPW motif protein 2

High fat high cholesterol
High fat diet
Hypoxia-inducible factor-1

xiii


https://www.ncbi.nlm.nih.gov/gene/1592

HOX 11/12/13/D13 Homeobox protein 11/12/13/D13

HSA21
HSPG2
Hu

ICD

IP3
IRX3/4/5
ISL1
ITGA3/6
IVS
JAG1
LA
LAMAS
LCA
LDLR
LEFTY?2
LH
LMBR1
L-R

LV
MATR3
MC
MEF2c
MESP1/2
MKP3
MMP3/9
MMPs
Ms
MSX1/2
MYCN
MYHC3
MYOR
NCAM
NCC
NCID
NC-RNAs
NCX1
NEK1
NF1
NFATc
NID1/2
NKX3.2
NLS
NMDs
NODAL
NOTCH
NPPA

Copy number variations to chromosome 21
Heparan sulfate proteoglycan 2

Human

Interdigital cell death

Inositol triphosphate

Iroquois homeodomain 3/4/5

Lim homeodomain transcription factor 1
Integrin A 3/6

Interventricular septum

Jagged 1

Left atria

Laminin 5

Left coronary artery

Low density lipoprotein receptor
Left-right determination factor 2

Left hindlimb

Limb development membrane protein 1
Left-right

Left ventricle

Matrin 3

Mesenchymal cap

Myocyte-specific enhancer factor 2c
Mesoderm posterior protein %
Mitogen-activated protein kinase phosphatase 3
Matrix metalloproteinase 3/9

Matrix metalloproteinases

Mouse

Msh homeobox 1/2

N-myc proto-oncogene protein

Slow myosin heavy chain 3

Myogenic repressor

Neural cell adhesion molecule

Neural crest cell

Intracellular domain of the notch protein
Non-coding RNAs

Sodium-calcium exchanger (SLC8al)
NIMA related kinase 1

Neurofibromin 1

Nuclear factor of activated T-cell
Nidogen 1/2

NK 3 homeodomain 2

Nuclear localization signal

Inherited neuromuscular diseases

Nodal growth differentiation factor
Neurogenic locus notch homolog protein
Atrial natriuretic peptide

Xiv


https://www.ncbi.nlm.nih.gov/gene/40081
https://www.ncbi.nlm.nih.gov/gene/4750

NRG1
NRP1
N-term
OA
OFT

PA

PAC
PAS
PAX3
PBX1
P-D
PDGFRp
PECAM
PEN1
PEO
PH3
PIK3
PITX1/2
POSTN
PRX1
PS

PTA
PTCH1
PTK2
PTPN11
PWS
QTL
RA
RAB23
RALDH?2
RARy
RASA1
RBPJK

RCA
RH

RV
RXRa
SALL4
SAN
SC
SCNb5a
SD
SEM
SEMAS3C
SERCA
SFRP2

Neuregulin 1

Neuropilin 1

N-terminal

Overriding aorta

Outflow tract

Pulmonary artery

Premature atrial contraction

Periodic acid-Schiff

Paired box 3

Pre-B-cell leukemia transcription factor 1
Proximo-distal

Platelet-derived growth factor receptor 3
Platelet endothelial cell adhesion molecule 1
Pentacyclic triterpene synthase 1
Proepicardial organ

Phosphohistone H 3

Phosphoinositide 3-kinase

Paired-like homeodomain 2

Periostin

Mitochondrial thioredoxin peroxidase
Pulmonary stenosis

Persistent truncus arteriosus

Patched 1

Protein tyrosine kinase 2

Tyrosine-protein phosphatase non-receptor type 11
Parkes Weber syndrome

Quantitative trait loci

Right atria

Ras-Related Protein Rab-23

Retinaldehyde 2

Retinoic acid receptor gamma

RAS p21 protein activator 1
Recombination signal binding protein for immunoglobulin kappa J
region

Right coronary artery

Right hindlimb

Right ventricle

Retinoid receptor alpha

Sal-like 4

Sinoatrial node

Subcutaneous

Sodium channel protein type 5 subunit alpha
Syndactyly

Standard error of the mean

Semaphorin 3C

Sarco/endoplasmic reticulum Ca?*-ATPase
Secreted Frizzled 2

XV


https://en.wikipedia.org/wiki/Phosphoinositide_3-kinase
http://www.uniprot.org/uniprot/Q06124
https://www.ncbi.nlm.nih.gov/gene/5921

SHF

SHH
SHOX2
SM

SMA
SMAD1/4
SNAIL/SNAI1
SNPs
SOD1
SOSTDC1
SOX4/9
SP6

SR

SRF

SSS

SV

TAD
TBX1/3/5/18/20
TEF1

TF

TGA
TGFp2/3
TIMP1/2
TIMPS
TNNI3K
TOF
TTL1
TUNEL
TWIST1
VCAM1
VCAN
VCS
VEGFA/R1/R2
VIC
VSMC
WDPCP
WDR35
WNT1/2/3a/8
WT1
ZFI/
ZIC3

ZPA

ZRS

o/f MHC

Second heart Field

Sonic hedgehog

Short homeobox transcription factor 2
Smooth muscle

Spinal muscular atrophy

SMAD family member 1/4

Snail Family Transcriptional Repressor 1
Single nucleotide polymorphisms
Superoxide dismutase 1

Sclerostin domain-containing-1

Sex determining region Y-box 4/9
Transcription factor SP6

Sarcoplasmic reticulum

Serum response factor

Sick sinus syndrome

Sinus venosus

Transactivation domain

Thox transcription factor 1/3/5/18/20
Translation elongation factor lalpha
Transcription factor

Transposition of the great arteries
Transforming growth factor beta 2/3

Tissue inhibitor of matrix metalloproteinase %2
Tissue inhibitor of matrix metalloproteinases
Cardiac troponin | interacting kinase
Tetralogy of Fallot

Tolloid- like 1

Terminal deoxynucleotidyl transferase-mediated dUTP end labeling
Twist related protein 1

Vascular adhesion molecule 1

Versican

Ventricular conduction system

Vascular endothelial growth factor A/R1/R2
Valvular interstitial cells

Vascular smooth muscle cells

WD repeat containing planar cell polarity effector
WD repeat-containing protein 35

Whnt family member1/2/3a/8

Wilms tumor gene 1

Zinc finger /11

Zinc finger of the cerebellum 3

Zone polarizing activity

sonic hedgehog regulatory sequence
Alpha/Beta myosin heavy chain

XVi


http://www.ncbi.nlm.nih.gov/gene/216560
http://www.uniprot.org/uniprot/Q9P2L0
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2486440/

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 *. 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°®.

A-Cardiac crescent B-Heart tube C-Looping heart and Chamber formation D-Mature heart
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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 from®*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)



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 ® (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) 1°. 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 /1013,

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



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 '#1°. 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 417,

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 8.



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 °. 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 '°. This transformation controls the L-
R asymmetry of the heart. NODAL (member of TGFp 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 °. 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 ?°. 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 1. 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 222, 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 CITEDL1 at the ventral side of

the heart tube * (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



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) %%, 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/p-Catenin
signaling 2. 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 2”8, The Nkx2.5
homologue in Drosophila, Tinman, is reported to be essential for heart formation 2°. 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 3. 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 Mespl display the cardia bifida phenotype 3132, 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).
HANDZ 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 *. TFs NKX2.5, GATA5 and



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 GATAS,
another GATA family member, and Nuclear Factor of Activated T-cell ¢ (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 (ZF1 and ZFIl), which recognize the sequences (A/T)GATA(A/G) *. 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, ZFIl, is the major DNA binding domain, the amino (N-terminal, N-term) zinc
finger, ZFl, 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 %. The GATA protein family is further divided into

two subgroups: 1) GATAL/2/3 are mainly expressed in the hematopoietic and central



nervous systems and are required for differentiation of mesoderm- and ectoderm-derived
tissues, and 2) GATAA4/5/6 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 3738,
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Figure 1.2: Schematic of the vertebrate family of GATA proteins: GATAL1-6. 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.

GATAL, 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, GATAZ2 is required for hematopoietic
precursor cell proliferation. GATAS3 expression is restricted to T lymphocytes and is crucial
for T cell differentiation 3°%°. Targeted disruption of Gatal, 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—
GATAL participates in gonad development and GATA3 is crucial for brain and kidney

development 3841,



GATAA4/5/6 proteins, the cardiac GATA members, are mainly expressed in the
mesodermal precursors that develop into the heart 2. 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 *3. 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 *’.

1.1.3.1. Role of cardiac GATA factors in embryonic development

GATAA4 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 *. Gata4’~ mice are embryonically lethal at E8.0 due to failure of heart tube
development in addition to defects in wventral foregut closure #°. Differentiated
cardiomyocytes are observed in Gata4’ mice suggesting a compensatory role of other
proteins such as GATAB, whose expression level is increased in Gata4-null mice “6. 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 #’.

In the mouse embryonic heart, GATAS is expressed within the myocardium as well
as in the endocardial cushions and endocardium “8. 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



towards an endocardial fate 4°. 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 . 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 >,

On the other hand, GATAG 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 **°2. 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 . Forced expression of either GATAG or GATA4 is able to
drive differentiation of embryonic stem cells towards the extra-embryonic endoderm >*. 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 GATAG6 protein does not cause cell autonomous heart abnormalities . 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

GATAG in patterning of the aortic arch arteries °°.

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 3. 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 cTnl) and slow myosin heavy
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chain (slow MyHC3) was reported through transfection studies in non-cardiac cells °"°, 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) . As
well, cardiogenic activity of GATA4 is enhanced by direct interaction with Cyclin D2 °L,
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 2,

Gatab is differentially regulated in chicken by two alternative non-coding exons;
similarly, in mice, two distinct isoforms are produced . This is a common feature in the
GATA family since Gata6 was also shown to possess distinct initiation sites in humans and
mice ®*. 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)). GATADS has been shown to regulate endocardial
differentiation and to activate in vitro cardiac promoter in cooperation with TBX20 ©°.
Similarly, a cooperative role for NFATc and GATAS5 in endocardial transcription has been
highlighted, in vitro, using the GATA-dependent promoter of the endothelial gene ET-1 34,

GATAG6 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 GATAG6 expression in the
posterior heart %€ Studies have also demonstrated that GATAG 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 al-integrin .

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 GATAS and 6 with the latter
shown to functionally substitute for GATAA4 in this interaction ®8. Interestingly, GATAG was
shown to regulate BMP4 expression via binding to the functional GATA sites present on the

promoter *,

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 GATAG expression in cardiomyocytes, were used. Results
revealed a downregulation of ANF, BNP, cTnl, alpha- and beta-myosin heavy chain (a- and
B-MHC), and platelet-derived growth factor receptor p (PDGFRp), in cardiomyocytes
lacking GATA4 or GATAG, suggesting that these genes are targets of the latter two TFs 670,
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) "°.

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 (Atlr) and a—mhc promoters, following pressure

12



overload, depends on GATA elements present in their promoter sequences "2, Inhibition of
GATAA4 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
(CRML1) and via direct phosphorylation of GATA4, GSK3 is able to induce a decrease in

GATA4 nuclear expression 3.

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).
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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 ).
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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 . 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 2*. Mespl
overexpression in ES cells has been shown to induce increased cardiomyocyte differentiation
rendering MESP1 a crucial upstream regulator of myocardial cell fate %’ 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 2.

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 8. In the left side of the SHF, PITX2 expression is found to repress the
RA identity "8, 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 ', These results are suggestive of a contribution of both first and
second lineages to the formation of the 1VS. 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 . 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 . 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 3-8 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 7",
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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 7).

