A GENETIC INVESTIGATION OF THE BONE
MORPHOGENETIC PROTEIN SIGNALING
PATHWAY IN CONGENITAL
CARDIOVASCULAR MALFORMATION

Huay Lin Tan

Thesis submitted in partial fulfillment of the requirements for the

degree of Doctor of Philosophy

Newcastle University
Faculty of Medical Sciences
Institute of Human Genetics

December 2010



Abstract

Background

Congenital cardiovascular malformations (CVM) aféegpproximately 7 in every 1000
live births and exhibits familial predispositiontlibe specific genetic factors involved
are unknown. It was hypothsised that rare variemggenes of the bone morphogenetic
protein (BMP) signaling pathway, which is knownplay a key role in cardiac
development, could influence the risk of CVM. THere, five genes of the BMP

signaling pathway were surveyed for novel varigm&lisposing to CVM risk.

Methods and Results

The exonic, splice site and untranslated regiortk@BMP2, BMP4, BMPR1A, BMPR2,
andSMADG genes were sequenced in 90 unrelated CaucasianafaS¥M. One non-
synonymous variant (p.C484F) in the MH2 domain AR 6 was identified with
predicted impaired protein function. SequencinghefMH2 domain oEMADG in an
additional 348 cases showed two further non-synaugwvariants, one of which
(p.P415L) was also predicted to affect protein fiomc Both non-synonymous variants
were absent in 1000 controls. SMADG is an intradatlinhibitor of BMP signaling and
functional effects of botkariants were investigated using BRE-luciferase
transcriptional reporter and alkaline phosphatasays. Both SMADG6 variants had
significantly (p<0.05) lower activity than wild-tgpSMADG in inhibiting BMP
signaling in the BRE-luciferase assay. In addititve, p.C484F variant had a
significantly (p<0.05) lower capacity to inhibitkalline phosphatase generation in
response to BMP signaling. This was consistent thighphenotype of the patient

carrying the p.C484F variant, which featured aarssification with coarctation.

Conclusions

Inadequate inhibition of BMP signaling due to geneariation inSMADG6 can be a
cause of CVM in man. The potential signific&@ADG6 variants were identified in
approximately 1% of the CVM patients or 6% in patsewith coarctation and/or aortic
stenosis. These findings show that SMAD6 mutatioriee MH2 domain may be

important in abnormal cardiac development.
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Chapter 1 Introduction

1.1 Heart development

The heart is the first organ to function in the @lepment of the vertebrate embryo.
Heart development is a continuous complex remaagfrocess that begins from the
formation of the heart tube during the third weék@station in man, followed by
looping of the heart, chamber formation and valeestbpment (Table 1.1). This
process is induced by several interacting moleaitaraling pathways that drive
various cell populations to sculpt the heart. Fdromeof the heart is also governed by
anterior-posterior (A-P), dorsal-ventral (D-V) aedt-right (L-R) polarity.

Mouse has become the most popular animal modeinderstanding the normal or
abnormal cardiac development. This is because thesenand human heart are
anatomically relatively similar throughout develogmhapart form the differences in
sizes and heart rate (Wessels and Sedmera 20@3)tHewgh avians and mammals
have four-chambered heart there are a few anatbdifterences between both species.
In birds, the sinus venosus is still present aedatbrtic arch is developed to the right
whereas in mammals, the sinus venosus is almost goth the aortic arch is developed
to the left.

In this section, the major processes in heart ftionand key cell populations involved
is discussed briefly. The morphogenesis of thetheaummarised in Figure 1.1.

1.1.1 Heart tube formation — cellular sources

Cardiac progenitor cells are located on both sudeke primitive streak and caudal to
the Hensen’s node in the the avian epiblast (L&pezehez et al. 2001). The cardiac
precursors in the mouse are similar to chick, #reylocated laterally of the midline at
E6.5 (Tam et al. 1997). These cells migrate inrderér-lateral fashion to the lateral
plate mesoderm where the formation of bilateratlicgrenic fields occurs (Yang et al.
2002). In the chick, the bilateral heart-formingiomns are two separate entities (Colas
et al. 2000), but in the mouse, the cardiogenidsienerge in the midline, forming the
cardiac crescent (Cai et al. 2003). Formation eftteart tube begins when the

1



Human
development

Developmental process

(days)

13-14 Primitive streak formation

15-17 Formation of the three primary germ layecso@erm, mesoderm, and endoderm;
primitive streak cells migrate to an anterior aatal position to form the bilatera
primary heart field

17-18 Lateral plate mesoderm splits into the soplatoic mesoderm and
splanchnopleuric mesoderm; splanchnopleuric mesodentains the myocardial
and endocardial cardiogenic precursors in the regad the primary heart field

18-26 Neurulation (formation of the neural tube)

20 Cephalocaudal and lateral folding brings thateibl endocardial tubes into the
ventral midline of the embryo
Aortic arch is forming

21-22 Heart tube fusion

22 Heart tube begins to beat
Aortic arches | and Il are forming

24 Heart looping and the accretion of cells from phimary and secondary heart fielg

neural crest migration starts

Atria are beginning to bulge

Rigth and left ventricles act like two pumps iniser
Outflow tract is distinguishable from right ventec

Late fourth
week

Sinus venosus is becoming incorporated into rigiira

Endocardial cushions appear

Early septum | appears between left and right atria

Muscular interventricular septum is forming

Truncoconal ridges are forming

Aortic arch | is regressing, aortic arch Il isfieed, aortic arch IV is forming

Early fifth
week

Cardiac neural crest migrates through the aortibes and enters the outflow tract
of the heart

Endocardial cushions are coming together; formigigtrand left atrioventricular
canals

Further growth of interatrial spetum | and muscidéerventricular septum occurs
Truncus arteriosus is dividing into aorta and pulany artery

Atrioventricular bundle is forming; possible neueodgc control of heart beat
Pulmonary veins are becoming incorporated intodgftim

Aortic arches | and Il have regressed, aortic ar¢heand IV have formed aortic
arch VI is forming

Conduction system forms

Late fift h to
early sixth
week

Endocardial cushions fuse

Interatrial foramen Il is forming

Interatrial septum | is almost contacting endocradishion
Membranous part of interventricular septum starf®tm
Semilunar valves begin to form

Late sixth
week

Interatrial foramen Il is large

Interatrial septum Il starts to form

Atrioventricular valves and papillary muscles asating
Interventricular septum is almost complete

Coronary circulation is becoming established

57+

Outflow tract and ventricular septation compl@ghembranous part of
interventriculat septum is completed)

Birth

Functional septation of the atrial chambaswell as the pulmonary and systemig

circulatory systems

Table 1.1

Developmental timeline of normal human ket embryology

(adapted from Carlson, 2004 and laizzo, 2009) garR004; laizzo 2009)
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Figure 1.1 A brief schematic overview of the mouseeart development

A) The migration of the primitive streak (PS) te thnterior-lateral region of embryo at
E6.5. B) Formation of the cardiac crescent at EZ)d.inear heart tube at E8. D) The
heart tube elongates and loops rightward from E3.6:5. E) The looped heart tube
with well-defined cardiac chambers (upper panehtna view; lower panel, dorsal
view). F) E12.5 four chambered heart.

A, anterior; P, posterior; R, right; L, left; AAp#ic arch; Ao, aorta; AVC,
atrioventricular canal; HF, head folds; IFT, inflakact; IVC, inferior vena cava; IVS,
interventricular septum; LA, left atrium; LV, lefentricle; ML, midline; OFT, outflow
tract; PLA, primitive left atrium; PRA, primitiveght atrium; PS, primitive streak; PT,
pulmonary trunk; PV, pulmonary vein; RA, right am; RV, right ventricle; SVC
superior vena cava,; Tr, trabeculae. (Adapted frarokiBigham et al. 2005)
(Buckingham et al. 2005).



cardiogenic fields move to the ventral midline iroatrocaudal orientation fusing from
anterior to posterior (Arguello et al. 1975). Figur.2 shows the formation of the heart
tube from bilateral cardiogenic fields. During flasion process, cardiac jelly, a thick
acellular matrix, is secreted, thus resulting reéhlayers in the cardiac tube: cardiac
jelly layer sandwiched between an inner endocatdjadr and outer myocardial layer
(Kirby 2007).

Cells continue to be added to the arterial pol®tm the outflow tract and to the
venous pole to form the inflow region of the heartthe arterial pole, mesenchymal
cells in the pharyngeal splanchnic mesoderm caodake heart tube are mobilized to
the outflow tract (Waldo et al. 2001). In the veaqule, nearby mesenchyme is
recruited at each phase of development to form eaghal cells for maturation of the

atria and veins (van den Hoff et al. 2001).

1.1.2 Looping of the heart

The establishment of left-right axis occurs dutting early gastrulation, before the
looping process to induce asymmetric morphogeraédsise heart (Levin 2005).
Disruption of the left-right axis results in randi@ed cardiac looping (Lowe et al. 2001).
Initially, the heart tube is suspended at the irmuevature of the ventral foregut through
dorsal mesocardium. The heart tube bends venfradtyto obtain C-shaped loop, and
then undergoes dextral looping (D-looping) by roigto the right where the left side of
the tube is brought to the front and the inner atuxe to the left (Manner 2000). Not
much shifting is observed during this period asitit&ct dorsal mesocardium restricts
the move. The dorsal mesocardium disappears dsdpmg process continues. During
looping, lengthening of the heart tube occurs caometly to form S-shaped loop (de la
Cruz and Markwald 1998). The venous and arterilgof the tube incorporate
myocardium at both ends respectively. These myaaardlls express Isletl (Isl1l) and
originate from the second heart field (Cai et 803). The migration of the tube from
the ventral foregut happens earlier in mice théaeiovertebrate organisms, resulting in
the formation of atria and right ventricle from tbells recruited from the poles of the
tube (Cai et al., 2003). The process of convergenoeeeds along S-shaped looping,
closing the distance between outflow and inflowegadf the heart through the addition
of cells from the secondary heart field (Waldole2805). The wedging process, where

4



Heart fields

Heart fields drawn medially by
formation of pharynx

Pharynx

Forming heart Heart formed

Figure 1.2  Diagrams showing the formation of heartube

Panels A-D showing the stages of a midline hed foom bilateral primary heart
fields in chick (adapted from Kirby, 2007) (Kirbp@7). The two bilateral heart fields
are brought into the opposition by the formatiompbérynx that fused at the ventral
midline, thus giving rise to three layers: endocarayer, cardiac jelly and myocardial

layer.



the aorta moves behind the pulmonary trunk andrnesovedged between the mitral
and tricuspid valves, takes place during septgtf@tbuz et al. 2002). In short, looping
involves formation of the C-shaped loop, formatidrthe S-shaped loop by elongation,

convergence of the arterial and venous poles afuibe and wedging of the aorta.

1.1.3 Cardiac neural crest cells

Neural crest cells (NCC) are multipotential cefiattarise from the dorsal neural tube.
NCC then delaminate and migrate extensively througthe body. NCC are divided
into cranial and trunk regions depending on théstetfiginal location in the neural tube.
Cardiac NCC is a sub-population of the cranial NB& stem from the middle of the
otic placode to the border of somite 3 (Kirby artevi@art 1983). Cardiac NCC give rise
to ectomesenchymal cells. Ectomesenchymal cellsrgokcated in the development of
the aorticopulmonary septum, the smooth musclesunii the great arteries and the
connective tissue of the thymus, thyroid and paraitds (Kirby et al. 1983). Cardiac
NCC also contribute to the semilunar valves andathieventricular valves, especially

in the septal leaflets (Nakamura et al. 2006).

The term ‘cardiac neural crest’ was derived from dblation studies of the neural crest
cells in quail-chick chimeras that showed this gapon of cells are important for
normal heart development (Kirby et al. 1985). Taediac NCC ablation model
displayed various cardiovascular and non-cardiavasclefects. The cardiovascular
phenotypes are abnormal outflow tract includingsséent truncus arteriosus and
outflow malalignment, aberrant patterning of theagrarteries and myocardial
dysfunction whereas the non-cardiovascular phemstgpe hypoplasia or aplasia of the
thymus, parathyroids and sometimes the thyroiddy{&tutson and Kirby 2007;
Nishibatake et al. 1987; Yelbuz et al. 2002).

During the looping process, myocardium is recruttethe outflow tract from the
splanchnic mesoderm to lengthen the heart tubeatiiol of the cardiac NCC results in
a straighter and shorter heart tube (Yelbuz €2G02). The myocardium that forms the
outflow tract is generated by secondary heatrt figldicating that abnormal

cardiovascular phenotypes might involve the dydegmn of secondary heart field.



1.1.4 Anterior and secondary heart field

The classical perception on the development oh#set was based on the segmental
model of the pre-patterned myocardial cells inghmitive streak that give rise to the
outflow tract, right ventricle, left ventricle, awentricular canal, right atrium and left
atrium in the anterior-posterior axis (de la Crad dMarkwald 1998). However, recent
experiments indicated the absence of segmentalraligation and proposed rather the
concept of a heart field, where potential myocdrckdls are located in the embryonic
region that contribute cells to the developing heEne heart field consisted of an
anterior heart field (AHF) and a secondary heaftf(SHF) (Buckingham et al. 2005)
(Figure 1.3).