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 ’. 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 7884, 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 ">%. 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 8,

The SHF was first identified using an Fgfl0-LacZ reporter transgene, which marks
the cells forming the OFT and the RV, showing that they both originate from the pharyngeal
mesoderm &, 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 8. MEf2C enhancer sequence,
FGF8, and TBX1 also mark the SHF 8% TBX1, mostly found in the myocardial wall, has
been suggested to regulate the expression of Fgf8 and Fgfl0 therefore regulating SHF
proliferation °%. Together with NKX2.5, TBX1 regulates the expression of Pitx2, which is
mainly found in the left region of the SHF 2. 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 ®%. Expression of the Mef2C enhancer in the
anterior heart field (AHF) has been shown to be regulated by ISI1 and the GATA TFs, as
well as by TBX20, which in its turn, is able to activate an Nkx2.5 AHF enhancer %%, In
addition to that, a role for BMP signaling, Wnt-Bcatenin and Wnt-TGFp pathways, hedgehog
and retinoic acid signaling in the regulation of the SHF elongation, proliferation, and survival
has been suggested (reviewed in ). 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 *.
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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).

x>

Rurkinje Fibers

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 %% 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) %%, Finally, at E12, connective tissue forms around the conduction system and
isolates it electrically 1. The SAN is suggested to have a SHF origin and is derived from
Isl1- and Thx18-expressing cells 1°%. 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 192, A subset of Thx18 expressing cells also contribute to SAN formation 1%, 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 1%41% The AVC and AVN derivatives are mainly derived
from Thx2 expressing cells %7

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 1%, 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 % Endothelin (EDN1) was shown to induce the

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

differentiation of cardiomyocytes into Purkinje fibers 11°,

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 1113,
CNCC are crucial for the formation of the semilunar valves (aortic and pulmonary valves)
and invade the proximal and distal OFT cushions 4. 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 . 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) 18, 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 7. NCC constitute the nerve fibers of the sympathetic and parasympathetic networks
of the heart, as well as the vagal nerve branches 8% To track the migration of CNCC,
several cre lines were generated for permanent lineage tracing in mice such as the Wntl-cre,
Cx43-cre and Pax3-cre transgenic lines allowing a better understanding of the role of CNCC

within the heart 115120121 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
124125 \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 Isll which can give rise to myocardial and
endocardial cells, supporting the common progenitor theory #. In addition, deletion of
Nkx2.5, one of the earliest myocardial marker, leads to defective endocardial cushion
formation 1%, 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 *?’.
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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 12212°, A role for endocardial
GATAS TF has also been shown to regulate aortic valve formation and its absence there
leads to BAV °%. 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 Nfatcl, crucial for valve and septa formation) ¥%13! 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 32 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 3, 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) 13,
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Epicardium

Myocardium

Endocardium

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, Thx18 and Wilms tumor protein (Wt1) 351 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 **’. 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 138139,
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 140141,

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 42143, Epicardial cells
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expressing Thx18 have been shown to contribute to atrial and ventricular cardiomyocytes as
well as to the 1VS %4, 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 24

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 '2, 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 *?°. 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 1VS

(Figure 1.7) 146,
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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 ). 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 (Figurel.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 NFATcl and VEGF receptors, and therefore, is not able
to respond to myocardial signals and undergo EMT 47148 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 149150,
1.3.2.2. Cardiac neural crest cells: NCC migrate from their original location to the heart to
form the aortopulmonary septum 2. They exchange signals with their surrounding
(OFT myocardium and pharyngeal arch) allowing their proper migration. The OFT
myocardium secretes the ligand SEMAS3C to attract the NCCs and promote them to
migrate, since they express the SEMA3C receptor PLXNAZ2. Upon their arrival, they
become the mesenchyme of the truncal cushions 1. NCCs ablation has been shown
to lead to the inhibition of OFT septation resulting in various OFT defects 1°2,
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) 146151153
SHF-derived cells also give rise to vascular smooth muscle cells at the base of the
aorta and pulmonary trunks 8. 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 >4, 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 8153,
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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 1. Myocardial cells
present in this region start secreting molecules such as TGF-f1, BMP2, and BMP4, leading

to the activation of adjacent endocardial cells (Figure 1.8).
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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 %%, At this stage, the
endothelial markers are downregulated (PECAM1, NCAM1 and VE-cadherin), while
mesenchymal markers, such as smooth muscle alpha-actin (SM-a actin) are upregulated; the
resulting mesenchymal cells continue to proliferate and dilate to form swellings termed
cushions ¢, The cells also digest the hyaluronen within the matrix and replace it with a

denser matrix composed of collagens (COL I, I, and IllI), versican (VCAN) and other
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proteoglycans 8, 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 *°. 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) . These valves will only be
functional at later stages of gestation and would not mature until after birth 1%,
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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 269).

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 61, 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,

Pulmonary valve

Aortic valve

Mitral valve Tricuspid valve

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/B-catenin signaling, as well as pathways involving the ECM.
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1.3.4.1.TGF/BMP/SMAD pathway: TGFPs are among the first regulators of EMT
initiation. While TGFB2 is expressed in the myocardium and endocardium of the
cushions, TGFB1 is only expressed in the endocardium. Endocardial TGFB2 is
mainly required for cell separation during EMT whereas TGFB3, expressed in the
endocardium and mesenchymal cells after EMT, is required for mesenchymal
migration and transformation 13, TGFp2 is also known to promote EMT since it
functions downstream of NOTCH1, BMP2 and TBX2, activating the WNT/B-catenin
pathway °0184 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 1,
Absence of myocardial BMP4 or defects in BMP receptors leads to either lethality or
to absence of proper OFT septation %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 16816,

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
TGFB/SNAIL signaling, inducing repression of endocardial markers and upregulation
of the mesenchymal ones °. Constitutive activation of NOTCH1, mutation of
NOTCHL1 or its nuclear effector RBPJK, or activation/repression of its receptor
Jaggedl (JAGL) lead to the absence of EMT %171 |nhibition 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) 164172,
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1.3.4.3. WNT/p-catenin: In Zebrafish, the WNT/B-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 ™. 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 p-catenin from the SHF show a reduced DMP which result in chamber septation
defects 174, On the other hand, B-CATENIN is found to be crucial in NCCs to control
OFT septation, functioning through PITX2. Lack of S-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) 17°.

1.3.4.4. VEGF/NFATCc1/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 48178177 \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 WEGF 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 8,
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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 Nfatcl, regulates valve
remodeling and elongation. Deficiency of Nfatcl, whether in the endocardium or the
myocardium, or blockage of Calcineurin leads to absence of EMT and hypoplasticity
of the cushions #’. 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 1°. Absence of
Nfatcl-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 &,

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 8. 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 3% 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 1,
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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 . 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 2187188,

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 8%, 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 . 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 °1. 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 1%21%_ |t 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

(Thx18%) 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 1919
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 %719 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 1°2. 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, °°. 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 %4 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 200201,

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  TBX2, TBX3, TBX20, TBX5 TBX3, TBX5
BMP4 BMP2, BMPR1a SCN5a
NKX2.5 NKX2.5 NKX2.5
HCN4, HCN1 MSX2 D2

PITX2 GATA4, GATA6 IRX3

ISL1 MyoR CX40
SHOX2 D2

CX30.2 SCLC8al

CAV3.1 CX30.2

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 Thx2" cells of the inflowtract of the early tubular heart
contribute to most of the AVC, which is first distinguished morphologically around E9 1.
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 8. 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 2%, At this stage,
and at the atrial side of the annulus fibrosus, the definitive AVN and AV bundles form from
Thx3™ 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 2%, 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 20420,
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 2°62%7. 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 2%2%°, 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 21921 The GATA family
members, GATA4 and GATAG, 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) 22213, GATAG, on the other hand, has been shown to regulate
expressions of ID2 and sodium-calcium exchanger NCX1 (SLCB8al), 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) 2. 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 (Thx3") 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 %2, The sub-endocardial myocytes of the septum trabeculae give rise to the BBs,
whereas the Purkinje fibers are derived from the trabecular myocardium 2%, 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 2. 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) 238,
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 1D2
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 #'°. 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 %2 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, ACVRI, BMPR2,
BMPRI1, TBXI, FGF15, FGF8, FGFR1/2, GATA6, SOX4,
PTK2, SEMA3C, NRP1, PBX1, PAX3

TGA NRP1,FGF8, ACVR2b, CFCl1, GDFI, NODAL, ZIC3,
HSPG2

DORV NF1, TGFB2, BMP2/4, BMPR21, FGF15, FGFS8, FGFR1/2,
SMAD4, PSEN1, BIRCS, 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) 22, 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 cases??’. 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,

BAYV 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 22°. 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 2, 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 2%?%, 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 2,
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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 2,

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
GATAS5, and 3) the matrix nuclear gene matrin 3 (MATR3) 235237270 jjth 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 2327 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 °. Whether this deletion was

44



global or endocardial-specific, the partial RN-BAV penetrance was still observed. Deletion
of the Activin type | receptor (Alk2), an important regulator of EMT, from the cushion
mesenchyme also resultes in BAV 2%, A role for HOXAL and NKX2.5 has been highlighted
from animal studies in valvulogenesis since inactivation of Hoxal or haploinsufficiency of
Nkx2.5 lead to partially penetrant RN-BAVs (24% for Hoxal and 8.2% for Nkx2.5 models)
240241 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 BAV?#, 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 2. Genome wide
association studies have also identified chromosomal regions 5q, 99 (NOCTH1), 13q, 17q

(KCJIN2) and 18q to contain genes associated with BAV (Table 1.3) 235244245,

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 4. 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.
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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,

Genes

Human valve phenotype

Animal model valve phenotype (mouse)

Trasncription factors
NKX2.5
HOXA1
GATAS
MATR3

Enzymes
NOS3

Channels
KCNJ2

Ligands
NOTCH1
JAG1

Receptors
TGFBR2
ALK2

Chromosomal regions
Loci 5g-gene unknown
Loci 9g-gene unknown
Loci 13g-gene unknown
Loci 17g-gene unknown
Loci 18g-gene unknown
Xp gene

Not reported

Not reported

BAV with aortic stenosis and regurgitation
BAV with coarctation of the aorta

Not reported

BAV with coarctation of aorta

BAV with aortic aneurism, calcification (5%)
Not reported

BAV with aortic aneurism
Not reported

Partial penetrance of BAV
Partial penetrance of BAV
Partial penetrance of BAV
Partial penetrance of BAV
Partial penetrance of BAV
BAV

Partial penetrance of BAV (8.2%) with aortic aneurism
Partial penetrance of BAV (24%)

Partial penetrance of BAV (30%)

Partial penetrant BAV with PDA and CoA (15%)

Partial penetrance of BAV (41.6%)

Not reported

Partial penetrance of BAV
Partial penetrant BAV with VSD (34.6%)

Not reported
BAV with aortic insufficiency and/or stenosis

Signal transducer
SMAD6 BAV with mild aortic stenosis
BAV with mild aortic stenosis and coarctation

of the aorta

Not reported

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 24247, 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 248249, 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 250251,

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 %4, 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 243252 As a result, a
disturbance in their functionality leads to a prolonged QT interval and an abnormal T wave
as shown on the ECG 2%,

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 42%, Given the important role that calcium plays within the nodal cells, especially
during the excitation-contraction coupling process, human mutations in the sarcoplasmic
Ca?*-binding protein Calsequestrin (CASQ2) and the Ryanodine Receptor type 2 (RYR2), as
well as mouse ablation of the Na'/Ca®" exchanger (Ncx1), have been shown to result in
conduction abnormalities including ventricular tachycardia, sinus bradycardia, and
elimination of the SAN pacemaker activity 2°®2® 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 2°. 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 269261, 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 2*°,

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 262263 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 22, 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 2°2, Further details on the molecular mechanisms governing proper limb

formation will be explained in Chapter 111.

1.5.3.2. Examples of heart and limbs diseases
Human CHDs with heart and limb defects occur 1 in every 5000 live births 2°. 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 2°°. Many genes have
been found to be crucial for heart and limb development; for example, TGF-p, BMP4, MSX-
TFs, retinoic acid receptors and SHH. TGF-p 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 260254 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 2%°. 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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1.5.3.2.2.

1.5.3.23.

1.5.3.24.

digits). HOS is inherited in an autosomal dominant manner with TBX5 being the
disease causing gene 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 2%, 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 2,

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 267268,

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 2%°.

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 GATAG in heart and limb formation and to identify the cellular and molecular

pathways underlying its action (s).

1.6.2. Hypothesis: GATAG is expressed in several cardiac cell types and mutations in
GATAG are associated with variable cardiac phenotypes in human. Proper heart
formation and function require well-orchestrated interaction between different cell
types. | hypothesize that GATAG plays a cell specific role in heart morphogenesis
and homeostasis and that disruption of GATAG6 from different cell types will lead to

distinct cardiac phenotypes.

In the first and second chapters, we report a novel role for GATAG in the formation of the
aortic valve and the sinoatrial node. In the third chapter, a role for GATAG 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 GATAG 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 GATAG gene variants were analyzed in 452 BAV cases from the BAV consortium
and 1849 controls from the Framingham GWAS study. GATAG6 expression was determined
in mice and human tissues using gqRT-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. GATAG 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 GATAG 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
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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 alone®. 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 aortopathy?. 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)?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 13g* with BAV with MATRIN3 as the
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candidate 5g9 gene®. Mutations in NOTCH1 and in GATA5 —a regulator of the Notch
pathway- have also been identified in some BAV patients®’. Loss of function mutations in
genetically engineered mice confirmed a causal relationship between the Notchl 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% °. 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 intervention'®'t, BAV morphology also
results in different types of aortopathy and distinct hemodynamics across the ascending
aorta'?. 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 BAVS. In the case of RL-BAV, an inbred line of Syrian hamsters for which the
genetic basis remains unknown is available®®. Both RL and RN type BAVs were reported in
mice lacking Jagl in cardiac cells or Notchl in endothelial cells; these mice have additional
cardiac defects and compromised postnatal survival*. 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 GATAG6
transcripts and protein levels are lower in the valves and aorta of individuals with BAV as
compared to those with TAV and that three GATAG6 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.
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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 described'®. 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 described®. Wnt1-
cre (129S4) and Isl1l-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 described®®.

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-um 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 previously®!’. The GATAG antibody'® 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 (Serl0) antibody was from
MILLIPORE (06-570, dilution 1/750). The biotinylated anti-Goat 1gG 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).

gRT-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 described!’. Total amount of

DNA was maintained constant by adding appropriate amounts of empty DNA vector. The
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BMP4-Luc and GATAG6 constructs were previously described’. Full length MMP9-Luc
reporter construct!® 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, DAC70, 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 GATAG6 proteins was
assessed using nuclear extracts and the proximal GATA site from the BMP4 and MMP9

promoters as described previously®.

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,;

5um 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/cqgi-bin/study.cqi?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 (2x2

contingency table) was used. For luciferase assay, statistical analysis was done by one-way
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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 BAVS, 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)
formation®®.Similarly, Gata4* Gata6* mice die embryonically at E13.5 due to vascular and
OFT defects®®. 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,
gRT-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 1, 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 1, 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 calcification? (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
valve??, 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 BAV?. 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 PLXNAZ2 (Plexin A2)- a
semaphorin receptor expressed on CNCC-** were similar in Gata6™ and Gata6*™*
littermates (Supplementary Figure 2.1 E, right panel). Immunohistochemistry revealed a

similar SEMAS3C 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
proliferation®®. 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
GATAG, whose deletion from the anterior heart field (AHF) alters OFT septation®®28, was

significantly decreased (48%) in Gata6™ hearts (Figure 2.3 D).
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We tested whether MMP9 is transcriptionally regulated by GATAG. 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 GATAG6 expressing vector and MMP9 luciferase
constructs showed significant GATAG 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
GATAG6 have been reported in congenital heart disease associated with OFT defects (Figure
2.4 A and supplementary Table 2.1)?". 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 GATAG6 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

GATAG 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 cushions?®. 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 trunks®®. 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
remodeling®. 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 GATAG6
is present in all these lineages'®®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 Gata6™ ! mice with Tie2cre, Wntlcre and Islicre mice respectively.
No BAVs were found in mice with a deleted Gata6 allele in endothelial (Tie2cre+ G6"VF)
or neural crest (Wntlcre+ G6"Y™) cells. However, removal of one copy of Gata6 from Isl1+
cells resulted in BAV in 44% of Islicre+ G6"YM mice and recapitulated the valve phenotype
of Gata6*" mice (Figure 2.5 A, B and C). The BAV frequency in Islicre+ G6"Y™ mice was
significant as assessed by the Fisher Exact Test (p=0.0021). Thus, GATAG6 appears to be

essential in SHF cells for proper aortic valve formation.

2.9.4. GATAG 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 GATAG6 expression in human tissues of
individuals with BAV and TAV. In human aortic valve tissues, GATAG 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 GATAG 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. GATAG 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,
13qg, 17q and 18q, have been associated with BAV in families*3*34  MATR3, the gene
encoding MATRINS, is located on 5q; it is reportedly linked to human BAV and its deletion
in mice leads to partially penetrant BAV®. The identity of the causative genes within the
other linked loci remains undetermined. The GATA6 gene is located on 18qll.2 and
mutations in GATAG6 as well as a microdeletion including GATA6 have been reported in
patients with congenital heart disease®>3¢. The present study shows that GATAG 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.

GATAG belongs to the GATA family of zinc finger transcription factors and is
predominantly expressed in the heart and gut®®. 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 defects®’*®., No gross defects were reported in Gata6
heterozygote mice. The data presented unravels a new role for GATAG6 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 GATAG regulated genes such as
BMP4 and MMP9. BMP4 is a known GATAG target'® and this study identifies MMP9 as a

new GATAG 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, GATAG6 expression correlates
with increased invasion and metastasis while in vitro gain and loss of function indicate that
GATAG levels regulate cell migration and invasion®®. 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 VSD*C. Similarly, loss of metalloproteinase Tolloid —like
(TTL-1) leads to incomplete formation of the interventricular septum in TII-1 knockout mice.
An insertion mutation in the exon 10 of TLL-1 was found in patients with ASD, VSD and
PDA*. Another matricellular protein, Cysteine-rich angiogenic inducer 1 (CCN1), plays a
role in heart development as Ccnl-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 phenotype®. 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 ossification*®. 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 delineated**. 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 therapies?.
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)®%. Loss of the Notch
ligand Jagl 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 viability!*. 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 controversial*?
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 repair®. 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: groupl: 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).
(1) Trichrome staining of PO valves from frontal heart sections showing thick aortic valves in
Gata6*" when compared to Gata6*'* littermates. Movat pentachrome staining showing
abnormal ECM in PO Gata6*~ Ao valves marked by increased blue staining within the
leaflets of the Ao valves. Scale bar: 400um. Values are mean + SEM .*P < 0.05.
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Figure 2.2
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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 um. (B) Masson
Trichrome stain showing total collagen (blue) content in bicuspid and tricuspid leaflets of
Gata6*"" compared to their wildtype littermates. Scale bar: 100 pm. (C) gRT-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)
50pm, (E) 100um.
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Figure 2.3
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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: 40um. (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: 40um. (D) gRT-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 GATAG (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
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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 GATAG proteins on full length MMP9 promoter. Transient cotransfection was
carried out in NIH3T3 cells using 70, 125 and 500 ng of GATAG 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 GATAG. Statistical analysis was done by one-way
ANOVA followed by Dunnett’s multiple comparison post-hoc analysis.
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Figure 2.5
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Figure 2.5: Islicre* G6YYF mice recapitulate the phenotype of Gata6™- (A) Percentage of
BAV in the different mouse lines. The incidence in Gata6* was compared to Gata6*'*
littermates; Isl1icre+Gata6™'™ was compared to cre-Gata6"'™. (B) Trichrome and Alcian
Blue staining of transverse sections of adult aortic valve from Islicre-Gata6"'™ and
Islicre+Gata6"'™ 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: 200um. (C) Trichrome staining of PO valves from
frontal heart sections showing thick aortic valves in Islicre+Gata6"'™ when compared to
Islicre-Gata6"'™ littermates. Movat pentachrome staining showing abnormal ECM in PO
Islicre+Gata6"""F Ao valves marked by increased blue staining within the leaflets of the Ao
valves (n=6-9 per group). Scale bar: 400um.
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Figure 2.6
A

r;sm Irs}]ﬁbdl r=8506338

E i : rsl'ﬂm mlolasaoss rfm rsm?T
7241233 1721893384 11211083391 1 i i i i
: ! : ! : ! .rs1?%4572.rs77'175m| rsllm rsﬁ&il’l.'ni
h e seges 1L 1
o H, : ) = | [ !
7
rront ro? o3 inrond inronS o
< _ome | > <{ucnes
B Nb SNP ID Odds Ratio P-value C
(OR) Microarray Data
1 rs7241299 1478 0.00283 00+ A
2 rs79023008 1.492 0.00236 R
3 151893384 1314 0.00095 i o
& rs3017041 1271 0.00366 §
5  rs11083391 1.457 0.00401 H
6  rs6506998 0.720 0.00683 e
7 rs117538496 0.786 0.273 i
8  rs16964572 0.563 0.142 g
9 rs10454095 0.967 0.685 74
10 rs67205814 1.062 0598 i
11 rs7240020 1.025 0.762 i
12 rs16964670 1.036 0.759 72+ —
13 rs11665232 1.256 0.00323 e T~
14 rs4800397 0.793 0.00404
D E RL.BAV

Tricuspid-V aorta

[ g £
R L >
(97

bed 24

s

AN
P
1o

NCID GATAB
&

LA

13368 s g i

s W L 4
S A
S T ACE PR 71
S Ny £ Fo T g
<0 R 1 P A
% Yu 'R - AL T
» R, APl L= rlad e

RN-BAV aorta
i A

115

(e

GATAE haploinsufficiency

EMT >Remodeling
stage stage Mature
valve

s Reduced ECM
degradation

. Reduced Cell
death



Figure 2.6: GATAG 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 GATAG is shown. (C) Microarray analysis of human aortic valve samples.
Boxplot of gene expression levels in human aortic valves for GATAG6 according to the two
groups of aortic valves (calcified BAV and non-calcified TAV controls). The y-axis presents
the mMRNA expression levels for GATAG6 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
GATAG, 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
GATAG in tissues from RL-BAYV patients. The data are representative of n=6 for each group.
Scale bar: 20 um. (E) Representative summary model of BAV etiology in Gata6* mice.
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Supplementary Figure 2.1
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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: 100um (B) Smooth muscle alpha actin staining. Scale bar: 100um. (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 gRT-PCR (normalized to RPS16, n=5-8 per group). Scale
bar: 100um.Values are mean + SEM.*P < 0.05.
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Supplementary Figure 2.2: Details of the workflow of human GWAS analysis
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Supplementary Figure 2.3
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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 GATAG 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
GATAG6 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 GATAG. 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 2.1: Cardiac Phenotypes associated with the examined GATAES human
mutations.