In the chick embryo, the AHF is situated immedaatatterior to the developing heart
tube and consisted of cranial pharyngeal mesoderrounding the aortic sac
(Mjaatvedt et al. 2001). Fate mapping of the cgiswed that they contributed to the
conal and truncal regions of the outflow tract. &y group, Waldo and colleagues,
described the SHF in the splanchnic mesoderm ti@gnies the caudal pharynx
(Waldo et al. 2001). SHF cells are added to thawttract of the heart tube during
looping. Cells in the SHF exprelikx2.5 andGata4 before myocardial differentiation.

In the mouse embryo, thacZ transgene with the myosin light chain promoteeitexd
114kb upstream d¥gfl0 and proposed to be controlled by &#gf10 regulatory
elements, showed the transcriptioriafZ in part of the pharyngeal mesoderm (Kelly et
al. 2001). The region that showgdyalactosidase3fgal) activity from the transgene
has been described as the AHF. Initially, the Aldlsdie medially to the cardiac
crescent. The dynamic patternfgal activity and cell labelling experiments indied
that the AHF cells moved from the pharyngeal mesudeto the arterial pole of the
heart between E8.25-E10.5 in the mouse embryoykeelal., 2001). The experiments
performed by Zaffran and colleagues using lineagerig approach of the movement of
AHF cells in the right ventricle and outflow trantyocardium (Zaffran et al. 2004).
Retrospective clonal analysis of myocardial cellficated two categories of clones: the
second lineage contributes to the outflow tract@hdther regions of heart, except the
left ventricle, which was generated solely from fingt lineage (Meilhac et al. 2004).
The second lineage, marked by tHé& expression, corresponds to the contribution of

SHF cells (Cai et al. 20031 mutant mouse showed a decrease expression of BMP
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(BMP2, 4, 6 and7) and FGF gene$-GF4, 8, 10), indicating BMPs and FGFs are also
expressed in secondary heatrt field (Cai et al. R@8IPs and FGFs are required for
the activation of myocardial regulatory genes sasRKX2.5 andGATA4, whereas
WNT signaling exhibits inhibitory effect (Brand 28)0

Anterior HF
(Mjaatvedt et al, 2001)
Anterior HF

(Kelly et al, 2001)

Secondary HF
(Waldo et al, 2001)

o\ ~J?

p & ©

Figure 1.3  Anterior and secondary heart fields

Panels A-E show the location, extend and contmloudif the cells of anterior and
secondary heart field that were identified by Weaalt et al. (Mjaatvedt et al. 2001),
Kelly et al. (Kelly et al. 2001) and Waldo et alvéldo et al., 2001) (Adapted from
Abu-Issa et al. 2004), AoS, aortic sac; T, trun€lisgonus; RV, right ventricle.



1.1.5 Chamber formation

During the process of convergence, myocardiumdeddo the proximal part of the
sinus venosus to form the atria. The expanding atili be segregated into right and
left atrium by a primary atrial septum. The primatyial septum is generated from
splanchnic mesoderm near the venous pole thateliffiates into myocardium. The
primary septum enlarges in the direction of theaéntricular cushions thus separating
the atrium into two chambers. As this septum gramsppening between the lower rim
of the septum primum and the endocardial cushiostgym primum (foramen primum),
is formed. The ostium primum becomes smaller asdppears as the primary septum
fused with the endocardial cushions. Before thewi® is completed, perforations
appear in the central part of the primary septuenfdPations coalesce to form ostium
secundum (foramen secundum), another opening iadles the blood to flow from the
right to the left atrium (Moore and Persaud 1998 primary septum grows on the
right side of the pulmonary pit, resulting in thevdloping pulmonary vein being
assigned to the left atrium (Webb et al. 2000). Sésondary atrial septum completes
the process of atrial septation. This secondariuses located on the right of the
primary septum and originates from the myocardivmthe left (Franco et al. 2000).
Secondary septum forms an incomplete partition betwthe atria, resulting in foramen
ovale. The cranial part of the primary septum gadlghudisappears. The remaining of
the septum becomes the valve of the foramen ovakeleaflets of the primary and
secondary septum fuse at birth, thus becoming plaenpartition between the atria
(Moore and Persaud 1998).

The atrium and the prospective left ventricle amenected by the lumen of the
atrioventricular canal. Endocardial cushions fomrtlee dorsal and ventral walls of the
atrioventricular canal. These cushions are enlabyettie inclusion of mesenchymal
cells. The endocardial cushions on the opposits apgroach each other and fuse, thus

dividing the atrioventricular canal into right aledt canal (Moore and Persaud 1998).

The right and left ventricles arise from a narrovaeela that joins the inflow and outflow
poles. The ballooning of the outer curvature myditan expands the ventricular
chambers (Christoffels et al. 2000). The trabeguidech are myocardial diverticulae,
grow towards the lumen from the outer wall of thgoeardium, which is formed
simultaneously, to separate the chamber into agltleft ventricles (van Mierop and
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Kutsche 1985). The ventricular septum develops fitteermerging of trabeculae (Ben-
Shachar et al. 1985), becoming the muscular inteneelar septum. The fusion
between the free edge of the interventricular se@nd the endocardial cushions is not
complete, resulting in interventricular foramengrpiting communication between the
right and left ventricles. This opening is latevs#d by the membranous interventricular
septum. The closure of the foramen and the formaifdhe membranous
interventricular septum is due to the fusion cduiss from the right bulbar ridge, the left
bulbar ridge and the endocardial cushion (MooreRexdaud 1998).

The active proliferations of the mesenchymal ceNsde the walls of the bulbus cordis
results in the formation of bulbar ridges. At abtihg same time, similar ridges form in
the truncus arteriosus. These ridges (bulbar amdt&l rigdes) are derived mainly from
the neural crest mesenchyme (Kirby et al. 1983¢ Giibar and the truncal ridges
undergo 180° spiralling as they grow, resultinghi@ aorticopulmonary septum when
the ridges fuse. This septum divides the bulbudis@nd the truncus arteriosus into an
aortic and a pulmonary trunk. The bulbus cordisd®rporated into the walls of the
definitive ventricles: the bulbus cordis forms thells of the aortic vertibule inferior to
the aortic valve in the left ventricle and forms ttonus arteriosus in the right ventricle

where the pulmonary trunk arises.

1.1.6 Valve development

After looping of the heart, in the region betwelka@ tommon atria and ventricle, the
cardiac jelly expands into swellings called cardiashions (Anderson 2003) (Figure
1.4). Cardiac jelly separates the myocardium (olatgar) and endothelium (inner layer)
of the heart tube. During valve formation, a sulsdetells from the inner endothelium
transform into mesenchymal cells that invade thidiaa jelly. This process is called
epithelial-to-mesenchymal transformation (EMT) (Maald et al. 1977). In short,

EMT and cushion formation involve activation andag@nation of endothelial cells

which then migrate into the cardiac jelly and feshte.

Atrioventricular cushion mesenchyme gives risentticuspid and mitral valves.
Chordae tendineae and the papillary muscles coninectalve leaflets to the
atrioventricular cushion. The leaflets consistioke layers: the atrialis, the spongiosa
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and the fibrosa from the atrial to the ventricidates (Lincoln et al. 2006). The septal
leaflets of the mitral and tricuspid valves steomnirthe dorsal and ventral
atrioventricular cushions and delaminate from témetrcular septal wall while the
mural leaflets develop from the myocardium of th@aentricular canal and the
myocardium below the leaflet subsequently disapdaarto cell death (de Lange et al.
2004).

The aortic and pulmonary semilunar valves origiriais the mesenchyme that formed
truncal cushions during septation of the outfloactr The cushions are composed of
mesenchyme from various locations: cardiac neuestdrom the pharyngeal arches,
the pharynx, and epithelial-mesenchynmal transfaonaf the endocardium. There
are three leaflets in each valve. The leaflets fisom three pairs of ridges extending
into the lumen of the truncus. These early leaftetmprise of a main msenchymal
tissue overlaid with endocardium. The interactibermdocardium and the mesenchyme
creates an arterial face of the leaflets thus tatgdhe leaflets (Hurle et al. 1980).

Specification = Delamination Transdifferentiation Remodeling
Repopulation Migration

Endothelium

Cardiac Jelly — > s

Myocardium

Figure 1.4  Heart valve development
Diagrammatic overview of the heart valve developni@dapted from Armstrong and
Bischoff, 2004) (Armstrong and Bischoff 2004).

11



1.1.7 Aortic arch derivatives

The pharyngeal arches are formed during thartl %" week of development, they each
received their own arteries known as aortic ar¢hasarise from the aortic sac. The
aortic arches begin from the aortic sac and terteimathe dorsal aorta. The aortic arch
arteries begin as symmetrical sets of vesselstah &b six pairs of aortic arches are
developed. However, these aortic arches are nptedent at the same time. When the
fourth and sixth arches are the in the processrafidtion, the first two pairs have

regressed (Moore and Persaud 1998).

The first aortic arch has largely disappearedadx@maining small portion forms the
maxillary artery and may also contribute to therfation of the external carotid arteries.
The second aortic arch also regresses. The dadalgf these vessels remain and form
the stapedial arteries, which are small vessetstimthrough the ring of the stapes, a
small ear bone, in the embryo. The fifth pair aoatich exists briefly and is never well
developed. The remaining aortic arches: third,tfoand sixth, persist (Moore and
Persaud 1998).

During further development of the aortic arches, glistem gradually loses its
symmetrical pattern of arteries due to remodeltivgg leads to to the mature aortic arch
and great vessel patterning (Kameda 2009) (Figie The repatterning of the arteries
into the asymmetric great arteries is due to tkeraetion of neural crest cells with the
aortic arch arteries (Kirby 2007). The third aodrch forms the common carotid artery
and the first part of the internal carotid artérige fourth aortic arch developes
differently on the right and left sides (Moore dhersaud 1998). The left fourth aortic
arch forms part of the aorta, between the left comarotid and the left subclavian
arteries. On the right, it forms the proximal pafrthe right subclavian artery .The distal
part of the subclavian artery is formed from thlghtidorsal aorta and the seventh
intersegmental artery (Moore and Persaud 1998) pitsamal part of the right sixth
aortic arch becomes the proximal part of the rmhmonary artery whereas the distal
part disappears. The proximal part of the leftrsexbrtic arch persists as the proximal
part of the left pulmonary artery. The distal darims the ductus arteriosus during fetal
life (Moore and Persaud 1998). Irregularitiesha embryonic heart such as interrupted
aortic arch and coarctation of the aorta resutnfthe persistence of parts of the aortic
arches that usually disappear, or from disappearahparts that normally persist.
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- 3rd aortic arch - 4th aortic arch 6th aortic arch

. Truncus arteriosus - Aortic sac - Dorsal aortae

A)
Left dorsal aorta
= Aortic arches
Truncus arteriosus
Aortic sac (partly divided into
aortic and pulmonary
arteries)
7th intersegmental artery
B) C)

Internal carotid arteries —_

Left common carotid artery

External carotid arteries

Brachiocephalic artery

) ) Left subclavian artery
Subclavian arteries

8 Arch of aorta
Ascending
aorta

Right pulmonary artery
Ligamentum arteriosum

Ductus arteriosus

Left pulmonary artery
Ascending aorta

Descending aorta

Pulmonary trunk

Figure 1.5  Diagrams of the aortic arch system

A) Aortic arches at 6 weeks of embryonic developmgre first two pairs of aortic
arches have regressed. The obliterated componenitsdécated by broken lines.

B) Diagram of the aortic arches after remodellih§ aweeks.

C) Diagram of the aortic arches in the adult.

The ductus arteriosus in B) is essential for themainication between pulmonary trunk
and aorta, however, in C) the ductus arteriosusrbes the ligamentum arteriosum
after birth (adapted from Moore and Persaud, 199®pre and Persaud 1998).
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1.2 Congenital cardiovascular malformation

1.2.1 Epidemiology of cardiovascular malformation

Congenital cardiovascular malformation (CVM) is ajan group of birth defects that
consists of developmental defects of the hearimggid impaired cardiovascular
function. CVM affects approximately 7 in every 108@ births (Hoffman and Kaplan
2002) and is the most common human birth defecldmade (Christianson et al. 2006)
(Table 1.1). The prevalence of CVM would be higifiéne proportion of pregnancies
which do not continue to term, and patients wittubpid aortic valve who were
diagnosed later in life, were included (Ward 20@@jvancement in medical and
cardiac surgical care have resulted in most patierth CVM surviving to adulthood.
There are now many adults living with CVM, and séisdon CVM recurrence have
shown that this patient population has increassdai an affected child than the
general population (Burn et al. 1998). CVM is thbutp arise from the cumulative
effects of genetic and environmental factors (Nk8&8). Some proportion of CVM
occurs in patients with chromosomal abnormalit®e&4% in different series) and a
handful of families with multiple affected individls, due to Mendelian transmission,
have been described (see below). Some genetictsleled certain environmental
factors that contribute to CVM have been identifi@enkins et al. 2007; Pierpont et al.

2007). However, the majority of the cause of CVIivhagns unknown.