Mutation Phenotype Pubmed ID
T452A ASD 22158542
R456C Cor;genital diaphragmatic hernia with Tetralogy of Fallot {TOF) 24385578
TO 22158542
TA, perimembranous V5D 22158542
R456H PDA, V5D, hypoplastic left pulmonary artery 22158542
N466H PTA 19666519
N4660D PDA 22158542
N4665 ASD, PS, PDA 23639568
A4B7T ASD, PS 22158542
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Supplementary Table 2.2a: Demographic population and clinical variables

Variable Case (n=452) Control (n=1834)
Male gender—n (%) 336 (74%) 836 (46%)
Age —mean * SD 54+ 11 60 +12
BMI (kg/m2) - mean % SD 28+5 25+4
Diabetes 88 (19%) 16 (0.87%)
Smoking 10 (2%) 1402 (76%)
Hypertension 281 (62%) 456 (25%)
Hyperlipidemia 266 (58%) 993 (54%)
Aortic Stenosis 190 (42%) 0

Thoracic Aortic Aneurysm 180 (40%) 0
Coronary artery disease (CAD) 81 (18%) 0

Surgery (valve replacement) 334 (74%) 0

Supplementary Table 2.2b: Human GWAS analysis: Base pairs (BP) and location of each of the reported

SNPs
CHR SNP-rs BP Al A2 MAF OR L95 ugs P
18 rs7241299 19292517 G A 0087 1478 1144 1.909 000283
18 rs79023008 19,323,399 C T 0087 1492 1183 1.931 0.00236
18 rs1893324 19,351,244 A C  0.205 1314 1118 1.545 0.00095
18 rs3017041 19,355,507 G A 0.209 1271 1.081 1.495 0.00386
18 rs11083391 19,447,927 G A 0.089 1457 1128 1.884 0.00401
18 rsG506998 19,710,668 C A 0138 0720 0568 0.914 0.00683
18 rs117538496 19,763,287 C T 0.0386 0786 0512 1.209 0.273
18 rs 16964572 19765739 C T 0015 0562  0.261 1.212 0.142
18 rs10454095 19777440 T C 0356 0967 0824 1.136 0.685
18 rs67205814 19778036 T L U b 1.062 0.848 1328 0.598
18 rs7240020 19778928 C T 0378 1025 0874 1.203 0.7e2
18 rs 16964670 19780216 A G 0135 1.036 0826 1.301 0.759
18 rs 11665232 19914353 G T 04386 1256  1.079 1.462 0.00323
18 rs4500397 19947663  C A 0408 0.793 0677 0.929 0.00404

* Baze pairs [BP) andlocstion of eschSMP is reported based on hgl2and Chreh37 sssembly

Supplementary Table 2.2b: Measured SNPs in the GATAG 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 GATAG6 genic
region is chr18:19,749,404-19,782,491.
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Supplementary Table 2.3: Clinical characteristics of patients used in the microarray study

according to the two groups of aortic valve in the microarray study

Characteristics Bicuspid Tricuspid P value®
(n=12) (n=12)
Age (years) 623+69 585+55 0.146
Gender (% male) 100 100 MNA
Weight (kg) 81.7+18.4 848+138 0.637
Body surface area (m2) 19+02 20+02 0.334
Waist circumference (cm) 98.7+12.5 [2] 103.3 £ 11.4[9] 0.578
Body mass index (kg/m32) 282+55 2T 7+37 0.781
Aortic valve area (cm2) 1.4+0.32 MA MNA
Indexed aortic valve area 07+02 MA MA
(em2im2)
Mean gradient (mm Hg) 144+54 MA MA
History of CAD 2 [6] 2 [6] 1
Hypertensicn 6 3 0.400
Dyslipidemia 9 8 1

*T-test and Fisher's exact test were used a5 sppropriste.

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 tissue samples
were derived

FHx of FHx of

Age Sex HTN Al Smoking DM Dysl. CAD Stroke  AcD AoVD AoD AcVD AS
‘ﬂ% Patent1 | 59 WM 0 A1 0 0 0 0 0 0 1 1 1 0
SPatient?2 |82 F 1 0 1 o 1 1 0 0 0 1 1 1
f: Patient3 | 76 F 1 1 1 0 0 1 1 0 0 1 1 0
gPatient 4164 M 0 1 0 0 0 0 0 0 0 1 1 0
ZPatients [ 83 F 1 1 0 1 1 0 ] 0 0 1 1 0
E Patient6 | 71 M 1 1 1 0 1 0 0 0 0 1 1 0
2 Patient7 | 65 M 1 1 0 o 1 0 0 0 0 1 1 0
ZPatientd | 58 M 1 1 1 o 1 0 0 0 0 1 1 0
SlPatient9 | 53 M 1 1 1 o 1 1 0 0 0 1 1 1
E.E Patient 10| 38 M 1 1 1 0 0 0 0 0 0 1 1 0
ﬁ Patient 11| 57 WM 0 1 0 o 1 0 0 0 0 1 1 0
Elpatient 12| 55 M 0 - 0 0 0 0 0 0 0 1 0
wPatient13| 72 M 0 0 1 1 1 1 0 0 0 1 1 1
é Patient 14| 66 M 0 1 0 o0 0 0 ] 0 0 1 1 1
S|Patient 15/ 50 M 1 1 0 o A1 0 0 0 0 1 1 0
ﬁ Patient 16| 72 M 0 0 1 o 1 1 0 0 0 1 1 1
g Patient 17| 34 M 0 0 0 o0 0 0 0 0 0 1 1 1
¥ |Patient 18] 62 M 1 1 1 1 1 1 0 ] 0 1 1 0

Supplementary Table 2.4: Demographic information of patients from whom aortic
tissues were derived. HTN: hypertension; Al: 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. Chapter I1: GATAG regulates structure and function of the cardiac
Sinoatrial Node
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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 GATAG 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 GATAG 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 GATAG is required in multiple cell types for
proper SAN formation and that GATAG is a regulator of the cardiac pacemaker.

Key words: GATA proteins - Sinoatrial node - cardiac conduction system — Atrial

fibrillation

129



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 myocytes?. 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 #. On the other hand, a partial or complete block of the signal conduction to
the AVN or Purkenje fibers would result in atrioventricular block *. 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 °. Its frequency increases with aging and it occurs in isolation or in association
with other complications such as dementia, stroke and heart failure ®’. 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
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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 Thox factor TBX5 and the
homeodomain TF NKX2.5 have been reported in many cases with familial form of AF. Six
GATA4 and seven GATAS 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 ®12,

A role for GATAG 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 *°. GATAG 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 °. In this model, a truncated GATAG 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 GATAG6 or may be

the consequence of the truncated GATAG protein interference with other CCS regulators.

To determine whether GATAG 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 6. Cell-
specific knockouts mice were oftained by crossing the Gata6™ " line with the respective cre
lines. Embryos and adult heart tissues were fixed with 4% paraformaldehyde in PBS,
paraffin embedded, sectioned at 4-um 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 10X 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)%?) *°.

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 °. 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 2°. 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 GATAG and TBX5 antibodies 2% 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 1gG 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 8. A single right atrium
was used for each sample while 4 SAN were pooled to achieve sufficient mRNA
concentration. Total mMRNA 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: gRT-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"44°t 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 gRT-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.
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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 % (Figure 3.1 B). GATAG expression starts on during gastrulation
and persists throughout embryogenesis and adulthood. Whithin the cardiovascular system,
GATAG 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 2627, GATAG 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 °. We examined expression of GATAG in the
SAN and right atria. gRT-PCR performed on dissected SAN from control mice revealed the
presence of GATAG6 and GATAA4 in cells of the sinoatrial node (Figure 3.1 D).
Immunohistochemistry (IHC) staining showed that GATAG is expressed throughout the heart
and confirmed its presence in HCN4 and GATAA4 positive cells composing the SAN as early

as E14.5 (Figure 3.1 E).

Gain and loss of function mutations in GATAG are associated with outflow tract
defects or CCS abnormalities, such as familial AF ®? (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 PO 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 Hen4 and Thx3 and ectopic expression of TBX3 and HCN4 is found in
the heart tube of Nkx2.5 deficient mice 2. 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*~ PO 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 Thx3+ 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
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development (E11.5 and 14.5). Consistent with the presence of a dysregulated CCS program
on E11.5 heart embryos revealed, gRT-PCR analysis revealed decreased conduction
channels expression (KIR3.1 and CX43), and decreased expression of the stress marker
ANF, shown to be regulated by GATAG%! (Figure 3.4 A). Staining for HCN4 and TBX3 in
E14.5 emrbyos revealed a decreased number of Hecnd+ and Thx3+ cells in the SAN,
indicative of fewer conduction cells in Gata6*" (Figure 3.4 C). As expected, staining for
GATAG 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 2. We checked whether GATAG 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 GATAG expressing vector and TBX3 luciferase
construct showed a significant dose dependent GATAG 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 GATAG directly regulate a key CCS gene.

3.9.3. Cellular basis of GATAG 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
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the atria, the more these myocytes resemble the atrial myocytes and lose their pacemaking-
like cells phenotype *. 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 Gata6™™ mice with Tie2cre and Islicre mice respectively. Deletion of Gata6 from
neural crest cells (NCCs) was also performed using Wntlcre since a contribution of NCC to
the CCS has been suggested **. Analysis of embryos from timed matings suggested high
perinatal lethality when both Gatab6 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 Isllcre+G6™ and Tie2cre+G67/™) (Figure 3.6 A). Histological analysis
of Wntlcre+G6™ and Tie2cre+G6™F embryos revealed a smaller hypocellular SAN,
recapitulating the phenotype observed in the Gata6* model. The SAN of both lines revealed
a significant decrease in GATAG expression along with a decreased presence of HCN4 and
TBX3 expressing cells (Figure 3.6 B). Similar analysis of Isl1cre+G6™™ 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 Wntlcre+G6"Y™ 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+G6"YF mice displayed prolonged QT interval,
whereas Isl1cre+G6"Y showed prolonged PR and QRS intervals (Figure 3.7 B).
Whntlcre+G6"YF 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 GATAG6, HCN4 and TBX3 in most cases (Figure 3.7 C). Taken
together, these results suggest that GATAG 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 . Lineage tracing analysis have
shown a major contribution of ISL1+ progenitor cells to the SAN and SV 3. 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 3. 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 GATAG in SAN
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formation. To undertand the role that GATAG 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, GATAG6 can promote their angiogenic function and survival
and can induce endothelial adhesion molecules such as the endothelial vascular adhesion
molecule 1 (VCAM1) *"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 %°. GATAG
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 GATAG leads to perinatal mortality mainly due to
OFT defects 2. Human mutations in GATAG also cause OFT defects and when tested, the
mutants proteins failed to transactivate Sema3C and its receptor plexin A2 (PInxA2) 4°. Our
results reveal that NCC-inactivation of Gata6 using Wntl-cre leads to defective SAN
formation (Figure 3.6 B). However, lineage tracing analysis for Wntl expression using the
R26R reporter does not show labeling within the SAN 4. 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 %, 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 “2. 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 *3. 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 4,
Interestingly, GATAG have been shown to induce Ednl expression in vascular smooth
muscle cells in response to inflammatory stimuli and to regulate its promoter in a dose
dependent manner when forcely expressed #4. 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 GATAG 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 GATAG in the formation of the distal conduction system.
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Figure 3.1
A Age RR HR PR P QRS AMP ofR STLEVEL STELEVATION QT QTCF FC
(days) duration
Avg Gatag'' (n=14) 116.29 131.50 461.76 40.14 10.85 10.21 0.8 0.01 0.04 38.40 75.53 0.46
Gata6 114.20 14235 430.80 4508 1175 1061 0.6 ©0.02 0.00 4355 8346 043
SEM Gata6" 461 380 1318 106 076 033 00 0.01 0.01 165 3.00 001
Gatab' 5.73 542 1637 103 107 025 0.0 0.0 0.01 136 183 002
Gata6** Gata6*"
3 T PR VQT
£ PR QaTt
ms
SAN
[]
E 3 LA i
’ 1
& RA / '
- " ‘
f P ’
B 200um X0pm 80 ¢
d _— —y =0
o i * * xxx *% TRt
c w \ey
R=] <L LA ,' \
I a3 1 A = Ao
8’ < / '
5 (6] RA » I
S P
s b y
° : -4
= Ssaozlt
=
J
% X
§ = LA 1’ \'
= = RA s
= O ’ ‘l

148



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, GATAG,
GATAG6, 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"22°t 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: 400um. 200um.

149



Figure 3.2
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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: 400um. (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: 200um.
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Figure 3.3
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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: 400um. 100um.
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Figure 3.4: Reduced Hcn4+ and Thx3+ cells in the SAN of Gata6*- (A) gRT-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 EDNI1(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 GATAG6, GATA4 and TBXS5, 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: 100um. (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 GATAG6 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 um. (C)
Frequency of genotypes obtained from generating Tie2cre, Wntlcre and Isllcre conditional
knockout mice. Embryonic and perinatal lethality of cre+ G6™F' is demonstrated by the
reduced frequencies of those embryos at various developmental stages.
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Figure 3.6
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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, Wntlcre and
Isllcre conditional knockout mice. (B) Immunohistochemistry staining for HCN4, GATAG,
and TBX3 in the SAN of E14.5 embryos control and cre+Gata6™™ mice. The micrographs
are representative of similar findings in 4-5 embryos for each genotype. Scale bar: 100 um.
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Figure 3.7: Conduction defects in heterozygous conditionally deleted Gata6 embryos.
(A) Masson trichrome staining on adult heart from Tie2cre+, Wntlcre+ and Islicre+ G6W/F
mice. Scale bar: 2000 um. (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, GATAG, and TBX3 in the SAN of E14.5 embryos control and cre+Gata6™"
mice.The micrographs are representative of similar findings in 4-5 embryos for each
genotype. Scale bar: 100 um.

161



Table 3.1: Summary of conduction defects Table 3.2: Frequency of smaller SAN

Genotype n Defects

Genotype Percentage
Gatag™" 33  Mone Control None (0V8)
Gatag™ 15 Prolonged PR and QT intervals, ST elevation Gatas™ ) 100% (6/5)
Tie2cre™ Gﬁ-h": 505 E‘”S]‘
Tie2cre™ G 8 Prolonged QT interval Tie2cre” G877 100% (2/2)
Wnt1 CFE_GEW-F 40% ws}
* WE "
Wntlcre™ G8 12  Increased amplitude orR Vintlcre® G5 83% (516)
21 cre+ GEwm 9 Prolenged PR intervaland P duration, ST elevation, sl cre+_GE~'-4-='-': 67% (2/3)
decreased ORS interval sl 1cre” G&™ MD
* Electrophyvsiclozical defects asszssad at 80-115 davs LA strocturs assessad at E14.5
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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
Gatab 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 GATAG 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 GATAG 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: GATAG - 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 *. 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 #. 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 ). 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 ® (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 87, 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 °. 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 °.
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 (Lamab,
Itga3/6, Adamts5/9/20) and signaling molecules (Sostdcl, Sfrp2, Ptchl) 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. GATAG 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 1. 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 GATAG6 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/B-CATENIN/FGF signaling is leading to SD in Gata6* hindlimbs. Together,
our results indicate that GATAG 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 2. Staged mouse embryos tissues were fixed with 4%

paraformaldehyde in PBS, paraffin embedded, sectioned at 4-um intervals, and processed.

Immunohistochemistry. Immunohistochemical studies were performed as described
previously 3. 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 GATAG antibody * was used at a dilution of 1/1000. Goat polyclonal 1gG
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 EImer (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 °. 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 .

Electrophoretic mobility shift assays. Nuclear extracts from AD293 cell line overexpressing
GATAG6 WT protein were used. The DNA binding activity of GATAG6 protein was assessed
using nuclear extracts and GATA site from the SOX9 promoter as described previously 4,
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 PO 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 GATAG6 in skeletal muscle and limb
formation. Therefore, the expression of GATAG 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
GATAG (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
GATAG 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 GATAG 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) /.

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 gRT-
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 ** 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 820, 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 2. 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 #. gRT-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, GATAG6 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
GATAG 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
GATAG 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 GATAG, along with SOX9 luciferase-fused promoter, showed that
GATAG can significantly activate the SOX9 promoter in a dose dependent manner (Figure
4.3 D and E). GATAG6 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 GATAG 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 GATAG6 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 2°.
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 2’. 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 (MSXland 2), the
retinoic acid and the WNT/B-CATENIN signaling 5. 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 2.
gqRT-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
B-catenin, FGF4 and Laminin 5 (LAMADS5) were upregulated in both the left and right
hindlimbs (Figure 4.3 A and 4.4 D). Interestingly, overexpression of FGF4 or f-CATENIN
in the limb bud of transgenic mice lead to SD due to reduced ICD 2%, 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 % 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 GATAG6 as an
upstream regulator of SHH %, In addition, we report a role for GATAG in regulating the
expression of SOX9 within the limb bud. We suggest that GATA6 works upstream of SHH
and SOXO9, 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/B-CATENIN
signaling. Hence, increased expression of B-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 GATAG 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 Elis-van Creveld syndrome
(EVC), Holt-Oram syndrome (HOS) 3! 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 3233, On the other hand, SD is observed in patients with Timothy
syndrome, a condition affecting the heart conduction system- long QT interval 3. 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 %. 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 3. 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 3.

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. GATAG 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 343, 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
). 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 GATAG in different cell types/structures. Together, these
findings support a role for GATAG 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 GATAG is also found to be highly expressed.
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Table 4.1: Mouse models of hindlimb and forelimb syndactyly and polysyndactyly

Gene Genotype Phe_not)_(pe of Phenotg_(pe of Pubmed ID
Hindlimb Forelimb
SP6 Sp6+- Syndactyly of Syndactyly of digit Il 18297738
digits Il and IV and lll or II, I, IV
HOXD13 Spdh/Spdh Preaxial/postaxial/ce 11850178
ntral Polysyndactyly
Hoxd13+21Ala, Postaxial 19075394
Spdh/Spdh Polysyndactyly
HOX11,12,13 Del/Del Polysyndactyly Polysyndactyly 8900279
ADAMTSY Prx1-Cre; Syndactyly Syndactyly 24753090
Adamts9delfiox
MEGF7 Megf7-- Paolysyndactyly Polysyndactyly 16207730
LAMAS Lama5- Syndactyly Syndactyly 9852162
NID1, NID2 Nid1- Nid2-- Syndactyly Syndactyly 17023412
ADAMTSS Adamts5-;bt/bt Syndactyly 19922873
PTCHA1 Ptch1DL/Ptch1nul Preaxial Preaxial 23897749
Polysyndactyly Polysyndactyly
WDR35 Wdr35yetyet Postaxial Postaxial 21473986
Polysyndactyly Polysyndactyly
SFPR2 Sfpr2-- Preaxial Preaxial
Polysyndactyly Polysyndactyly 18729207
SOSTDCA1 Sostde 1 P ial
ostdc reaxia 23994639
Polysyndactyly
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Table 4.2: Human mutations causing polysyndactyly

Gene Syndrome Cardiac defect Pubmed ID
BBS20 Bardet-Biedl Syndrome NS 26763875
Hypoplastic left heart with mitral
valve stenosis, aortic valve
astresia, , left ventricule outflow
EVC Ellis van-Creveld Syndrome track obstruction, ventricular 23220543
septal defect
EvVC2 Ellis-van Creveld syndrome NS 21815252
preaxial-postaxial Polysyndactyly NS 25267529
complex
GLI3 Complex digital anomalies NS 21320477
Accrocallosal syndrome NS 23633388
Non-syndromic digital anomalies NS 21320477
HOXD13 Non-syndromic Polysyndactyly NS 26581570
Short rib-polydactyly syndrome NS 22795106
type Il (Verma-Naumoff)
NEK1 Short rib-polydactyl d
ort rib-polydactyly syndrome NS 22482978
type 1l (Majewski)
RAB23 Carpenter syndrome Enlarged heart, septal_defects, 25168863
patent ductus arteriosus
WDPCP Orofaciodigital syndrome coarctation of the aorta 25427950
Non-syndromic Polysyndactyly NS 22786669
ZRS Townes-Brocks syndrome Atrial septal defect, patent 22903933

ductus arteriosus

NS: non specified
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Table 4.3: Limb phenotype in Gata6"- mice (n=215)

Gata6** Gata6*"
Expected mendelian ratio (%) 50 50
Observed ratio (%) 52.1 47.9
Normal Forelimbs (n) 112 103
Forelimbs with
polydactyly/syndactyly (n) 0 0
% of Forelimbs polydactyly/polysyndactyly 0%
Normal Hindlimbs (n) 112 73/103
Hindlimbs with polydactyly/ 0 30/103
synpolydactyly (n):
RH only 23/30
LH only 2130
RH and LH 5/30
% of Hindlimbs polydactyly/polysyndactyly 29%

n= number of mice
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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 PO 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

A

E11.5

Forelimb

Hindlimb

@]

»

LH Rolative mRNA lovels
- -

GATA4

GATA6

188

Coples mumber | THP

o
b

e




Figure 4.2: Expression levels of limb regulators. (A) Immnohistochemistry staining of
GATA4 and GATAG6 in E11.5 and E13.5 wildtype forelimbs and hindlimbs showing
increased expression of GATAG in the anterior region of the hindlimbs. RH: right hindlimb.
LH: left hindlimb. A: anterior. P: posterior. Scale bar: 200um. (B) Expression levels of
GATAG6, 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.
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Figure 4.3
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Figure 4.3: GATAG 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 = 37 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: 400um, 25 um. (D) Schematic representation of
GATA and GATA-like binding sites on SOX9 full length promoter sequence. (E)
Transcriptional activity of GATAG6 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 GATAG. Electrophoretic mobility shift assay
was performed using nuclear extracts from AD293 cells overexpressing GATAG. Results
show a strong binding of GATAG6 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
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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: 200um, 100 um. (D) Expression of genes linked to SD was
assayed by gRT-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
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Figure 4.5: Representative summary model of poly-syndactyly formation in Gata6*-
mice hindlimbs. GATAG, 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/f3
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.
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5. General Discussion

GATAG6, 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. GATAG
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 GATAG 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 GATAG in secondary heart field (SHF)
cells for proper aortic valvulogenesis. Moreover, we demonstrate that GATAG is required for
cardiac conduction system (CCS) formation. GATAG6 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 GATAG, similar to TBX5 in HOS, is a potential heart-limb defect causing gene.

5.1. GATAG 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 ®. Human
mutations in important TFs regulating heart morphogenesis, such as GATAG6, have been
shown to lead to these phenotypes 23. Mutations in GATAG have been reported in patients
with PTA, ASD, VSD, PDA and TOF as well as in patients with atrial fibrillation (AF) 2%. In
mice, deletion of Gata6 using Sm22-cre or Wntl-cre leads to OFT defects, hence, pointing to
a crucial role for GATA6 in OFT septation °. GATAG6 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
GATAG6 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 °. Together with our
findings, these data suggest that GATA6 might be involved in ECM regulation and

remodeling processes.

Early evidence for a function of GATAG 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 GATAG 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 GATAG 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
GATAA4 is suggested in the build-up of the extracellular components required during this

process 8.

Beyond cancer, a role for GATAG in airway remodeling was reported in a murine model
of chronic asthma. This remodeling was shown to occur via regulation of calveolinl (CAV1),
a scaffolding protein important in the regulation of airway epithelial integrity, inflammation
and fibrosis, and known to alter ECM proteins expression *1°. Expression of GATAG in this
model was shown to be elevated, whereas expression of CAV1 was inversely correlated.
Silencing of GATAG 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 °. Taken together, these studies support a role

of GATAG 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 GATAG6 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 . Whether GATAG 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 | and I1lI) and disturbed
MMP/TIMP ratios have been implicated in this process 2. Mutations in GATA6 have been
reported in patients with AF “. Our results reveal an important contribution of GATAG 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 3. Whether
these mice are naturally susceptible to develop late onset AF or whether GATAG6 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 GATAG 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 GATAG in limb matrix
regulation. These findings are suggestive of a putative common role for GATAG6 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 4.
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

200



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) -7, 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 *8. 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 °.