Anomalies of the heart can be classified using rswgystems. In this project, CVM is
categorised in individual patients based on thaneadf the CVM that was judged
clinically most important (usually, the malformaticequiring surgery). It has been
noted that classification systems do vary from gtwdstudy, especially on how
multiple lesions are classified. The complex phgpiotspectrum of CVM may present
challenges in identifying genetic predisposing dest(Pierpont et al. 2007). An
alternative approach to classification involvesugiag together of particular defects
based upon what is known of developmental pathwagardiogenesis. However, there
remains considerable uncertainty regarding theqa®es involved in clinically
observed CVM phenotypes. Moreover, new knowledgescdstantially alter such
classification schemes. For example, prior to ikeaVvery of the second heart field,
malformations of the cardiac outflow tract were graly thought to be mediated
through cardiac neural crest cells functioning mectly during development. It has

subsequently become clear that complex interactiongxample between neural crest

14



cells and cells derived from the second heart figtd critical to outflow tract
morphogenesis. In the following paragraphs, thegypal clinical CVM phenotypes are
briefly listed and described.

Aortic stenosis (AS) occurs in 3-6% of CVM cased anobserved more frequently in
males than in females, with the ratio of 4:1. Tde$ect consists of variable degree of
thickening of the valve that does not function gndy resulting in the impairment of
the left ventricle to pump blood out of the heatbithe aorta. Patent ductus arteriosus
(PDA) and coarctation of the aorta (CoA) frequemthgxist with AS (Braunwald 1997).
Treatment using balloon dilatation or surgery igally performed to palliate the
symptoms and valve replacement will be carriedatet in life (Hoffman et al. 2004).

Bicuspid aortic valve (BAV) is a congenital defotymivhere the aortic valve has only
two cusps, instead of three cusps in normal heastldpment. BAV may become
calcified later in life due to calcium depositiomdalead to various degrees of severity of
aortic stenosis and aortic regurgitation (Braunwi#l@7). However, unlike other defects,
BAV can functional normally at birth and only deeplstenosis or incompetence after
40 years of age. Therefore, the incidence of BAVsSgally not recorded in paediatric
population studies and varies from about 0.4-2.28%fman and Kaplan 2002). BAV
can lead to calcified aortic valve with severe at%), aortic regurgitation, infective
endocarditis and dilatation of the aortic root wdilsection of the aorta. Therefore,

surgical valve replacement is usually needed irdigitife.

Coarctation of the aorta (CoA) could be detectedhdunfancy if the defect is critical.
This critical CoA accounts for one third of all C@#d if left untreated, leads to early
death (Hoffman et al. 2004). In other cases, CoAld/only manifest significant
symptoms after 20 to 30 years (Braunwald 1997)s @efect is a condition in which
the aorta is significantly narrowed due to thekbiting of the posterolateral aortic wall
opposite the ductus arteriousus (Braunwald 199G\ @ight arise due to the small
involution of the left aorta that moves craniallitwthe left subclavian artery during the
remodelling of the aortic arches. The other comaoomalies associated with this
defect are BAV, VSD, and mitral stenosis or reguatgpn. Surgery or balloon dilatation

could relieve the symptoms but sometimes CoA magaer as the child grows.
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Atrial septal defect (ASD) is one of the most conmnecongenital cardiovascular
malformations that occur with an average incidesfc@41 per million live births
(Hoffman and Kaplan 2002). The true incidence ghbr as this malformation may be
undetected in early life. ASD results in a leftight shunt of blood. The locations of
ASD vary from ostrium primum atrial defect, ostiwacundum defect in midseptal
region involving fossa ovalis and defects of thusivenosus located high in the atrial
septum (Braunwald 1997). Ostium primum defect is@moventricular septal defect
(AVSD) and is discussed later. The most signific&8D is the ostium secundum
defect, whereby a large opening between the |eftrigyit atria is present. This anomaly
Is due to excessive resorption of the septum priraudue to the inadequate
development of the septum secundum. Patent foravede (PFO) occurs when the
foramen ovale failed to fuse with septum primumtpatally (Braunwald 1997).
Patients with ASD may exhibit congestive heartuia| pulmonary vascular disease,
mitral incompetence, atrial arrhythmias and throsibof large pulmonary arteries if
left untreated. Uncomplicated ASD is suitable flmsare with a device introduced
while the patient is undergoing cardiac cathetddeaSurgery would be recommended

for more severe cases (Braunwald 1997).

Atrioventricular septal defect (AVSD) occurs in %8®f CVM cases. AVSD is
frequently observed in Down syndrome (Trisomy 2dfjgnts, where the mothers
involved are usually more than 34 years old (Hofimand Kaplan 2002), and Ellis-
van Creveld syndrome and asplenia or polysplemdrgynes (Braunwald 1997). The
endocardial cushions of the atrioventricular catnalde the canal into two (left and
right) and also participates in the formation af thembranous portion of
interventricular septum and in the closure of teeéuon primum. Failure of fusion of the
endocardial cushions results in AVSD. This anonmlsharacterised by an atrial and a
ventricular component separated by abnormal vaagdts in the single atrioventricular
orifice (Moore and Persaud 1998). If the endocduiahions fuse only partially, where
the ostium primum failed to fuse with endocardialtions but the interventricular
septum is closed, this defect is known as ostiumymn defect. The defect is usually
combined with deformed and incompetent AV valvesa(Bwald 1997). Surgical repair
is the recommended treatment for AVSD patientthdfleft AV leaflet tissue is
significantly deformed, mitral valve replacementulbalso be carried out (Braunwald
1997).
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Double outlet right ventricle (DORV) occurs in azge 157 out of one million live
births (Hoffman and Kaplan 2002). The definitiondoiuble outlet right ventricle
(DORV) varies but generally occurs when both thienmmnary and the aorta are exiting
from the right ventricle (Braunwald 1997). More tha0% of the DORV patients
display defects of the right AV valves; some patdmave mitral atresia with a
hypoplastic left ventricle and in a handful of patis exhibit tricuspid stenosis. Due to
the various anatomic defects in the patients, tsfare given palliation. Corrective
surgery is carried out when the patient is ageygds old. In constrast, double outlet
left ventricle (DOLV) is one of the rarest cardemmomalies (Braunwald 1997). DOLV
refers to the origin of both great arteries from lift ventricle. Various defects are
associated with DOLV, the most common are VSD aad®perative repair to close
the VSD and positioning of a right ventricle-pulnaoy artery conduit is usually

performed on the patient.

Ebstein’s anomaly occurs due to the anomaloushattant of the tricuspid leaflets,
where the downward displacement of the tricuspldeves located into the right
ventricle (Braunwald 1997). Associated malformagisnch as patent foramen ovale or
ASD is present in more than half the cases. THisatiddas a mean of 114 incidences
per million live births (Hoffman and Kaplan 2008urgical approach such as

valvoplasty or replacement of the tricuspid valv@sed to treat the patients.

Hypoplastic left heart (HLH) occurs in average 266es in one million live births
(Hoffman and Kaplan 2002). HLH consists of undeelepment of the left cardiac
chambers, atresia or stenosis of the aortic arkdéomitral orifices, and hypoplasia of
the aorta; which usually cause heart failure dutirgyfirst week of life. Pulmonary
venous blood enters the right side of the heaoudin a PFO and the systemic
circulation is sustained by PDA (Braunwald 19973pRrative surgeries are performed

in stages to alleviate the symptoms or cardiacsplamtation is required.

Patent ductus arteriosus (PDA) is another commomaty that varies with the
gestational age of the subject. Preterm infantallyshave higher incidence rate of
PDA due to the abnormal physiology whereas in tefants have lower incidence rate.
However, spontaneous closure can occur in some tagemay further inflate the
incidence of PDA (Hoffman and Kaplan 2002). PDAhis abnormal existence of the
ductus arteriosus after birth. The ductus artetisysesent in the fetus as a vessel
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connecting the pulmonary trunk and the descendbnig alistal to the left subclavian
artery, to enable the fetus to bypass the pulmociacylation. This channel is usually
closed at birth. However, a small shunt of bloafrthe aorta to the left pulmonary
artery is present in a normal full-term infant g% to 48 hours (Sansoucie and Cavaliere
1997). In the adult, the obliterated ductus artersoforms the ligamentum arteriosum.
Closure of the ductus arteriosus in full-term ingais regulated by oxygen (Bernstein
1996). Bradykinin, a substance realised from ting$uduring their initial inflation,
causes the smooth muscle to contract. This sulestamtependent on the high oxygen
level of the aortic blood after aeration of thedarat birth. PDA that persists weeks
after birth is pathological entity. Surgical closwf PDA would be carried out to
alleviate the symptoms.

Pulmonary atresia (PA) is an uncommon malformaiiiat is highly lethal. PA is
characterized by atretic pulmonic valve, due tohiyeoplastic development of both the
pulmonary valve and artery or occasionally accorgghhy extremely narrowed right
ventricle, resulting in obstruction of the pulmoypairculation (Braunwald 1997).
Aggressive medical and surgical treatment woulg@rescribed during the neonatal

period.

Pulmonary stenosis (PS) occurs in about 7% of C\éflepts. However, this number
does not mirror the true estimate of the incideaéhere are unknown number of
patients with very mild PS that do not require ngatlattention. PS results from fusion
of the pulmonary valve cusps leading to obstructibthe pulmonary circulation and
thickening of the right ventricle (Braunwald 199This anomaly is frequently observed
in patients with Noonan syndrome. Surgical or milealvotomy is necessary for these

patients.

Single ventricle is a lesion where both atrioveniiar valves, or a common
atrioventricular valve open into a single ventraauthamber (Braunwald 1997). The
associated anomalies are abnormal great arterya{pasition or D-malposition of the
great artery), pulmonic valvular stenosis, suba@tenosis, and coarctation of the aorta
(Braunwald 1997). This lesion has an average imcd®f 106 per million live births
(Hoffman and Kaplan 2002). Surgical treatment usingtan procedure is applied to

the patients.
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Tetralogy of Fallot (TOF) is one of the malformaisoof the cardiac outflow tract (OFT)
and is the most common form of cyanotic CVM (Braaidh1997). There are four heart
defects in TOF: ventricular septal defect, righttvieular outflow obstruction to the
lungs (pulmonary stenosis), an overriding aorta tbeeives blood from both ventricles
and right ventricular hypertrophy. The fourth featuight ventricular hypertrophy,
arose due to the physiological consequence ofttier three features as the right
ventricular has to pump deoxygenated blood thrabgmarrowed pulmonary valve.
TOF patients would undergo open-heart surgery teecbthese defects. However, the
patients often have residual VSD and right ventaicautflow tract obstruction and
pulmonic valve incompetence. Occasionally theseepat suffer from complete heart
block and sudden death.

Total anomalous pulmonary venous connection (TAPM&urs when connection of

all the pulmonary veins to the right atrium or ke systemic veins, resulting in systemic
venous circulation. Other cardiac malformationshsag single ventricle, truncus
arteriosus, and anomalies of the systemic veinsrancsome TAPVC patients
(Braunwald 1997). TAPVC occurs in average 94 padienat of one million live births.
Reparative surgery is performed for the TAPVC ptaes soon as possible as survival
without treatment after 1 year of age is rare (hhafih et al. 2004).

Transposition of the great arteries (TGA) occur818 infants in one million live births
(Hoffman and Kaplan 2002). TGA is a malformatiomctterized by the aberrant
origin of the aorta from the right ventricle ane fpulmonary artery from the left
ventricle. This defect results in two parallel aliations communicate through ASD,
PDA or VSD (Braunwald 1997). Additional cardiac foainations are small PDA and
PFO that occurs in two thirds of TGA patients. Témaining of the patients exhibit
either a large PDA or ASD, a VSD, subpulmonic sggor some combination of these

defects (Hoffman et al. 2004). Arterial switch sually performed on TGA patients.

The absence or fusion of the tricuspid valves néeratrial communication, ventricular
septal defect, hypoplasia of the right ventricld agpertrophy of the left ventricle
characterizes tricuspid atresia (Braunwald 199ddi#tonal CVMs, like TGA, PDA
and CoA are usually present in patients with tipedistresia. The Fontan-Kreutzer

procedure is carried out to correct the anomaly.
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Truncus arteriosus is a rare but lethal lesion etwethe defect results from the failure
of septation of the aortapulmonary trunk and isagfsvaccompanied by a VSD. Thus
the single outflow tract vessel containing systempidmonary and coronary arteries,
overrides both ventricles and receives blood frathsides (Braunwald 1997). The
operation would be carried out to close the VSD thiedoulmonary arteries are excised
from the truncus and an extracardiac valved conduised to establish the link between
the right ventricle and the pulmonary arteries (Braald 1997).

Ventricular septal defect (VSD) is the most premaferm of CVM, with an incidence
rate of 2-5% (Hoffman and Kaplan 2002). The incemight be higher as in some
cases the defect closes within the first yearfef his defect occurs both as an isolated
anomaly and also in combination with other anonsalide ventricular septum consists
of four compartments (the membranous septum, ieeseptum, the trabecular septum,
and the infundibular septum). Defects that lead$® are due to deficiency of growth
or failure of alignment in any of the compartmeBtgunwald 1997). Incomplete
closure of the interventricular foramen due tofeikire of the membranous part of the
interventricular septum to develop is the most camnype of VSD (Moore and
Persaud 1998). The severity of this defect dependke size of the opening. If the
opening is small, no treatment or operation is ireguas these defects usually close
spontaneously. However, for larger defects causigugificant left to right shunting,
operation is required as large defects if left eated would result in early congestive

heart failure and death.
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Types of CVM Mean Incidence
Aortic stenosis 401
Atrial septal defect 941
Atrioventricular septal defect 348
Bicuspid aortic valve 13,556
Coarctation of the aorta 409
Double outlet right ventricle 157
Ebstein’s anomaly 114
Hypoplastic left heart 266
Hypoplastic right heart 222
Patent ductus arteriosus 799
Pulmonary atresia 132
Pulmonary stenosis 729
Single ventricle 106
Tetralogy of Fallot 421
Total anomalous pulmonary venous connection 94
Transposition of the great arteries 315
Tricuspid atresia 79
Truncus arteriosus 107
Ventricular septal defect 3570

Table 1.2 Mean incidence of CVM per million live biths

The mean incidences of major CVMs per million Ibighs is shown in Table 1.2.1
(Hoffman and Kaplan 2002).
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1.2.2 Non-inherited risk factors for cardiovascularmalformation

Several non-inherited risk factors for CVM have metentified (Jenkins et al. 2007)
(Table 1.2). One of the most potentially excitingcdveries was the reduced incidence
of heart defects observed with maternal periconoeak use of multivitamins
containing folic acid. In the Hungarian randomizedl study, maternal consumption of
multivitamin supplements containing folic acid wassociated with an approximately
60% reduction in risk for CVMs, with odds ratios@#2, confidence interval (ClI) 0.19-
0.98 (Czeizel et al. 1998). This discovery was rorgd by another independent study
using a population-based case-control approachlanta that showed an
approximately 25% reduction in risk for CVMs in tb#spring when periconceptional
multivitamin was used with odds ratios of 0.76,0080-0.97 (Botto et al. 2000). A
study has been carried out by lonescu-Ittu anctaglies that showed reduced
incidence rate of CVM by 6% per year for seven ecnsive years after the
implementation of the Canadian government policfob€ acid fortification of grain
product when compared to the seven years befaiédation (lonescu-Ittu et al. 2009).
This study supported the role of folate in redud\@M but the required level of folate

intake was unknown.

Folic acid is known to reduce risk of neural tulededts. This was conclusively shown
in the MRC randomized folate trial (MRC 1991). Digsphe studies of CVM
referenced above, a recent consensus statementifeoAmerican Heart Association
(Jenkins et al. 2007) described the relationshipvéen folate and CVM as uncertain.
This is a reasonable view, as the Hungarian anahfglstudies used multivitamins
rather than folate, and the Atlanta study was ram@omized. It is possible that the
relationships observed in those studies were dgerttbunding. It would now be
unethical to perform trials with an arm not incloglifolate supplementation, so further
randomized evidence will not be forthcoming. Irstbontext, examining the
relationship between genetic polymorphisms knowaftect plasma folate and the risk
of CVM could identify a causal association. Studiase shown the association of
folate metabolism with homozygous 677C>T variantnethylenetetrahydrofolate
reductaseMTHFR (Bailey and Berry 2005). MTHFR is an enzyme thathatyses the
conversion of 5,10-methylenetetrahydrofolate irHmé&thyltetrahydrofolate, which is

the bioactive form of folate. The homozygous TT @gpe of 677C>T results in
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Non-inherited factors Defects

Multivitamin supplements Any defects, particularly:

(including folic acid) VSD

Phenylketonuria Any defects

Maternal diabetes Any defects, particularly:
Complete AVSD
Cardiomyopathy
Laterality and looping
TGA

Maternal rubella Any defects, particularly:
VSD
PDA

Pulmonary valve abnomalities
Peripheral pulmonic stenosis

Maternal febrile illnesses Any defects, particyjarl
Pulmonic stenosis

Conotruncal defects
Right-sided obstructive defects
Tricuspid atresia

All left-sided obstructive defects
Coarctation of the aorta

VSD

Maternal influenze Any defects, particularly:

TGA

All right-sided obstructive defects
All left-sided obstructive defects
Coarctation of the aorta

VSD
Anticonvulsants Any defects
Indomethacin tocolysis PDA
Ibuprofen Any defects, particularly:
TGA
VSD
Bicuspid aortic valve
Thalidomide Any defects

Table 1.3 Non-inherited risk factors for CVM
The non-inherited risk factors/ materal exposusmeiated with CVM or specific type
of CVMs (adapted from Jenkins et al., 2007)
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reduced activity of the MTHFR enzyme and decredsesl of plasma folate (Blom et
al. 2006).

Thus, a causal relationship between plasma fotadeCA/M could be inferred if robust
association between TT genotype and CVM could bebkshed. Meta-analysis of
thirteen studies on the relationship betwbEiHFR polymorphism and CMVs gave
overall odds ratios of 1.3 (95%, Cl 0.97-1.73) arel (95%, CI 0.83-1.74) for fetal and
maternal MTHFR C/T genotypes respectively (van Beyret al. 2007).

The caveats of van Beynum’s study are the hetemyeof the population of the
thirteen studies and the small total number of€aseolved. Not all of the studies
analysed considered the intake of folic acid inrttegernal diet. Analysing patients with
various types of CVMs also complicated the studyif aight be possible that specific
types of CVM could be associated with folate melisbn Therefore, folate is thought
to be still an open question that may be resolwelditger meta-analyses.

A number of maternal illnesses and conditions Hseen association with an increasing
risk of CVMs. Untreated maternal phenylketonurisuténg in high basal phenylalanine
level & 90QuM) was associated with a greater than six-foldeased risk of having an
offspring with CVM when compared to the metabobntrol group (with phenylalanine
level< 60QuM) (Levy et al. 2001). The most frequent defediseyved are coarctation

of the aorta and hypoplastic left heart syndrome.

Maternal pregestational diabetes has been congjstesociated with an increased risk
of CVM in offspring, with an odds ratio of 4.7 (9524 2.8-7.9) (Loffredo et al. 2001).
The defects observed in the offspring are cardigratioy (OR=15.1, 95% CI 5.5-41.3),
laterality and looping defects (OR=10.0, 95% CF3770), transposition of the great
vessels (OR=6.6, 95% 3.2-13.3), and complete aniricular septal defects (OR =22.8,
95% ClI 7.4-70.5).

Maternal rubella infection early in gestation cau€&M in offspring, in particularly

PDA, pulmonary valve abnormalities, peripheral pohary stenosis and VSDs (Jenkins
et al. 2007). Maternal influenza in the first trisher of pregnancy has been described as
a probable risk factor for CVM (Scanlon et al. 198Bang and Cai 1993). Other

maternal febrile illnesses during the first tringesif pregnancy might lead to defects
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such as pulmonic stenosis, tricuspid atresiajgtk+sided obstructive defects,
coarctation of the aorta, all left-sided obstruetdefects, conotruncal defects and VSDs
(Botto et al. 2001; Ferencz et al. 1997), thoudia dae at present inconclusive.

Maternal therapeutic drug exposure has been assdaeidgth an increased risk of CVM.
Maternal ingestion of drugs such as Thalidomidetjcamvulsants, and nonsteriodal
anti-inflammatory drugs (Indomethacin tocolysisd dinuprofen), will lead to offspring
having various CVMs (Ericson and Kallen 2001; Nari®97; Schardein 2000;
Smithells and Newman 1992; Wilson et al. 1998).

Some findings have demonstrated a conclusive firdngironmental factors to CVM in
offspring, for example, rubella, Thalidomide, ditdseand anticonvulsants. However,
the majority of the findings in this area remainanclusive. This is because prospective
epidemiological studies of environmental exposaresdifficult to perform because the
condition is uncommon and therefore pre-concegiapllations of hundreds of
thousands of women would need to be enrolled fiiiceent disease outcomes to be
observed. On the other hand, retrospective stumdies limitations as they utilize the
possible exposure-outcome relationships from casdsontrols that may be subject to
recall or reporting bias. Studies of other adv@rsgnancy outcomes have suggested
that the effect of such biases could be substaftdrefore, there may be many more
hitherto undiscovered environmental factors thaseaCVM. One potential use of
genetic studies could be to identify some of tHas®ors. If variants in genes mediating
an individual’s response to environmental exposurfes example through vitamin or
xenobiotic metabolism — were found to be associaitid CVM, then this would

implicate the environmental exposure in diseassatzn.
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1.2.3 Genetic basis for cardiovascular malformation
1.2.3.1 “Sporadic” CVM

Although the incidence of CVM is higher when thtugeis exposed to non-inherited
risk factors, most fetuses remain unaffected, sstgggthere may be interaction
between environmental exposures and genetic sulsitigptactors. Familial recurrence
and transmission risks indicate a significant germintribution to CVM (Burn et al.
1998; Oyen et al. 2009). Many studies have expl@agedlial recurrence risks since the
original proposal of a multifactorial aetiology@/M by Nora in 1966 (Nora and
Meyer 1966). However, almost all of these haveasswith possible ascertainment bias
that could have influenced their results (Burnle1898; Lie et al. 1994; Nora and Nora
1987; Pradat 1994). Two contrasting studies, oresBy one Danish, that attempted
complete population ascertainment are more likelyave made accurate estimates of
familial recurrence risks, and are discussed hemare detail. These studies addressed
recurrence risk in the ~80% of cases that cannattbibuted to particular genetic

syndromes or environmental causes.

The British offspring study by Burn and colleag@@arn et al. 1998) showed the
variable heritability among non-syndromic hearted¢$. They identified 727
individuals with disturbance of situs or segmegtainection, with atrioventricular
septal defect or with tetralogy of Fallot that sued surgery before 1970. Each
individual was examined and interviewed. The CVMureence in the offspring of this
population was 4.1%, which was 16 out of 393 liffsgring, excluding miscarriages
and terminated pregnancies. This risk was signiflgadifferent from sibling risk (2.1%,
with p=0.021) and substantially higher than theydaton baseline risk of 0.7%. When
recurrence risk for specific cardiac defects wagstigated, no cases of recurrent CVM
in the offspring of probands with TGA were founiderte was a 7.8% risk in the
offspring of 88 individuals with AVSD and 3.1% recence risk in the offspring of 395
individuals with TOF. These results suggested ABID TOF were particularly
influenced by genes. Computer modelling prediched TGA is a sporadic defect,
AVSD a single-gene defect and TOF a polygenic disoof three genetic loci.
However, the study conducted by Burn and colleagught have included
undiagnosed syndromic cases with CVM and did ndudare all of the CVM patients of
reproductive age that have undergone surgery, \dogi@~70% participation rate
among identified probands.
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Oyen and colleagues utilized large and carefullyosated Danish population registries
over three decades to investigate the recurreskdar offspring of CVMs patients and
to estimate the contribution of CVMs in familiestt@ general population (Oyen et al.
2009). The recurrence risk ratio for all types dM\Cwas 3.21 among the first-degree
relatives of a proband with CVM. However, this ricreased when CVM was
identified only in second and third-degree relaivEehis result strongly suggested that
genetic component played an important role to thaifastation of CVM. In a
commentary on this paper, Shieh and SrivastavafSind Srivastava 2009) reiterated
the hypothesis that sporadic CVM is caused by gedefects with variable penetrance
that will only manifest as disease in conjuctiothather genetic, epigenetic,
environmental or hemodynamic factors. Oyen et al&d that specific CVMs
demonstrated significant higher risk in first-degrelatives. Heterotaxia has a high
recurrence risk ratio of 79.1 (95% CI 32.9-190)ldlwed by right ventricular outflow
tract obstruction with 48.6 (95% CI 2.5-85.6), aentricular septal defect with 24.3
(95% CI 12.2-48.7), left ventricular outflow trambstruction with 12.9 (95% CI 7.48-
22.2), conotruncal defects with 11.7 (95% CI 8.00),7isolated atrial septal defect with
7.1 (95% CI 4.5-11.1) and isolated ventricular abgéfect with 3.4 (95% CI 2.2-5.3).
However, the contribution of multiple affected C\flmilies to the general population
with CVM was 2.2% to 4.2% (excluding chromosomales), indicating that only a

small proportion of CVM cases were from CVM familie

27



1.2.3.2 CVM as patrt of particular genetic syndromes

A number of CVMs have been associated with a sigghe or chromosomal
aberrations. However, CVM even within the syndroamd isolated cases demonstrated
incomplete penetrance and variable expression2Zh&1 deletion syndrome has been
described as several overlapping clinical syndromesding DiGeorge Syndrome,
Velocardiofacial (Shprintzen) Syndrome or conotalranomaly face syndromes.
Individuals with this deletion often display palaeomalies, feeding disorders, speech
and learning disabilities, renal anomalies, behanabdisorders and CVMs. The
common CVMs associated with a 22q11 deletion draltgyy of Fallot, truncus
arteriosus, conoventricular VSDs, and aortic arabnaalies (Goldmuntz et al. 1998;
Marino et al. 2001; Momma et al. 1995). Approxinha&28% of del22g11 cases are
inherited from a parent in an autosomal dominastiitan while the remainder ade

novo (Digilio et al. 2003). Not infrequently, a parastidentified with the deletion after
a child with CVM has been cytogenetically diagnosed

Williams-Beuren Syndrome is associated with spe€@¥/Ms, infantile hypercalcemia,
skeletal and renal anomalies, cognitive deficgscial personality” and elfin faces. The
specific CVMs for this syndrome are supravalvulatia stenosis, in conjunction with
supravalvular pulmonary stenosis and peripherahpuohry stenosis (Eronen et al.
2002). About 90% of the individuals affected witlistsyndrome can be diagnosed with
microdeletion at chromosome 7q1.23 by fluorescenseu hybridization (FISH).