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 °. 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 | 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 2.
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 GATAG (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 %),
pharmaceutical (treatment with isoproterenol, a beta-one adrenergic receptor agonist 24) or
electrical (generation of burns in exposed hearts %) 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 %. 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 ?. 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 LdIr ™~ and ApoE ™~ mice %) as

well in assessing new therapies to prevent the progression of lesions #’.

The previously described models (LdIr 7~ 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 2°°. The presence of BAV is also associated with
increased risk of calcific AoV disease as well as aortic aneurisms 3!, Mutations in
NOTCH1 and GATAS have been shown to cause BAV and calcific AoV disease in human

3233 Mice, heterozygote for Notchl 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 343°,
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 Il treatments .

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 373,

5.3. Cellular basis of cardiac defects: cell autonomous and cell-cell
communication roles of GATAG

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-l 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 CRIML1 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 %,

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
22011.2 (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 “%4', 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 Ednl using
Tie2-cre leads to defective NCC migration and decreased heart innervation, supporting a

paracrine role for EDN1 in the regulation of NCC %2,

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 Notchl is
known to result in early embryonic lethality. Mutant embryos lacking endothelial Notchl die

early on, recapitulating the phenotypes of the total knock out model, and revealing an
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essential cell-autonomous role of NOTCHL1 signaling during vascular development in the
endothelium *. More recently, a role for SHF-NOTCH1 has been reported in ascending
aortic aneurysms (AscAA), a complication mainly associated with BAV. Notchl
haploinsufficiency was shown to exacerbate AscAA and this phenotype was recapitulated
when heterozygous deletion of Notchl was performed in the SHF lineage **. 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 GATADS 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 GATAS during valve formation. We report in this thesis, a cell-
autonomous role of GATAG6 during valve formation. Heterozygous deletion of Gata6é 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-GATAG®G in regulation of aortic valve
development. On the other hand, our results also reveal a cell-cell communication role of
GATAG 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 GATAG 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 ¥. 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
BAYV 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 Il (Ang Il) 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 GATAG and GATADS 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 4>6,
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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 7.

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, mMiRNAs 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 .

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 GATAG 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 GATAG 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 4.

Taken together, the findings reported in this thesis reveal that GATAG is a major

regulator of human heart development and screening for mutations in GATAG 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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Abstract: Over the past years, human amd molocular genetic studies have provided mew
understanding, of valve development and the molecular pathogenesis of bicuspid aortic valve
[BAV) disease. HAV is an mrinsomal domimant disease with mcompl etz penetrance and s found
o affect 1%—1% of the population. 11 can oocur in isolabion or coexists with other congendtal
heart diseases such as ventricular sepial defect and tetralogy of fallot. BAY is a risk factor
for premature cardiovascular disease and can lead to sewere complications affecting the acria
amil the valves. To date, NOTUH! and GATAS are the oaly genes linked to buman BAY, and
the genetic basis for most BAVYs memains unidentifiod. Large-scale screening as well as whole
cxome sequencing studies hald promise for uncovering BAV-causing genes. Similarly, molecu-
lar analysis of valve development in animal models is needed for better insight of normal and
pathalogic valve formation. Together, these approaches will undoubtedly acoelerate discovery
of diszase-causing genes opeming, the way for carly diagnosis of BAV and prevention of valve
degeneration and cardiovascular complications.

Keywords! congemital heart diszase, valvulogenesis, genetic scroeming

General sverview

The formation of the heart is a very complex process that begins at early stages of
fetal development and is orchestrated by complex regulatory networks ensurnng the
formation of a fully mature four-chamberad heart. The mammalian heart contains
three layers: an inner endothelial cell lining called the endocardium, sumounded by
a mescular component forming the majority of the heart called the myocardivm, and
an outer probective layer that emvelops the myocardum called the pericardium. The
umidirectional flow of blood into the whole body is ensured by the presence of thin
structures. composed of leaflets opening and closing with each heari coniraction
The valve leaflets originate from mesenchymal outgrowths known as the cardiac
cushioms. These cardiac cushions result from the transformation of endothelial cells
into mesenchymal cells through a process called EMT (epithelial to mesenciymal
transformation), where endothelial cells imvade the cardiac jelly separating the owter
myocardium from the inner endothelinm, at the base of the catflow tract (OFT). The
cushions containing mesenchymal-derived cells then elongate and underpo extensive
remodeling to pradually mature znd form thin leaflets known as valves. Mature valves
are composed of a highly organized extracellular matrix (ECM) consisting of three
distinct layers made of collagens (fibrosa), protecglycans (spongiosa), and elastin
{ventricularis).* The heart valves comprise the semilunar valves (zortic and pulmo-
nary walves), controlling the systemic flow of blood; and the atrioventricular valves
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(mitral and tricuspid valves), controdling the fow of blood
betweaen the heart compartments. The semilunar valves
arise from two types of cushions: the conotruncal and the
intercalated cushions sitwated at the OFT. The mature aortic
valve [ AoV) is composed of three symmetrical leaflets (also
called micuspid aortic valve [TAV]): the right and lefi leaflets
originate from the conotruncal cushions, and the posterior
aortic beaflet is formed from the right-posterior intercalated
cushion, adjacent to the conotrancal cushion.™* The proper
formation of the heart valves ensures the unidirectional flow
of blood into the systemic circulation.

Semilunar valve malformations are very common and
affect 2%%-3% of the population causing a variety of vahmular
complications inchading valve stenosis and‘or regurgitation ®
There are two types of valve diseases: 1) congenital valve
diseases that are present at birth such as bicuspid aortic
valva (BAY), mitral valve prolapse. and tricuspid atresia and
Xy acquired valwe diseases that develop later in life such as
valve calcification and dysfunction.” BAY s the most commaon
congenital abnormality affecting 1%:-2% of the population
with a higher (3:1) male prevalence® It resulis in the pres-
ence of two asymmetrical cusps or leaflets instead of three
symmetrical ones with the presence or absence of a raphe
{connecting ridge) on the larger leaflet marking the failure of
separation between leaflets (Figure 1). Familial chstering stud-
ies have shown that BAY is a heritable trait with a prevalence
of 9% among first-degree relatives and up to 24%; in families
where more than one member is affected. BAY follows an

Figurs | Rsorssnacion of o nonmal TAY and dfferent oroes of S5V,
Abbrevatio: Sz, sormg 82V, sorse wbes; B8, Bloumid sorsic wabag LA, luft

autosomal dominant mode of inheritance with incomplete
penetrance suggestive of pene—gpene and gene-emvironment
interactions.* "' Leaflets orientation varies widely among
BAV patients resulting in different types of BAYs classified
according io the leaflets position relative to the right and left
coronary arteries {Figure 1. The most frequent type in human
is the RL-type BAV resulting from fizsion of the right and left
coronary cusps and representing 39% of all BAV cases. The
RM-type resulis from fusion of the right and noncoronary
cusps and is less frequent accounting for 37% of BAY cases.™
A les common type, the LM BAN, results from a failme of
separation between the left and noncoronary leaflets. Recent
studies on animal models suggest that RL- and BN-fype BAVE
hawe distinct etiolopies: RL-type BAV results from defoctive
seplation during vabmlogenesis, while BN BAVs are cansad
by a defiect in the formation of the OFT cushions.™ Despiie its
importance, the underlying pathways leading to the different
types of BAY remain umdetermined.

BAY is a risk factor for premature
valvule-vascular disease

BAY occurs in iselation or coexists with other congenital heart
diseases such a5 coarctation of the aora, interruption of the
aortic arch, and ventricular septal defects. Individuals with
BAV are ofien zsymptomatic but are at an increased sk of
several life threatening events ranging from aortic stenosis
and regurpitation, anewrisms, and dilation and rupbure of the
aoria io infective endocarditis.'>" So it is clear that BAV isa

RL-type BAV

P, mitral vabv; MG, A, artwrr; PV, o

L, lufe
r r waivex; A& riche serix RAIC, righe corprary; RCA, right cororary wrterr; BL, e AR, right-
rarcororary; BY, right sentrichs; TAY, tricumsid scrsic sabmc TV, tricooid vake.
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nisk factor for many vabvulo-vascular complications. Increased
shear stress (effect of blood velocity and viscosity) is thought
b play a crucial role in the pathogenesis of BAV-associated
disease. The presence of BAY might be associated with
pressure overload that could in part be doe to the presence
of malfunctioning valves: both conditions are risk factors for
aortic dissection and napture.* The most commaon phenotypic
pattern in BAV disease is mid ascending aortic dilatation and
is commelated with older age, whereas the other pattern, aortic
root dilatation, is more associated with younger age and male
sy ' The normal aortic wall consists of an internal intimal
endothelial layer (intima), a medial layer imedia) composed
of smooth muscle cells with an ECM {rich in elzstic and col-
lagen fibers), and a covering protactive layer rich in collagen
fibers called the adwventia' BAV patients tend io develop
aortic dilation, which is thought to be due to a disruption of
the: ECM by itself, cansed by the lack of Fibrillin-1 and the
presence of a cystic medizl necrosis. Fibrillin-1 is a ghyco-
prodein that ensures the strong interaction between vascular
smooth musclhe cells and elastin and collagen-rich matnx as
well as maintaming the structural integrity of the aortic wall "
Studies have shown that regardless of the AoV function, BAY
patients have a defect in the structure of the aortic wall that
will eventually result in acrtic disease.™ BAV was found to be
a patholozical event since it was associated with accelerated
degeneration of the medial layer of the aorta ™ In the aorta
of BAY patients, less elastic tssue loss and fragmentation,
and less changes in the intimal layer were observed when
compared 1o aorias from TAV patieniz®' Examination of
specimens taken from BAY patienis with sortic dissection
shirwed a thinner medial layer due to elastic fiber necrosis
{bess wascular smooth muscle cells) leaving a greater distance
between elastin fibers in those patients, which was not the case
in TAY patients = On the other hand, an elevation of matrix
mitalloproteinases, endogenous encymes that degrade matrix
components, has been reported to play an imporiant role in
thi formation of aortic aneurysm in the aorta of patients with
BAVs.™ Beyond cardiovascular diseaszes, an increased risk
of development of intracranial aneurysms was alse found
to correlate with the presence of BAY i a study done by
Schievink et al. The study was done on a small population
(6] BAV patients), 50 additional investigations are reqguired
bafore drawing any conchesions. ™ Together, these data raise
thix possibility that other subclmical genetic abnormalities in
vascular endotheial or smooth muoscle cells coexist with BAY
and contribute o aortic disease. The development of animal
madels where BAY and TAY are present on a similar genetic
background will help answer this important question.