The trisomies are chromosomal aberrations that@renonly associated with CVMs.
Trisomy 13 (Patau syndrome) show a high incideri@ral and ventricular septal
defects, and disturbance of cardiac position. Ristidiagnosed with Edwards syndrome
(trisomy 18) have a 90-100% chance of having CVM=out 40-50% of the patients
with trisomy 21 (Down syndrome) have CVMs, andhadde, almost half are diagnosed
with AVSD (Pierpont et al. 2007).

There are other syndromes that are associatecsimigle-gene defects. Alagille
syndrome patients showed 20p12 deletiodAgd1 mutation (located in 20p12.2-
pl11.23).JAG1 encodes a Notch ligand protein (Krantz et al. 199@t al. 1997). This
syndrome is an autosomal dominant disorder. Timéceli features of this syndrome are
highly variable due to variable penetrance. Thetrnosimon features are anomalies of
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the liver, face, eyes, renal, neurons and head.specific heart defects occur in more
than 90% of individuals with Alagille syndrome aindlude peripheral pulmonary
hypoplasia, tetralogy of Fallot, and pulmonary eastenosis (McElhinney et al. 2002).

Noonan syndrome is characterized by short statypeal facial dysmorphism, webbed
neck, chest deformity and CVMs. Approximately 8@496f the individuals affected

with Noonan syndrome are diagnosed with CVM. Thesthecommon observed cardiac
anomalies are pulmonic valve stenosis and hypéricagardiomyopathy (Marino et al.
1999; Noonan 1994). Other defects such as secuathimhseptal defect,

atrioventricular septal defect, mitral valve abnaltres, aortic coarctation and tetralogy
of Fallot also occur. This genetically heterogersesyndrome is associated with at least
3 genesPTPN11, SOS1, andKRAS (Digilio et al. 2002; Roberts et al. 2007; Schutbe
et al. 2006).

Holt-Oram syndrome is caused by mutations inTB¥5 transcription factor gene
located in chromosome 12g24.1 (Basson et al. 19%3.syndrome is characterized by
upper-limb deformities and CVMs. Approximately 75#these patients have ASD or
VSD and/or progressive atrioventricular conductiesease.

Patients with CHARGE syndrome are characterizeddbiyboma of the eye, heart
defects, atresia of the choanae, retardation, @jeamid ear abnormalies (Tellier et al.
1998). More than 50% of the patients were iderttif\eth mutation in the CHD7 gene
(Vissers et al. 2004). Mutations in the TFAP2B gentranscription factor expressed in
neural crest cells, have been identified in twoif@swith Char syndrome (Satoda et al.
2000). Individuals with Char syndrome are charameer by facial dysmorphism, hand
anomalies and patent ductus arteriosus. Theseesyagle and chromosomal aberration
show autosomal dominant inheritance and majorityhe$e syndromes arigde novo.

Table 1.3 summarizes the genetic syndromes assdaiath CVM.
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Syndrome Causal gene/ loci Type of CVMs
. ASD, VSD, disturbance of cardig
Down syndrome Trisomy 21 "
position

ASD, VSD, PDA,TOF, DORYV, DA

Patau syndrome Trisomy 18 TGA, CoA, BAV, BPV,
polyvalvular nodular dysplasia

Edwards syndrome Trisomy 13 AVSD, VSD, ASD

DiGeorge syndrome

220911 deletion

IAA-B, TOF, PTA, VSD, isolated
AA anomalies

Williams-Beuren
syndrome

7911.23 deletion

Supravalvar AS, PS, PPS

Alagille syndrome

20p12 deletion or
JAG1 mutation

PS, PH, TOF

Valvular PS, hypertrophic

Noonan svndrome PTPN11, SOS1, cardiomyopathy, secundum ASI
y andKRAS AVSE, mitral valve abnomalities
CoA, TOF
Holt-Oram syndrome TBX5 ASD, VSD, progressive AV
conduction disease
TOF, AV canal defects, VSD,
CHARGE syndrome CHD7 ASD, CoA, PDA
Char syndrome TFAP2B PDA

Table 1.4

Genetic syndromes associated with CVM

The genetic syndromes and the causal genes/ lb@isate associated with CVM

(adapted from Pierpont et al, 2007) (Pierpont €2@D7).
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1.2.3.3 Non-syndromic Mendelian families

Very few large families with autosomal dominantenktance of non-syndromic CVM
have been described. A number of genes have begtified by performing linkage
analysis. Mutations ilNKX2.5 have been identified in 4 kindreds with atrialtaép
defects and atrioventricular conduction delay witth®yndromic defects (Schott et al.
1998). Two separate families with abnormal aorétve that leads to severe valve
calcification haveNOTCH1 mutations resulting in truncated polypeptide ¢eraid
polypeptide (Garg et al. 2005). Members of two fasiwith ASD only or with ASD

and other septal defects were identified with maitestin theGATA4 transcription

factor (Garg et al. 2003). In sporadic non-syndm@V¥VM cases, where no immediate
family members were diagnosed with CVM, a handfigenes have been implicated.
Screening of non-syndromic TOF patients performg&bldmuntz and colleagues
found more non-synonymous genetic variantslikk2.5 (Goldmuntz et al. 2001).

Other investigations have identified mutationsandiac candidate genes in CVM
patients, for exampl€ERELD1 in AVSD cases (Zatyka et al. 2005) and CONNEXIN43
in HLH cases (Dasgupta et al. 2001). Table 1.4 shibw genes that are associated with
non-syndromic CVM. It must be emphasised that sumhsyndromic Mendelian CVM
families are very rare and contribute much less tt#4 to the population burden of

disease.

Gene Type of CVMs

NKX2.5 Familial ASD, AV block
GATA4 ASD or VSD

CRELD1 AVSD

CONNEXIN43 HLH

TAPVR1 TAPVR

Table 1.5 Genes associated with non-syndromic CVM
Genes associated with autosomal dominant inheatahoon-syndromic CVM that
have been described.
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1.3 Bone Morphogenetic Protein signaling pathway
1.3.1 BMP signaling during heart formation

Bone morphogenetic proteins (BMPs) were originafiyned for their ability to induce
bone formation (Urist 1965). Since then, BMPs hiagen implicated in a plethora of
cellular functions during development and in aditdt Early heart development

requires BMPs, particularly cardiomyocyte diffeiatibn (Ghosh-Choudhury et al.
2003; Schlange et al. 2000; Shi et al. 2000). Blg¢leng to the transforming growth
factorf3 (TGF{3) superfamily and comprise a subfamily of more tB@&rmembers.

BMPs are synthesized as large precursor proteiftst dimerization, these proteins are
activated by endoprotyeolytic cleavage to produetune dimer. The N-terminal of the
protein controls the stability of the processedureprotein and the C-terminal adjacent
to the cleavage site determines the cleavage @ifigi (Constam and Robertson 1999).

Activated BMPs are then glycosylated and secretdtbano- and heterodimers.

BMPs signal through the assembly of hetero-tetramserine/threonie kinase receptors,
which comprise of two type | and two type Il recapt(Figure 1.5). To date, three type
| receptors and three type Il receptors have baéemtified to mediate BMP signaling
(Koenig et al. 1994; Liu et al. 1995; ten Dijkea&t1994). These receptors are distinct
form each other and form their own subgroups (Katalet al. 1998). However, they
share sequence similarity among TG Family receptors. The type |l receptors are
BMPR2 (BRK3), ACVR2A (ActRI1A) andACVR2B (ActRIIIB) and the type | receptors
areACVRL1 (ALK2), BMPR1A (ALK3) andBMPRI1B (ALK6). BMPR2 is specific to

BMP signaling whereas the other type Il recepfZ¥R2A (ActRIl) andACVR2B
(ActRIIB) not only transduce BMP signals but also binddiovans for signaling
(Kawabata et al., 1995). Among the type | recep®¥4PR1B is unlikely perhaps to
play a part in cardiogenesis, as it is not expesgséhe embryonic heart (Dewulf et al.
1995). Endothelial-specifisCVR1 mutant mice generated using thiee/loxP system
display defects in the atrioventricular septa aaldes, resulting from a failure of
endocardial cells to differentiate into the mesemuo in the atrioventricular canal
(Wang et al. 2005aBMPRI1A is expressed in embryonic hearts and is discusstuer

in section 1.3.4BMPR1A andBMPRI1B preferentially mediate different BMP ligands
from ACVRL1. The BMP ligands that bind 8®MPR1A andBMPR1B areBMP2 and

BMP4 while BMP7 binds to these receptors with low affinity. By tast, ALK2

primarily mediate8MP5, BMP6 andBMP7 signaling (de Caestecker 2004).
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When BMP ligands bind to the heteromeric completypé | and type Il receptors, the
type Il receptor, which is constitutively in anigetstate, phosphorylates the type |
receptor through the glycine-serine domain (Miyazenhal. 2005). Intracellular events
after receptor activation have been shown to beatestiby SMAD (small mother
against decapentaplegic) proteins (Heldin et @7)9Type | receptors in turn trigger
intracellular signaling by phosphorylating the destveam components, which are
receptor-activated SMADs (R-SMADSMAD1/5/8). After releasing from the receptor,
the phosphrylated R-SMADs will form a complex wiltommon SMAD $MAD4)

and translocate into the nucleus where they ppdieiin gene transcription by
interacting with other transcription facto8J1AD6 andSMAD7 are inhibitory SMAD
proteins (I-SMADs) induced by BMPs which inhibietBMP signaling pathway
through a negative feedback loop (Imamura et &719ouchelnytskyi et al. 1998).

Regulation of BMP signaling occurs at three leveldracellularly, membrane level and
intracellularly. At the extracellular level, NoggiNOG) and other cysteine knot
containing BMP antagonists bind directly to BMRwsj4 inhibiting BMP signaling
(Waldo et al. 2001). Co-receptors at the membrawel lon one hand inhibit signal
transduction by intercepting with receptor comgi@xnation, e.gBAMBI (Balemans
and Van Hul 2002) and on the other hand may enhsigoaling by presenting BMPs
to receptors, e.qRGMB (DRAGON) (Samad et al. 2005). Intracellular regulationursc
both in the cytoplasm and nucle@1AD6 andSVIURF1 modulate BMP signals in the
cytoplasm and also in the nucleus (Goto et al. 20Mfakami et al. 2003). BMP
signaling can be mediated by other intracellulatgins including
MAP3K7/MAP3K7IP1 to inducep38 MAPK, PI3 kinase, RAS, MAPK1 andMAPKS8
(Kinbara et al. 2003; Nohe et al. 2004 ; Roux atehB 2004; Vanhaesebroeck et al.
2001).

BMP signaling is phylogenetically conserved in hel@velopment. BMP is present not
only in vertebrate, but also in Drosophila wheris known a®ecapentaplegic (Dpp),
which is an orthologue of vertebrd® P2 andBMP4. Dpp induces bothinman and
pannier (Sorrentino et al. 2005Jinman is a transcription factor, whose vertebrate
homolog is the critical cardiac transcription fadiikx2.5 whereagannier is a Gata
transcription factor family membebDpp maintains the expression tfiman during
differentiation of the cardioblasts (Xu et al. 199Bhe observation that BMP2
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expression in the anterior endoderm of drosopbiiak, zebrafish, frog and mouse is
required to induce myocardial differentiation fugtlstrengthen the essential role of
BMP signaling in heart formation throughout evadatiAndree et al. 1998; Brand 2003;
Kishimoto et al. 1997; Lough and Sugi 2000; Schaifth et al. 1997; Shi et al. 2000).

Five genes from the BMP signaling pathway werec$etkas candidates that might be
involved in susceptibility to CVM in BMP signalingMP2 andBMP4 are BMP

ligands at the extracellular lev@MPR2 andBMPR1A at the membrane level and
SMIADG at the intracellular level. These genes were saddgased on their expression
pattern during embryonic heart development, thdiaarabnormalities demonstrated by
mutant animal models where available, and the& aold specificity to BMP signaling.
Detailed background on the selected candidate gemessented in the following

sections.
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Figure 1.6 BMP signaling pathway

Activated BMP ligands bind to type | and type Iteptors, type Il receptor will then
phosphorylate the type | receptor, which in turegghorylates receptor-activated
SMADs (R-SMADs). The activated SMAD binds to comn®MAD4 upon which the

complexes are translocated to the nucleus ancipatie in transcription.
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1.3.2 BMP2

Bone morphogenetic protein BNIP2), also known aBMP2A, is located on
chromosome 20p12 and has three exons (Figure iddthods). The total transcript
length is 3.6kb, producing a polypeptide of 396raracids in human. This gene has a
TGF{3 propeptide in the N-terminal and a T@Flomain in the C-terminal that serves

as a multifunctional peptide.

In situ hybridization in chicken embryonic hearts showsat the avian Bmp2 gene was
expressed in the endoderm at HH stage 5, andttisaessential for forming cardiac
mesoderm (Somi et al. 2004). This experiment cordd the previous study
demonstrating that the delivery of Bmp2 soaked béadegions of non-cardiogenic
mesoderm in vivo triggered the expression of cartii@nscription factors like Nkx2.5
and Gata4 (Schultheiss et al. 1997). At HH stadgn®2 was expressed in the paired
lateral heart-forming regions. Bmp2 was later seghe myocardium of the inflow

tract at the venous pole of the heart tube at HigesiLO (Somi et al. 2004). Inactivation
of Bmp2 by the addition of Noggin (an inhibitor thands to TGH3 family ligands
[including BMP ligands] with high affinity to prewe the ligands from binding to
receptors and thus inhibits signal transductiorthéoexplants at HH stage 5-8, inhibited
expression of cardiac transcription factors likexRlbs and eHand. This further suggests
that Bmp2 is an important molecule for downstreamdiac specification (Schlange et
al. 2000). At HH stage 16, in the arterial pole,@hwas expressed in the myocardium
of the distal OFT and in the mesenchyme distahéoQFT but not in the pharyngeal
arches. In the venous pole, Bmp2 was expressdeimyocardial layer of the inflow
tract. From HH stage 16-23, expression of Bmp2 mgasicted to the primary
myocardium of the atrioventricular canal (AVC). lAH stage 23, Bmp2 was expressed
in the mesenchyme of the distal OFT ridges anddiming aorticopulmonary septum.
Bmp2 was expressed throughout the entire AVC atdtage. Bmp2 was also present in
the cardiomyocytes that protrude into the mesenehguning muscularization of the

AV cushions and tricuspid valve (Somi et al. 2004 vitro cultures of cells from
endocardial cushions of chick showed that Bmp2dphlosphorylate Smad1/5/8 and
induce the expression of cartilage markers, sud»@sandaggrecan. This further
reaffirmed the role of Bmp2 in heart valve devel@min(Lincoln et al. 2006). In the
venous pole, BMP2 was expressed in the distal mgadaorder of caval vein and in

the distal myocardium around the pulmonary veim{Bet al. 2004).
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Thx2 andThx3 are T-box DNA binding proteins with T-domain priotethat are
phylogenetically conserved and function as trapsiom factors to regulate a variety of
developmental processes, including heart develop(haiche et al. 2005). The
expression of Tbhx2 and Thx3 closely overlapped Withregions that express Bmp2 in
chicks. Treatment with Bmp2 in non-cardiogenic eyohic tissue leads to the
expression of Thx2 and Tbx3, demonstrating that Bmgediates heart development
upstream of Thx2 and Thx3 (Yamada et al. 2000).

MEF2A (Myocyte-specific enhancer factor 2A) is a traigon factor initailly
implicated in the development of heart and card@uractility in zebrafish (Naya et al.
2002; Wang et al. 2005b). Investigation of Bmp2 Mef2a in zebrafish and neonatal
rat cardiomyocytes showed that Bmp2 is requireatéodiac contractility and Bmp2
could activate Mef2a transcriptional activity (Waetgal. 2007). This study indicates
that Bmp2 acts upstream of Mef2a in the developratéfinctionally contractive

cardiomyocytes.

To elucidate the function of BMP2 in the developmgfithe mouse heart, targeted
deletion of Bmp2 was performed (Zhang and Brad@86). The homozygous Bmp2
knockout mouse died between E7.0 and E10.5, afterdtion of the heart tube. In the
mutant mouse, the heart tube was formed insidexbeoelomic cavity instead of
inside the amniotic cavity in the wild type. Thepeassion of Bmp2 was detected at
E7.5 in the mesoderm of normal mouse (Zhang andI&y&d996). At E9.5, Bmp2 was
presented in the outer myocardial cells of the AX¢ons et al. 1990; Zhang and
Bradley 1996).

To overcome the embryonic lethality of homozygolH2 knockout mouse, Ma and
colleagues generatedBap2 null allele by deleting the exon3 Bfmp2 and crossed with
Nkx2.5”¢ knock-in allele (Ma et al. 2005). BMP signalingsadisrupted in the
endocardial cells in the AVC at E9.5, resultingé@vere AVC defects, a defect in
cardiac jelly formation and the failure of mesenolay cells to migrate to the AVC (Ma
et al. 2005). The deletion of Bmp2 in cardiac mtprs also results in changes of cell
fate, where differentiated chamber myocardium weseoved in heart-valve forming

region (Rivera-Feliciano and Tabin 2006).

37



The expression and ablation of BMP2 in the animadiefs suggest a role in the
aetiology of conotruncal cardiovascular malformasi@and AVC defects. However, no
re-sequencing of tBMP2 in CVM patients had been performed at the stathisf
study. Therefore, investigation on whether mutaimrBMP2 could cause sporadic

CVM in man was performed.
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1.3.3 BMP4

Bone morphogenetic protein BNIP4) is also known aBMP2B. This gene is located
on chromosome 14g22-g23 and has three isoformar@-R&2 — Methods). The 4 exons
of BMP4 generate a polypeptide of 408 amino acids. Thetiomal domains of BMP4
consist of a TGH propeptide in the N-terminal and the T@FElomain in the C-

terminal, similar to other BMP ligands.

In zebrafishBmp4 has been shown to regulate left-right (LR) pattegriboth during
early segmentation and during late segmentationgf@m et al. 2007). During early
segmentation, BMP signaling is required in thetrigteral plate mesoderm to regulate
both visceral and heart laterality; whereas dulatg segmentation, BMP signaling is
required in the left lateral plate mesoderm to fafguleft-sided gene expression and
heart laterality. Restricted morpholino knock doswperiments targeting the splice
donor site between exon 1 and exon Bwip4 to produce aberrant Bmp4 protein in
Kupffer’s vesicle results in LR patterning defe@hocron et al. 2007). In both
zebrafish and Xenopus, Bmp4 is expressed strongth®left of the linear heart tube.
Ectopic overexpression of Bmp4 bilaterally in theah tube results in randomized

looping (Breckenridge et al. 2001).

Somi and colleagues carried out a study to idemttiich Bmp ligand might be
principally involved in myocardium formation in nat and extracardiac mesenchyme in
vivo by visualizing the expression patterns of Bmpéip4, Bmp5, Bmp6 and Bmp7
MRNA using in situ hybridisation in avian embryohiearts from Hambuger-Hamilton
(HH) stage 5 to 44 (Somi et al. 2004). At HH stag8mp4 was expressed in the
ectoderm adjacent to the cardiac precursor cetisul#heiss et al. 1997; Somi et al.
2004). The cardiac precursor cells are locatedemtesoderm in the anterior bilateral
regions of the embryo. When a straight heart taldermed at HH stage 10, Bmp4 was
observed in the myocardium of the arterial pole atidcent mesenchyme at both sides
of the linear heart tube. Bmp4 was expressed inligtal myocardial border (arterial
pole) and the flanking mesenchyme at HH stage 18r2i3the expression was restricted
to the mesenchyme later on. Expression of Bmp4neaseen in the inflow tract
myocardium but it was present in the adjacent nasgne flanking the tract (Somi et
al. 2004). Loss of function of Bmp4 by the misexgsien of Noggin, which binds to
BMP ligands and inhibits BMP signaling in the dephg heart from HH stage 10-12
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revealed abnormalities of the outflow tract cuskidevelopment, resulting in a
ventricular septal defect with double-outlet rigkntricle or common arterial trunk
(Allen et al. 2001). Between HH stage 16-23, wherscalarization of the
atrioventricular cushions and the tricuspid vabiees place, Bmp4 was expressed in
part of the mesenchyme of the mitral valve andniyecardium of the tricuspid valve,
at the ventricular level (Somi et al. 2004). Bmpgéression was detected in the ventral
layer of the right sinus horn at HH stage 13 andiblystage 17, Bmp4 was expressed
in the proepicardium at the venous pole of the libgieg heart (Schlueter et al. 2006).
From HH stage 36 onward, Bmp4 was expressed iartdecardium throughout the
entire heart (Somi et al. 2004). These studies siddive dynamic patterns of Bmp4
throughout chicken heart development.

RNA of Bmp4 was detected in mouse embryos from E6510.5 using RT-PCR
(Winnier et al. 1995). At E6.5, low levels of Bmpiis expressed in the posterior
primitive streak and by E7.5, the expression of Bmjas stronger. In the knockout
mouse, where targeted deletion of Bmp4 withouffitiseexon after amino acid position
seven was generated by homologous recombinatiembryonic stem (ES) cells,
homozygous mutant embryos died between E6.5 arig] Bring gastrulation (Winnier
et al. 1995). In embryos heterozygous for the I§Fﬁ7pAIIeIe, where the lacZ reporter
gene was knocked into the Bmp4 locus, expressidngi4 was observed in the OFT
at E8.5 and was maintained until birth; whereah@inflow region, Bmp4 was
detected in the sinus venosus at E8.5 (Jiao 208B). At E9.0, Bmp4 was visualized in
the dorsal midline of the common atrium and weaklthe atrioventricular canal

(AVC). Cells from these regions will form the atrsgptum primum (ASP) and inferior
endocardial cushion (IEC). Bmp4 expression wasg laserved in cardiomyocytes
covering the IEC from E9.5 to E12.5 and the ASPfi©10.5 to birth, indicating that
Bmp4 might play an important role during septatima valvulogenesis. In order to test
this hypothesis and to circumvent the early lethalf Bmp knockout mice, a Cre/loxP
approach, where the transcription of Cre recomlgimaslriven by the rat cardiac
Troponin T (cTnT) promoter (Wang et al. 2001; Wan@l. 2000b), was crossed with
or Bmp
Bmp4 expression in cardiomyocytes was utilized. géeerated mutant mice showed

4I oxp-lacZ/oxp-1 acZ) 4I oxp-| acZ/tml) ,

floxed Bmp4 allele Bmp to specifically inactivate

atrioventricular canal defect (AVCD), a single atentricular junction with a common
valve at E15.5-16.5, similar to the human patieitih whenotypic defect of AVCD (Jiao
et al. 2003). Bmp4 mutants with different genotyfrspd ®*'a“"™ cTnT-Cre;
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Bmp4 P laczloplaczl gnd cTnT-CreBmp4™e!o®lamly. a150 displayed cardiac defects,
ranging from atrial septal defect (ASD), partial 88, complete AVCD to double
outlet right ventricle (DORV), successfully recajbétting a variety of cardiac

phenotypic defects in patients.

Bmp4 expression was detectable in the OFT myocaraind within mesoderm ventral
to the branchial-arch arteries (BAAs) at E9.0 (kfwal. 2004). Deletion of Bmp4 from
myocardium of the developing heart in mouse usingraditional null allele of Bmp4
and the Nkx2.8° recombinase allele showed aberrant septationegbritiximal OFT

and reduced proliferation of OFT mesenchyme (Liale2004).
The cardiac defects observed in Bmp4 animal matksisonstrate that Bmp4 has a

pivotal role in heart development. Thus it remdmbe elucidated whether mutations of
BMP4 in human result in CVM.
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1.3.4 BMPRI1A

BMPR1A, bone morphogenetic protein type 1A, is one oftkinee type | receptors that
can mediate BMP signalBMPRI1A is also known a8LK3, ACVRLKS, andCD292.
BMPRI1A is located on chromosome 10g22.3 and has tworissf@Figure 2.4 —
Methods). This gene comprises 13 exons, encodirapproximately 3.6kb transcript,
that generates a polypeptide of 532 amino acitiéimans. There are four functional
domains in the mature protein of BMPR1A: the exatatar ligand binding domain, the

transmembrance domain, a serine/threonine kinasaidcand the cytoplasmic domain.

In chick, Okagawa and colleagues showed the preseihmRNA of Bmprla by RT-
PCR in chick AV endocardium at HH stage 14, duthmgtransformation of
endocardial endothelial cells into invasive mesgnadd cells (EMT) (Okagawa et al.
2007). No studies have been carried out to visedhe expression patterns of Bmprla

MRNA in different stages of developing avian eminigdeart.

In mouse, Bmprla is broadly expressed during eadyse embryogenesis. Bmprla
was detected throughout the epiblast and mesodelen.@ and at E8.5, Bmprla was
observed in the three germ layers and in most adolise tissues (Mishina et al. 1995).
Homozygous mutant mice generated by deleting teetfvo exons of Bmprla died
during embryogenesis (Mishina et al. 1995). At Eah@ E8.5, abnormal or
degenerative embryos were observed. The abnornalyesdid not have a primitive
streak at E7.0, and were approximately half the sfzhe normal embryos. Histological
and molecular analysis of the mutant embryos shatatho mesoderm had formed in
the Bmprla mutant embryos (Mishina et al. 1995)E810, no organized structures
were observed in the abnormal embryos, which werehnsmaller in size than the
advanced normal embryos that had formed head fld$iomozygous mutants were
recovered at E9.5 (Mishina et al. 1995).

In a study performed by Klaus and colleagues, & sf@own that the cardiac crescent
and the primitive ventricle were absent in micayiag a Bmprla deletion in cardiac
mesoderm (Klaus et al. 2007). The mesoderm pragsribntribute to both first and
second heart fields. This study showed that Bmr&asential for the differentiation of

the linear heart tube.
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Deletion of exon 2 of Bmprla (encoding approximaB8% of the extracellular ligand-
binding domain) from the myocardium using a Cre8ggtem results in abnormal
development of the trabeculae, compact myocardioterventriuclar septum and
endocardial cushions (Gaussin et al. 2002). Inreerdtnockout mouse with a deleted
floxed Bmprla allele directed to the cardiac myesyadf the atrioventricular canal
(AVC), the tricuspid mural leaflet and mitral sdde&aflet were longer, the tricuspid
posterior leaflet was displaced and adherent toéiméricular wall, and the annulus

fibrosus was disrupted (Gaussin et al. 2005).