With regard to the AoVs and their function, BAY is found
to lead o severe vabrular complications at late onset. The
valve’s BCM is regulated by valve interstitial cells {VICs)
that are fibroblast like and quiescent in normal conditions.
Changes in the hemodynamic emvironment are controlled by
vahe endothelial cells, which form a profective layer around
the leaflets and commumicate with the W1Cs through different
miplecular signals. Inthe presence of BAY, disruption of normal
valve morphogenesis 15 accomipaniad by changes in the ECM
composition, endothelial cell disuption, and VIC activation,
eventually causing vabaular dysfunction and calcification ™
Valve disease is most commonky diagnosed as regurgitation,
& leaking of the AoV that causes blood to flow in the reverse
direction, or stenosis, a disease of the AoV in which the open-
ing of the valves is narrowed. Both disease presentations are
causad by disruptions in the smscture and function of the valves.
A study of 542 surpical BAV patients showed that 75% of the
BAN cases had aoriic senosis; the same study showed that
onby 13% had acrtic regurgitation. In fact, the repurpiiation
group had a higher rate of anmular dilatation and a higher male
io female ratio when comparad io the stenosis group that had
& higher prevalence of aortic calcification ™ Studies have also
shown that the presentation of valve diseasa varies among dif-
ferent BAV subtypes. RL-type BAVs are found to have more
seviare stenosis when compared to BN-fype BAVE that develop
miore severe fegurgitation. ™ In congenital bicwspid valve steno-
sis, sortic stenosis, which is secondary to the BAY, is found
io lead to the development of calcification. occwrring usually
within the cusp’s spongicsa ™ This calcification in BAYs is due
o the presence of an abnormal distribwtion of stress across the
cusps in the deformed valves, leading 1o calcification earlier
tham in the case of TAV™ It can ako be the result of mechani-
cal disngptions (elastin and collapen fragmenis) that lead to the
formation of nucleation sites for calcification ™ In the case of
calcified aortic valve disease, activation of the VICs is found
io lead to the expression of bone development penes such as
osteopontin, Runx?, and csteccalem. ™ Once the valves are
calcified, a surgical intervention is recommended in the case
of severe valve dysfimetion or the presence of comorbidities,
which could further affect cardiac furnction and lead ultimately
i0 heart failure.

Genetic basis of BAV: what we lmow
from human and animal meodels

Even though the heritability of BAV is well documented
BAN causing genes remain largely unknown. Recent studies
sugpest that BAY is a complax process that can be causad by
several genes, each with a distinct mode of inheritance, which
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might explain wiy identifying the genetics of BAY through
classical human penetic studies has been challenging. ™
To date, mutations in only two genes in human, SOTCHT
(member of the Motch signaling pathway) and GATAS
{member of the GATA family of transcription factors), were
found to be linked to BAV. Based on DM A-saquencing of all
coding exons and adjacent splice consensus sequences of the
SOTCHT gene, missense mutations (p. T3%M and p P 1 T9TH)
lzading to amino ackd substitution in a well-conserved region
in NOTCHT were identified in patients with sporadic BAY,
which were absent in 327 healthy individuals.™ In amother
study, tao novel mutations, p.P2EAL and p Y1619, a mis-
sense and a nonsensa mutation, were foumd in the NOTCHT
gene in bwo unrelated ltalian families where the mutations
sepregated with the disease in both families.™ Garg at al
alzo identified two mutations in SOTCHT: the first mutation
(p.R1102X) in & European-American five generation family
showed linkage for BAY to a single locus on chromosome
Oq34-15, whereas the secomd mutation {p.H1505del) coseg-
regated with the disease in three affectsd family members.™
Conzistient with a role for the BMP signaling in AoV forms-
ticm, mudations in SMAD, a component of the BMP inira-
cellolar sipnal ransduction pathway, were reported in two
ot of 24 BAY patients with aortic stenosis and coarctation.
Whether the mutations are causally linked with BAY remains
uncertzin since inactivation of SWADS in mice did not cause
BAV; instead, hyperplastic thickening of the valves and aortic
oesification were observed ™

In order to further understand the complex process of
valve morphopenesis, animal models Lacking important regu-
lators of valve formation ware generated. Inactivation of key
players during this process led to a widie variety of valvalar
malformations including BAV. One of the first models of BAV
was reported in mice lacking MOS3 (endothelial nitric oxide
synthase) where BAY was reported in five out of 12 mature
M5 3-deficient mice {41.6%), all sharing the BN type with
no BAV observed in any of the 26 wild-type litermates.™
Another study by Bosse et al supports the important role of
MOEY in AoV formation by regulating NOTCH] signaling
and AoV disesse prognosis. NOSI-~ NOTCH ! +- mice
display 100%% penetrance of BAY compared to the partial
penetrance in the MNOSF~~ (26%) and in the NOTCHT +—
(8%%) single knockouts ™ These results confirm a crucial role
for the Motch pathway in AoV development and suggest that
any deficiency in one or more ofits key regulators could lead
to valve defects including BAN

In 2011, our group reported that tarpeted deletion of
(7ATAY in mice leads to partially penetrant BAY (26%).

GATAS, a member of the GATA family of transcription
factors crucial fior heart morphogenesis, is resiricted to endo-
cardial cells during early embryonic development. Whether
GATAS is deleted in all cells or enly in endocardial cells,
partial penetrance of RN-type BAY s consistently observed.
Mechanistically, GATAS was found to regulste important
pathways associated with endocardial cushion differentia-
tion such & NOGE3, NOTCH, BM P4, and TEX20.7 GATAS
mustations were later reported in several patients with BAY
A penetic analysis in 100 BAY caszes identified four rare
nonsynonymous GATAS variants (GIn3Arg, Serl9Trp,
Tyrl42His, and Glylé65ery in GATAS transactivational
domain, pointing owt a possible role for GATAS in the patho-
genesiz of BAY These mutations were in highly conserved
and functional regions, which would affect protein function. ™
In another stody, 78 BAV patients were analyzed using Sanger
sequencing to screen for these (CATAS vanants. Two rare
nonsynonymous heterozygote mutations, p.Gln3Arg and
pLew233Pro, with a frequency of 2.6% {27TE), were found in
patients with aortic coarciation and RN- or RL-type BAV™

Even though no human mutations linked to BAY in genes
other than SOTCHT and GATAS were reporied, potential
candidate genes that could underlie the formation of BAY
were discovered by exammation of the AoVs of genetically
engineerad mice. Activin type [ recepbor ( ALK2} is expressad
in endocardial cells, and its role in endothelial EMT in the
atrioventricular cushions is well established.® Deletion of
ALEK2 from the cushion mesenchyme after EMT wsing
(7 ATASCre resulis in AoV defect (BAV) and development
of aortic insufficiency and'or stenosis in some of the mutant
mice. These resulis indicate an important role of ALKZ? in
AoV development and suggest that its absence can lead to
AoV diseases ¥ Mo human mstations in FOY4] pene are
observed in BAY patients, but its inactivation in mice was
foumd i result in 24%; penetrance of BAY, among other cardiac
malformations. FONA T noll mice show defects such as inter-
rupted acwiic arch, tetralogy of fallot, and abnormal subelavian
artery, pointing to an important robe of HOXAT in patterning
of the OFT of the heart.® On the other hand, studies done on
NEY2-5 heterceygous mice showed an increased frequency of
8.2% of stenotic BAY with three ot of 35 NEY2-5 heteroxy-
@S mutant mice showing an increase in the aortic blood Aow
velocity and BAN with mild thickening upon autopsy. The
presence of BAY in these mice was dependent on the genetic
background confirming the presence of genetic modifiers a=
sugpested in human penetic studies.

All the mice models of BAV mentioned above displayed
the RN-type BAV. A study by Sans-Coma et al in 1995
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reported the first BL BAYV model in inbred Syrian hamsters.
In all, 16 out of 29 embryos had a fusion between the left
and right cushions resulting in two sbnormal valve cushions
{2 ventral and a dorsal).* To date, no genetically modified
mouse mode]l of L BAV, the most common type of BAY
observed i human, has been reported.

Given the lack of identification of BAY causative penes,
studies have aimed at determining genstic loci associsted with
familial BAV. Early studies have identified penomic regions
179293 {KCINZ gene) and 9g34.3 (NOTCHT) to be respon-
sible for BAY in 8 small proportion of cases. A mutation in
KCIN? pene, encoding the inward-rectifying potassium cur-
rent, KIR2.1, was reporied in patients with Anderson syndrome
heving sex-specific cardiac (BAV) and skeletal muscle phe-
nodypes. ™ Genome-wide scan studies have identified three
chromosomal regions, 18q, 5q. and 134, associated with BAW,
but the genes therein remain o be identified * BAV is ako
manifesied in some human syndromes swch as Loeys—Dietz
and Marfan. Logys—[hetr syndrome is caused by a defect in
the TGFB signaling pathway (mutations in TGFRRT [TGFE
receptor | ] and TGFBRT) and is characterized by the presence
of congenital heart discase and mental retsrdation among
oither sbnormalities. Marfan syndrome is 8 connective tissue
disordier characterized by cardiovascular, skeletal, and ocular
manifestations. It is cawsed by a defiect in the fibnllin-1 {FBNT)
gene (essential for the formation of elastic fibers found in

connective tissues) localized on chromesome 159211 and
is nherited in an autosomal dominant manner. ¥* Mulations
in HOYAT gene were also fiound in Bosley-Salih-Alorainy as
well 2= in Athabaskan brainstem dysgenesis syndromees, which
are characterized by a wide range of heart defects inchuding
ventricular septal defects, tetralogy of fallot, and BAV*
A high prevalence of BAV is also observed in patients with
Tumer syndrome, cansad by a deletion of the short arm of the
X chromosome. This sugpests that abnormal AoV and aortic
arch development can alse be cansad by happloinsufficiency
in Xp gene (Table 102

Is it important to screen?

Asymptomatic individoals with BAV may go undetected
for a lifetime and many will be disease free. However, a
significant proportion will develop cardiovascular events
that could be life threatening. requiring surgical interven-
tion in some cases. A recent study showed that 25% of BAY
subjects had to undergo premature valvalar or aoriic surper-
ies* Whether the BAY is the direct canse of aortic events or
whether subtle defects in wascular cells — cansed by the same
genetic alterations — are responsible for BAV-associated car-
diovascular complications remain to be determined. Be it as
it may, BAV is a cardipvascular risk factor as alse evidenced
in the ASTRONOMER stsdy * It is now well established
that early detection of affected individuals allows for better

Table | Geanes assodated with human and animal (mouss) BAY phenocypes

Ganas Hurnan valve phenotypa Animal model valve phenotype (mousa) Faferancs
Tramscription factors

MEXLS ot reponted Farttal paratrance of BAY (B.25) with aortic ansursm. 43

HOXA ot reponted Farttal parstramca of BAY 247) a

GATAS BAY with aortic stenosks and regergiation Farital pemsbramca of BAY [30%) 13739
Enmymas

MCOE3 ot reponted Farttal paratramca of BAY (41 £7) 35
Channals

FOMZ BAY with coarctation of zort Mot reported 45
Ligamds

MNOTCHI BAY with aortic anewrism, cidfiction (3%)  Farital persbranca of BAY 3]-3235
Racaptors

TGFER2 EAY with aortic angursm Mot reported n

ALK ot reponted BAY with aortic nsuficency and'or stenosis 41
Chromosoral reglons

Lot Sg-gura. uniniown Farttal panetrancs of BAY 4

Loci Sq-gura unknown Fartial panetrance of BAY L3

Lot Sig-grs uninown Fartial panetranca of BAY 45

Xp mr BAY 50
Signal transducer

SMADE BAY with mild acrtic stencsls Mot reported E

BAY with mild acrtic spancsls and
coarctagion of the aorta

Abbreviatioec BAY, bloumid aordc wlv.
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monitonng and preventative care. Echocardiography and
magnetic resonance imaging have been reliable tachniques so
far to detect BAVYS and dilated aortas, but the infrasmocture
and cost of these tests make them impractical for larpe-scale
population screening. Moreover, valvalar problems and
dilated aortas caused by BAY are not detected at childhood,
and the late identification of BAY often occurs when AoV
disease has bacome irreversible.