Deletion of Bmprla in the endocardium of mice resiin loss of AV cushion
formation, demonstrating the effect of BMP signglon endocardium (Ma et al. 2005).
The mutant mice showed the expression of phosphi@gdSmad1/5/8 in endocardial
cells was decreased compared to the wild typewashirds of the mutants had
hypoplastic cushions (Ma et al. 2005). AblatiorBafiprla in neural crest cells resulted
in a shortened cardiac outflow tract and septalefects (Stottmann et al. 2004). The
mutant embryos died in mid-gestation (at around.®1P) due to acute heart failure.
Deletion of Bmprla in Isl1-expressing cells showedormal right ventricular and
outflow tract from E9.5. At E13.5, persistent true@rteriosus (PTA) and
underdeveloped valves, severe aberreant morpholoipe outflow tract, ventricular

and atrial septal defects were seen in the mutant$ (Yang et al. 2006).
The cardiac abnormalities observed in the mousesineith heart field specific

ablation of Bmprla coupled with its role as a récem BMP signaling suggest
BMPR1A as a candidate gene for CVM.
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1.3.5 BMPR2

BMPRZ2, bone morphogenetic protein receptor type 2,asype Il receptor specific to
BMP signaling BMPR2 is also known aBMPR-11, BRK-3, T-ALK, andBMPRS.

BMPR2 is located on chromosome 2g33-q34 and has thoéarmss (Figure 2.5 —
Methods). The genomic structureR¥IPR2 is approximately 190kb, comprising 13
exons, and the gene generates a polypepetide38 &j@ino acids in humans. There are
four functional domains in the mature protein of BRR: the extracellular ligand
binding domain encoded by exons 2 and 3, the trangimane domain generated by
exon 4, a serine/threonine kinase domain from éxtmexon 11, and the cytoplasmic
domain encoded by exons 12 and 13. Unlike the thifeer domains, the precise
function of the BMPR2 cytoplasmic domain at thee@xtinal remains unknown, as a
construct lacking this domain was able to actiatead protein when expressed in vitro
(Kawabata et al. 1995).

The pattern of expression of the other type Il ptaes (ActR-11A and —IIB) in avian
embryos can be observed in the primitive streakicating that these genes may be
activated when mesoderm induction began (Sterh #885). The ActR-IIA expression
could be seen throughout the anterior mesodermthelstrongest expression in the
lateral prospective heart cells (Ehrman and Yui&39). However, no comprehensive
studies have been carried out to investigate theession patterns of Bmpr2 in the

developing avian heart.

In mice, the expression pattern of Bmpr2 at E6%was uniform in embryonic and
extraembryonic regions (Beppu et al. 2000). The Bmputant mice generated by gene
targeting without the entire transmembrane domachthe amino-terminal region of

the kinase domain (exons 4 and 5) died during eagayesis (Beppu et al. 2000).
However, the heterozygous mice were morphologicatiynal and fertile. The growth
of the homozygous Bmpr2 mutant embryos was arredté®.5, and they lacked a
morphologically discernible primitive streak at &E7At E8.5, the sizes of the mutant
embryos were similar to the E7.5 mutant embryoshbdimozygous mutants were
recovered at E9.5, suggesting that the developofeBinpr2 mutant embryos were
arrested before gastrulation (Beppu et al. 2000¢. dmbryonic lethal Bmpr2 knockouts

during gastrulation obscure the possible role opBinn early heart formation.
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A Bmpr2 construct with deleted exon 2, resultingiprotein that lacked half of the
extracellular ligand-binding domain was generatgdblot et al. This protein was
expressed at levels comparable with the wild tygestruct, but has reduced signaling
capability (Delot et al. 2003). Homozygous mutaiterdied at mid-gestation with
cardiovascular and skeletal defects (Delot et@)32. The onset of lethality occurred
between E12 and birth. The most striking defect wake outflow tract with the
absence of septation of the conotruncus below ahes\tevel. In addition, the knockout
mice also revealed interruption of the aortic astih varying severity, between the
roots of the left common carotid and the left sabign artery, resulting in
communication between the pulmonary trunk and gezending aorta through the
ductus arteriosus, which is similar to the phenatygefect of interrupted aortic arch in
humans. No semilunar valves was observed in tHautract of the mutant. However,
the atrioventricular valves were normal, indicatihgt atrioventricular cushions can

develop normally when BMP signaling is impairedtértain circumstances.
The early lethality and cardiac specific lesionsaed in the mouse models showed

the importance of Bmpr2 in heart development. Tioees mutations ilBBMPR2 may
give risk to CVM in man.
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1.3.6 SMAD6

HumanSMADG, also known aMADHS, is located on chromosome 15¢g21-g22 and has
three isoforms (Figure 2.3 — MethodSMADG6 is a member of the SMAD (small
mother against decapentaplegic) protein familfurictions as an inhibitory SMAD (I-
SMAD) to block BMP signaling intracellularly. In nestimulated cells with BMP
ligands,SMADG6 is mainly located in the nucleus, however, wheivated, SMADG6 can
be observed in the cytoplasm and the nucleus. Tdrerevo main functional domains in
SMADG: the carboxy terminal (C-terminal) and theimonterminal (N-terminal). The
C-terminal and N-terminal regions are termed Machblogy 1 (MH1) and MH2
domains respectively. The MH2 domain is highly @med among SMAD proteins
and plays important roles in receptor recognitinteraction with transcription factors,
dimerization (homo- and hetero-oligomerization apm&MAD proteins) and their
nuclear transport (Chacko et al. 2004). HoweverAS®l lacks the SSXS motif at the
end of the MH2 domain. This motif serves as a rewgghosphorylation site that is
present in receptor-activated SMADs (R-SMADs). Mig¢l domain of SMADG is
highly divergent from the MH1 domains of other SM&Dn addition, the similarity of
MH1 domain between SMAD6 and SMAD7 (another I-SMA®Ynly 36.7% (Hanyu
et al. 2001). The MH1 domain determines the sublellocalization of SMADG6
(Hanyu et al. 2001), exhibits sequence-specific Oii#ding activity and negatively
regulates the functions of the MH2 domain througisical interaction. The interaction
between MH1 and MH2 domains is released when detiay type | receptor (Hata et
al. 1998). The MH1 domain is not effective in amtaiging BMP signaling but the
MH2 domain is responsible for the inhibition of BMRjnaling, in which it is nearly as
potent as the full-length SMADG6 (Hanyu et al. 2Q01)

In chick, Smad6 was expressed in the posterior primitive streakthe lateral margins

of the embryos at Hamburger-Hamilton (HH) stag&dnfada et al. 1999). At HH

stage 5, expression was observed in the anteteralacardiogenic region and
overlapped with the expression#x2.5, Bmp2, Bmp4 andBmp7. The intensity of the
expression ofmadb6 in the same region was increased by HH stage AHAstage 8,
Smad6 expression was localized to the anterior lateletepmesoderm and the

underlying endoderm in the bilateral heart tubesth# heart tube forms at HH stage 10,
Smad6 was highly expressed in the myocardium and iretigocardium, throughout the
primitive heart tube. The expressionSnfiad6é continued even after the process of
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looping has begun and persisted at least to HHes28gAt this time (HH stage 11),
Smad6 expression was similar tdkx2.5 andBmp7, but not toBmp2 andBmp4
(Yamada et al. 1999).

At the later stages of chick heart development{ttstage 20, Smad6 was expressed
throughout the heart, both in the myocardium antthénendocardium (Yamada et al.
1999). The expression was particularly high inrth@cardium in the atrioventriuclar
junction. By HH stages 26-28, when the septatiatgss was nearly completed, Smad6
was expressed throughout the heart: in the myasax,dendocardium, and
atrioventricular (AV) endocardial cushion. The eegsion ofSmad6 was particularly
strong in the regions of ventricular septum andaticopulmonary septum, but the
outflow tract cushions did not expreSsad6. Expression patterns dkx2.5, Bmp2,

Bmp4 andBmp7 covered all areas &nad6 expression, except the endocardial cushions
(Yamada et al. 1999). Over-expression of Smad®ickcAV cushion endocardial cells
resulted in a decrease of epithelial-mesenchyraakformation (EMT) (Desgrosellier

et al. 2005) suggesting that Smad6 is a negatiydator of EMT.

A Smad6 knockout mouse was generated by insertmgkear-localized
LacZ/neomycin resistance cassette into the 5’ termufidlse MH2 domain of Smad6
(Galvin et al. 2000). Smad6 was expressed by EE9%-E13.5, expression of Smad6
was high in the outflow tract and atrioventiculashkion regions of the heart in the
homozygous mutant embryos. These expressions feersislater embryonic stages but
the staining pattern expanded to vascular endoitinetif larger vessels (Galvin et al.
2000).

In the adult heart, the expression of Smad6 wds inigardiac valves and outflow
tracts, including both endocardial and endothelgdlls, mesenchymal cells in the valves
and vascular smooth muscle cells around the aamticoulmonary roots (Galvin et al.
2000). There was no difference between the homamygad heterozygous adult mice
for Smad6 expression generally, except in the egiglband endocardial cells of the
right atrium, where the expression of Smad6 wamsger in the homozygous mutant
mice (Galvin et al. 2000). However, the mechanisnttiis localized upregulation in

the homozygous mutant mice was not determined.
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Smad6 mutant mice demonstrated defects confindtketoardiovascular system,
including hyperplastic valves and abnormal septatitthe outflow tract, often
resulting in narrow ascending aorta and large pabmptrunk or vice versa (Galvin et
al. 2000). These defects are in line with the SmmeaqBession in the endocardium and
cushion mesenchyme of the atrioventricular cushiwsh outflow tract. The
development in homozygous null mice of Smad6 ofwalr hyperplasia is consistent
with the enhanced EMT in the endocardial cushi@esgrosellier et al. 2005).
Homozygous null mutant mouse examined at or aftee€ks of birth showed
ossification around the outflow tracts of the helnt not in the wild type, indicating
that Smad6 plays a role in the homeostasis ofdhé eardiovascular system (Galvin et
al. 2000).

The expression patterns of Smad6 during embryacgactidevelopment in animal
models and the defects in the cardiovascular dpusdot of Smad6 mutant mice
indicate a prominent role of SMADSG in cardiac deyghent. Thus, mutation &AD6
might cause CVM.
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1.4 RNA processing

A gene is first transcribed into a pre-messengeARNe-mRNA) that is
complementary to the entire length of the genomi\ADincluding both intronic
regions and exonic sequences. The introns of #eniRNA are then excised while the
exonic segments are joined end-to-end during agssoknown as RNA splicing, to

produce a mature mRNA for translation.

The splicing process takes place at splice sitbghware well-conserved motifs defined
by consensus sequences (5’ splice site, 3’ splie@ard branch site) (Figure 1.6). The
two bases at the end of introns (5’ splice site Zrgplice site) are highly conserved,
where most of the introns start with a GU and emidls an AG, although they are not
the only important bases (Aebi et al. 1987). Anottemserved motif is the branch site
that contains an A nucleotide that is universatigserved, followed by the
polypyrimidine tract, both of which are located trspam of the 3’ splice site (Kol et al.,
2005). Other sequences are also present in exdngt@ons to promote splicing. These
sequences act in a cis manner to increase (namehyoeor intronic splicing enhancers:
ESE or ISE) or decrease (exonic or intronic spfj@itencers: ESS or ISS) recognition
of the splice sites (Cartegni et al. 2002).

The splicing mechanism involves a nucleophilicéttan the G nucleotide of the 5°
splice site carried out by the 2’ OH group on tbaserved A nucleotide of the branch
site, located upstream of the 3’ splice site. Taaction results in a lariat formation,
where the exon/intron junction at the 5’ splice $& being cleaved. The 3'OH at the 3’
end of the upstream exon of the 5’ splice siteqrert a nucleophilic attack on the 3’
splice site to generate splice products and t@sel¢he intronic RNA as a lariat-shaped
structure (Baralle and Baralle 2005) (Figure 1.6).
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Figure 1.6  The process of RNA splicing

A) The universally conserved motifs correspondutactionally important regions in
splicing: the GU and AG dinucleotides spanning3hand 3’ boundaries of the intron,
the A nucleotide that serves as a branch sitetagalypyrimidine tract (Py)n
preceding the 3’AG are shown in two-exon pre-mRNA.