Given the established familial contribution to BAY, the
e of next-peneration technologies such as whole exome
sequencing (WES) and whole genome sequencing should
be considered. Given the high cost of whole gename sequenc-
ing, WES is currently a more viable approach to determine the
protein-codmg saquence wanations. In previoas studies, WES
has proven to be useful inrevealing penatic variants in indhvidu-
als affectad with rare forms of heart diseases soch 2 BAG3
gene in familial dilated cardiomypopathy. = Other genes causing
severe hypercholesierolemia { ABCG) and familial combined
hypolipidemia (ANGPTLI) could not have been identified
without the availability of this technigue *** Ina not so distant
fistume, WES and eveniually WEG might well bacome routine
techniques for sequencing due to accelerated developments
that are resulting in rapid drop in cost. Imestments i those
technologies will sccelerate discovery of BAY cansing genes,
ultimately enhancing patient management and treatment.*
Recent studies have shown that WES is useful for disease
diagnosis, which informs patient treatment. Since most BAYs
diagnosed io date wsually have a familial history, it is impaortant
to screen first-degree relatives of 8 patient with BAV WES has
helpad in the diagnosis of Crohn's disease due to a mutation in
the X-linked inhibitor of apoptosis gene ina 15-month okd boy.
The patient successfully underwent a hematopaoietic proganitor
cell transplant. ™ Discovery of BAY causing genes will also help
develop genotype-phenotype cormelations and open the: way to
personalized treatment. For example, knowledge of which BAY
genobype might be predictive of vabvulo-vasoular complications
will decrease mneces=mry intarventions such as unnecessary
anTtic aneurism repair surgeries while pointing to mdividuals
whi require closer cardiovascular monitoring. Therefone, it is
important o acceleraie the search for new cawsative genes that
will allow for genetic screening as well as a better understand-
ing ofthe molecular basis of BAV formation and degeneration.
This holds preat promise for secondary prevention and might
open new therapeutic avenues.
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Guiding Cardiac Conduction With GATA

Mona MNemer, PhDD); Lara Ghanbeh, MS

D::pil:-: remarkable progress in the past few years, the gene
IEEI.'I]BIDI.'_I.' metaorks unlhl:l]r'lng formation and func-
tion of the cardiac conduction system (CCS) remamn incom-
pletely wedersiond. Transcnpbon facicrs sach as NXE2ZS
amd TEX2/35 that comtrol vanous aspects of heart develop-
ment have emerged as key regulators of cardiac conducton
gene expression and function. By showing alierabons i the
stracture of the atnovemtncular node (AVN) and the electro-
physclegical parameters of mice harbonng @ mutsted GATA-
bimding factor 6 (GATAG) prodein, L et al' add & new player
to the growang list of transcniption factors invelved in cardine
thythm regulatson. This finding provides mnsight that wall
kelp advance efforis o elucidate the pathogenesis of cardiac
rhiythm disturbances.

Article see p 284

In human, cardiac rhythm disturbances are o major couse
of mortality and morhidity from fetal to adult life. They can
develop in response to numercus conditions, such as electro-
Iyte imbalance, cardiovascular disease incloding ischemin
and pressare overload, stracharal heart malformations, or as
undesirable drug side effects. Arhythmins and condecbon
defects can also be becanse of inhered mutations in genes
that affect generabon or propagabicn of the electne impalse
of the heart, as exemphified by the long QT Syndrome. How
these gemetic or acguired factors infuence cardine rhythm is
mol yet fu“]r understood. In the past years, great sindes were
achieved for treatment of these imponant disorders from drug
and ablatron therapy o implantable devices. However, all
treatments have :-i!,ni'ﬁ.v:.lnl: short falls and none 15 cumtive. A
better understandmg of the molecular mechanism unded ying
normal development of the CCS wall belp unravel the patho-
genesis of hythm disturbances and the development of effec-
tive thernpees.

Proper heart contracbon and relaxstion processes are con-
trolled by the OCSE, a specialized component of the heant
responsihle for initiating and orchestrabng the propagation
af the elecinc signal required for optomal bleod delivery into
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the circulation. The CCS 15 composed of slow and fast con-
ducting structures forming the proxmal and distal CC5. The
pacemaker smoatrial mode and the AVN compose the proximal
compoment of the CCF while the interatnal conduction tracts
the His bundle, bundle branches, and Purkinge fibers make up
the destal component. Small perturbations in any of the CCS
compoments can lead io drastic outcomes ranging from beart
arrhythmias, beart block to sudden death. Understanding the
mechanisms of OC5 pathophysiology is, therefore, critcal.

Char kneadedge of OCS development has come largely from
studies of transgenic and conditional knockout mouse mode].
which helped to identify developmental regulators of wanoas
CCS components. Homan geretc studies, mcluding mone
recent genome-wide nssocinbion studies and exon sequenc-
ing of candidate penes have also contrbuted to identifying
gemes and genebic boct associnted with rhythm disturhances.
The emerging penetc circuits imvolved in the formation and
fumction of the pacemaker node include several transcnption
factors that play crecial roles in many other aspects of heart
development. They inclode NKX2. 5 as well as TEXS, the gene
mutated in Holt—Cram syndrome.? These same genes also con-
tribuie i AVN formation as Arst suggesied by the dscovery
that famalial mutations m MY 25 and TEXS tanscnption fac-
tors are associgted with stnoventncular conduction defects. ™
Mouse models with haplomsafficiency m either factor rep-
licate the human phenctypes: WEXZ.S5 haploinsufficiency
results in defectree cenmtral and penpheral conduction sys-
tems along with ahsence of the AV subdomam * Smmlarly,
TBXS5 haploinsufficeency resulis in PR interval prolongabon®
(the penod between the onset of atnal depolanzation and the
begirming of vemtricular depolanzanon) along with defective
patierning of tke nght and left bundle branches.” The mle of
pther Thox proteins TEX2ZS as well as NOTCH signaling in
AVH formation and specihicaton have obso been documented *

Evidence for an important role for the GATA family of zinc
fnger proteins, and more specifically the candine subfamily
GATA4, 5, and & has been acoumulating. Farse, all the 3 pro-
teins are expressed in cardiomyocyies and cardiac strechares
and cell types that are important for conduction, including
amoventmicalar canal myocardium, cardine peural crest, and
candine fAbroblasts. Theremn, GATA proteins regulale many
conduction relevant penes, such as those for gap junchion and
ion channels. They also physically and functionally internct
with MEX2.5 and TEX25/5 io modulaie their activity on tar-
get genes: as such they act as genetic modifers of arrhythmia
causing genes. Inerestingly, mumtions in all the 3 proteins
have been reported m association with haman atnal fbnlla-
o ™ The most extensively stoded GATA factor in relation
o cardiac conduction = GATA4 which was shown o actrvate
Cx30.2." as well as Cxd0, and several atncvenincalar canal
enhancers. ™" Copsmstent with this, msce heterozygole for
Gatad were reporied 1o have shorer PRV
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Mo studies, io date, have Erl'ﬂcd'_l,l linked GATAS wath regu-
latson of the CCS but previous studies showed that an enhancer
region upstream of the GATAS promoter is specifically actrvee
in the Amovenincular conduction structure.® GATAD was
also shown io activate the NCX1 and Kvd 2 promoters. ™"
Localized on chromosome 18 in human and m mice, GATAD
15 expressed m myocardial, neural crest, and endocandial cells
as well os m vscular smooth muscle cells. "™ Connistent with
an important role for GATAG in beant morphogenesis and out-
flow tract development, many muiations ;m the human gene
were reporied i association with a lage spectrum of con-
genatal heart discases, including ainal and ventrcular sepial
defects, Tetralogy of Fallot and Patent Ductus Artenosus.

In thiz izmee of Ciroelation Cardioverodar Genstice, Lin
et o' repoat that in addibon to 1= crecial role m heart mor-
phogeresis, intact GATAS 15 requared for normal development
and fumctional mamntenance of the AWM. GATAG wos found
to be abundantly expressed in the proxemal CCS ot E12.5 @
E16.5 and its expression overlapped with THX3, a marker of
the atnoventnicular conduction system, and wath the transcnp-
tional repressor ID2. To determine if GATAS comtributes o
CCE, a mouse model with myocardial-specific deletion of the
carboxyl zime finger domasn of Gaiod ander the controd of the
mycsin light cham 2v (MLc2v) promoter, was penemted resuli-
ing in tancation of GATAG m the ventncular myocardiom,
rght venincular cotflow tmct, and amovenmicular anmudus.
ECG analyss performed in poung animals revealed prolonged
PR iniervals and AVN defects in these muomnt mice. The
myccardial-specific mutation of GATAG led w0 defects affect-
g only the procimal atnoventncular conduction but nod the
inframodal OCS; these defects mcluded AWM hypoplasia, prob-
ably beconse of reduced cell-cycle exst of TEX3+ myocytes
in the strovemtnoular myocardium and defectrve myocye dif-
ferenination. Myocardial-specthic delebon of the carboxyl zinc
fimger domain of Gated was also shown io kbad o downregula-
tion of the transcmptional repressor 102 an the proxmmal CCS
ufnﬂlﬂ.er:‘)rynﬁ,uweﬂuilﬂ!hw and bower nodal
region of adult mutant hearts. Trnsfection experiments con-
firmed that the 142 promaoter 15 directly acovated by GATAS.

Thas work provides, for the first tme, expernmental ewn-
dence linking GATAE to AVN formaton and funcbon and
represeais an important conmbution 1o our evolving under-
standing of OCS in development and disease.

Although the work clearly shows that mect GATAB is
essznbal for proper AWM development, many questons about
the cellular and molecular mechanisms anderlying this effect
remain io be answered. A role for GATAS m the AVN 15
lime with 15 mvolvement in atnovestncular canal develop-
n'!ltl:d:m:lrl.h::ll:yd‘he-::fﬁ: same floxed allele
to delete myocardial Gatsh more broadly wsing NEX2 5-cre
msce.™ This led mostly o ventnicular sepial defect, whereas
mice with MLC2v-cre-medinted deletion did mot apparently
have any such structural cardinc defects. Civen that NEX25
15 expressed m the proxemal OC5, this mises inberesting ques-
tions zhout temporal as well as spatial GATAS function. The
exaci cell typeis) conmboimg 10 GATAS-dependemt AWM
defects will likely reed to be directly addressed through addi-
tional cell-specific delenon of Gamb mchiding in CCE cells.
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Egually intrigmng is the absence of rhythm diswrbances
in Ciatnfy beteroeygote amimals " Whether thes reflects dosage
sensitrvity or whether truncation versus loss of GATAS leads
to diffenng phenotypes will reed 1o be ascertained. Such pos-
sibality maght be of great relevance for understandng the effect
of different GATASG genciypes on their associaied phenotypes.

Finally, the mechamisms by which boss of the C-terminal
half of GATAS aliers AVM size and pere expression requires
further investgation. The remaiming truncated GATAS protein
contams functional dommes. ncluding the M-temminal act-
wation domain and the M-zmnc finger. By analogy io GATAL,
sach proteim would have o nuckear localratson, mamtain the
Jﬁ]-ﬂ:yln imteract with cntical c.'d;ng\eni.i: cofactons, :i.l'l.']Ll:u.lE
BAFGOc" and other GATA proteins™ or GATA regulaioms such
s FOG 2 This, in turn, will affect the acirvity of such mmpor-
tamd ANM regulators as NKX2.5 and TEXs. Thus, the chserved
mause phenotype may reflect the combined role of GATAS and
that of cther transcnpion faciors in OC% cells. Simlar manap-
ulatsons using another available Catel Aowed allele’ would
help to clanfy the exact role of GATAS in cardiac conduction.

Motwithstanding these mechanistc considerations, the
fndimg that meact GATAS 15 requred for proper AVN func-
tom represents an imporiant contnbution to anderstanding
the intncate regualation of the cardine pacemaker. Prolonged
PR imtervals may imdscate first degree heart block and are an
undesirable side effect of severnl widely used drugs inchad-
ing calcium chanrel and f-blockers. Prolonged PR interval
doubles the nsk of amal fbnllason and tnples the nsk of
needing o paoemaker device according to the Framangham
Heart Study The identshication of o new regalator of the PR
imterval kas potential apphications in many seciors mcluding
pharmacogenestics where much work is still needed.

Wark in our laborstory is sepporied by the Canadisn Instilnies of
Healih Besearch, the Hearl and Siroke Foundation of Canada, snd the
MicCain Foundation.
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