B) The mechanism of RNA splicing takes place in tatalytic steps. During step 1,
the conserved A of the branch site carries outcephilic attack on the G of the 5’
splice site and results in the lariat structuregfexon 1 and lariat-exon 2). During step
2, the 3'OH at the 3’ end of the exon 1 attacks3h&plice site, causing the release of
the intronic RNA (as a lariat-shaped structure) syliced exon (adapted from Baralle
and Baralle, 2005) (Baralle and Baralle 2005).
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1.5 Mutation nomenclature

The descriptions of sequence variations were basede guidelines for mutation
nomenclature recommended by Human Genome Vari&oarety (HGVS), version 2.0,
(www.hgvs.org/mutnomen/recs.hingden Dunnen and Antonarakis 2000). Variants

can be described at DNA, RNA and protein levekilation to a reference sequence,
either a genomic or a coding DNA reference sequertoe letter in front of the
nucleotide number indicates the type of the refegesequence used: “c.” for a coding
DNA sequence (e.g. c.76A>T), “g.” for a genomiceeace, “m.” for a mitochondrial
sequence, “r.” for an RNA sequence, “p.” for a pmtsequence. The variants described
at DNA level are in capitals, starting with a numbeferring to the first nucleotide
affected (e.g. c.76 A>T); at RNA level, the variaats in lower-case, starting with a
number referring to the first nucleotide affectedy(r.76a>u); and at protein level, the
variants are in capitals, starting with a lettéeneng to the first amino acid affected or
three letter amino acid code (e.g. p.K76S or p.Bgger), where the three letter amino

acid code is preferred to described the amino acids

The symbol “>” indicates a substitution, e.g. c.2dAdenotes the change from the
reference sequence A to a T. Deletions are desidrimat “del”, duplications are

designated by “dup”, and insertions are designbyetins”. The symbol

(underscore) indicates a range of affected residues

Nucleotide numbering for coding DNA sequences staith +1, which is the A of the
ATG-translation initiation codon. The nucleotidedd’+1 is numbered -1. There is no
nucleotide zero. The nucleotide 3’ of the translastop codon is *1. Nucleotides at the
beginning of the intron are positive numbered fitbim last nucleotide of the preceding
exon, e.g. c.76+1C>T whereas nucleotides at thektit intron are negative
numbered upstream in the intron from the first eatitle of the following exon, e.g.
C.76-1A>G.
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1.6 Aims and objectives of the study

The principal aim of the study was to identify andestigate the candidate genes in the
BMP signaling pathway that could be involved in gibility to CVM in humans.
Animal models of CVM have previously shown thattaer genes in the BMP signaling
pathway, when disrupted, cause CVM in the mouseaveyer, previous investigations
of these genes in man either have not been prdyiamducted, or have been
conducted in samples where parental informationdess unavailable. Moreover, not
all previous human mutation detection studies havelved functional investigation of
identified mutations. Therefore, candidate genesewalentified based on the
phenotypes of the animal models in the literatlilee exons of the candidate genes
were then re-sequenced in a panel of non-syndr@vid probands as it was believed
that rare variants located in the protein codirggaies that might affect protein function
will have a large impact on disease phenotype.rféar@ available) of the probands
with the newly identified novel variants were regenced to establish whether the
variant was inherited or wasde novo mutation. The variants were genotyped in an
ethnically matched control population free of CVM determine whether the variants
are unique to the patient group.

Novel variants that were located at the intron/rekoundaries and were predicted to
affect splicing mechanisms were investigated usinggene assays$n vitro functional
studies were carried out on novel variants thatlted in amino acid substitution which
are predicted to be probably damaging to proteimction. Figure 1.6 shows the

sequential flow of the study.
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Figure 1.7 Experimental process

Diagram illustrating the sequential steps taketinis study. Candidate genes of the
BMP signalling pathway were selected for sequentiraggpanel of 93 CVM probands.
Novel variants identified in the patients cohortrevavestigated with minigene assays,

luciferase assays and alkaline phosphatase assays.
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Chapter 2 Materials and Methods

2.1 Sample collection
2.1.1 CVM cases

Patients with CVM and their parents (when availahblere recruited in the Freeman
Hospital, Newcastle. Ethical approval was giventfos study by the Northern and
Yorkshire Multicentre Research Ethics CommitteecrRigéed patients were of European
ancestry. Each participating subject or, in theeag#she minors, their parents gave
informed consent. Those patients diagnosed with2dgdll syndrome, other known
chromosomal abnormalities, recognised multi-orgatfanrmation syndromes, known
maternal exposure to teratogens during pregnandipatearning difficulties were
excluded from the study. All CVM phenotypes welgible for inclusion. Blood or
saliva samples were collected. For the blood sasnplBlA was extracted using the
phenol/chloroform method (performed by Mr. JamesrgdFor the saliva samples,
DNA was extracted according to the Oragene Selfe€Cbbn Kit protocol (performed
by Mr. Rafiqul Hussain). DNA was then tested fol2@g11 using the SALSA-MLPA
kit (MRC Holland) following the manufacturer’s pomol (performed by Dr. Ana Topf).

A total of 446patients in 442 families were available for anaysithis study. Of these,
90 patients were re-sequenced for the coding segsasf the genes of intereBIMP2,
BMP4, BMPR1A, BMPR2 andSMADG6). Additional 180 patients were sequenced for
BMP4 and another 348 patients were resequenced for Hiz démain ofSVIADG.

An additional 357 patients in 354 families withrédbgy of Fallot (TOF) of European
ancestry that were recruited by the host labordtmryhe CHANGE study (Congenital
Hearts: A National Gene/Environment Study), wess a@vailable for analyses focused
on that specific CVM phenotype. Ethical approvabwa/en for the CHANGE study
and informed consent was obtained from patientbair parents. Blood or saliva
samples of the patients were collected in Newcas#eds, Bristol and Liverpool.
Patients and their families that were availableafioalysis were of Caucasian ancestry.
TOF patients diagnosed with del22g11 syndrome,rdthewn chromosomal
abnormalities and learning difficulties were ex@ddrom the study. This population of
patient was genotyped for the SMADG6 p.Cys484PHeIEL G>T) variant.
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2.1.2 Control populations

Two control populations were used in this studgxtolude any novel variants detected
being hitherto undiscovered moderate-frequency SM&sants absent in controls were
considered of greater interest for functional sgadirypically, in studies of Mendelian
families, control samples of 100-200 chromosomesuaed for this purpose. In
complex inheritance, where the prior probabilitgtth variant is causative of disease is
substantially lower, larger control samples aredeee The number of chromosomes
that must be sampled to provide support for theothgsis that a variant detected in
cases is not an uncommon polymorphism is depengemt the allele frequency we
wish to exclude at a given power, and can be catledlusing the binomial distribution.
Thus, if the population frequency of a variant W&s, and n individuals were sampled,
the probability that the variant would not be dé&tdovould be around 36%. However,
if 2n individuals were sampled, the probabilitynain-detection would fall to around
13% (that is, 87% power). Our study screened 30d@ral chromosomes, therefore we
had around 90% power to detect SNPs with an dletpiency of 1/1500.

The first control population was a collection oRb4British Caucasian individuals from
255 families that were ascertained through a probéth essential hypertension, as
described by Palomino-Doza al. (Palomino-Doza et al. 2008), who had no evidence
of CVM at echocardiography. The families consistédt least three siblings if at least
one parent of the sibship was available and catsist at least four siblings if no
parent was available. Thus, screening of thesditsraurveyed over 1000 founder
chromosomes. This population was genotyped fovénants identified iBMP2,

BMP4 andSMADG6 (except SMADG6 p.Ala325Thr [c.973G>A] and SMADG6
p.Pro415Leu [c.1244C>T)).

A second control population was derived from thetNN@€umbria Community Genetics
Project (NCCGP). This population consisted of 1D00A samples of unrelated healthy
offspring of healthy mothers born in Cumbria whaeveecruited between 1999 and
2002, as described by Dorek al.(Dorak et al. 2009). This population was addede t
screening of variants SMADG6 p.Ala325Thr (c.973G>ail SMADG p.Prp415Leu
(c.1244C>T) (see below). The NCCGP project wasexwut to store DNA, plasma
and viable cells from mother-child pairs in Cumbdnafuture epidemiological studies.

As the population collected were healthy individuahey have not undergone
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echocardiogram, but no screened patient had beecatlly diagnosed with CVM. This
population was genotyped for SMADG6 p.Ala325Thr {8&>A) and SMADG6
p.Pro415Leu (c.1244C>T) variants (performed byarroch Hall).

2.2 Screening of candidate genes

2.2.1 Sequencing primers

Primers were designed to amplify the exonic anateite regions of five genes of
interest;BMP2, BMP4, BMPR1A, BMPR2 andSMADSG in a discovery cohort of 90
CVM patients. Sequences of the genes were obt&iosdEnsembl version 43

(http://www.ensembl.org/index.htinlSee Figures 2.1-2.5 for the location of the

sequencing primers. Primers are listed in TableRatameters for sequencing primers
included: primers about 18-25 nucleotides long,lamGC content for both primers
and no repetitive sequences. Base complementatiyelen the two primers was
avoided to prevent primer dimer formation. Eaclnan was checked for specificity
to the region desired using the BLAS®gramme
(http://www.ncbi.nlm.nih.go}. Both primer pairs were designed approximatelyB0

into the intronic sequence, so that good readamjaences at the beginning and at the
end of exons could be obtained, as sequence dafi@msmost accurate about 50bp
from the primer. PCR products were usually betwg®®700bp, as that was the
achievable average read length of the MegaBACEesemg. Larger exons (more than
700bp) were amplified in smaller amplicons, wittedapping 3’ and 5’ ends. The same

primers were used for sequencing reactions.
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2F/2F 3AF/3FF  3AF/3FR

3BF/3B2F
1BF/BR
TGF-beta propeptic 3AF/AR 3CF/3CF 3EF/3EF
1A2F/AR 1CF/CF |
- - I I
Exon 1 2 3
(bp) (1212) (353) (2019)

Figure 2.1  BMP2 Structure and Sequencing Primer Location
Diagram of BMP2 (ENST 00000378827). Boxes represgahs and adjoining lines represent introns. Exaasiumbered and the sizes are indicated
in base pair. Locations of the primers are locatsalve the exons. 5’UTR and 3'UTR are in black colbocation of the TGF-beta propeptide domain

is labelled above the exons.
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4F/4AR 6F/6F 8F/8F

3F/3F
5F/5F TRITR

1F/1R 2F/2F TGF-beta propeptic
I
. 10F/10F .
C) IIII IIII

Exon 1A 1B 2

B)

iujnin
11

4

(bp) (262/ 78) (132) (125) de] (1150/ 1153)

Figure 2.2  BMP4 Structure and Sequencing Primer Location

Diagram ofBMP4 isoforms A (ENST 00000245451), B (ENST 0000039560@® C (ENST 00000417573). Boxes represent exothgadjoining

lines represent introns. Exons are numbered ansizbke are indicated in base pairs. Locationseptimers are located above the exons. 5’UTR and
3'UTR are in black colour. Location of the TGF-betapeptide domain is labelled above the exons.
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3F/3F 6F/6F

2F/2F 5F/5k 14F/14F
1F/1F 4F/4F  TF/7F 13F/13F 15F/15F
10F/10F 11F/11F
T MH1 MH2 T

. N g
8F/8F

: "
12F/12F
. . H-

Exon 1A 1B 2 3 4B 4A

(bp) (1744/ 1780) (34) (57) (78)  (65) (1004/ 989)

Figure 2.3  SMADSG6 Structure and Sequencing Primer Location
Diagram ofSMADG isoforms A (ENST 00000288840), B (ENST 000003394#tl C (ENST 00000457357). Boxes represent exothadjoining
lines represent introns. Exons are numbered ansizbs are indicated in base pairs. Locationseptimers are located above the exons. 5’UTR and

3'UTR are in black colour. Location of the MH1 akliH2 domains are labelled above the exons.
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10F/10F 12F/12F

9F/9F 11F/11F 14F/14F
2F/2F AF/4AR 7FITR 8F/8F 13F/13F
Kinase-like domair
1F/1F 3F/3F 5F/5F 6F/6F |

A) a

B) L

Exon 1 2 3 4 5 6 7 8 9 10 11 12 13
(bp) (281/ 270) (115) (219722(163) (103) (97) (100) )4 (193) (298) (176) (131)(153395)

Figure 2.4  BMPRI1A Structure and Sequencing Primer Location

Diagram ofBMPR1A isoforms A (ENST 00000224764) and B (ENST 0000@372. Boxes represent exons and adjoining lingsaken lines
represent introns. Exons are numbered and the aigaadicated in base pairs. Locations of the pranare located above the exons. 5’UTR and
3'UTR are in black colour. Location of the kinasiesldomain is labelled above the exons.
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16F/16F
10F/10F 12F/12F

6F/6F 8F/8R 15F/15F
9F/9Fk 11F/11F
—_— —_— 14F/14F
2F/2F AF/4AR 5F/5F 7FITR
Kinase-like domair —— 18F/18F
1F/AR 3F/3F 13F/13F 17F/17F
- - I
C) [ B B B B L L D‘
Exon 1 2 3 4 5 6 7 8 9 10 11 12 13
(bp) (615/ 117/ 1124) a71) (171) (111) (92) (231) (115) 60) (148) (137) (173) (1280/4) (8p56

Figure 2.5 BMPR2 Structure and Sequencing Primer Location
Diagram ofBMPR2 isoforms A (ENST 00000374580), B (ENST 00000363 @fl C (ENST 00000445231). Boxes represent exothadjoining
lines or broken lines represent introns. Exonnarebered and the sizes are indicated in base paitations of the primers are located above the

exons. 5’UTR and 3'UTR are in black colour. Locatif the kinase-like domain is labelled above thens.
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Sequencing Primers Sequence{5 3))

BMP2-1A2-F TCCACACCCCTGCGCGCAGC
BMP2-1A-R GCGCTAGGGATCGGCTCCGG
BMP2-1B-F CAGCGCCGAGTGGATCACCG
BMP2-1B-R CTGTCGTCCTCCTTAGGAACC
BMP2-1C-F ATGGGCCGCGGCGGAGCTAG
BMP2-1C-R CTGCAGGGCTCCGTTGCACG
BMP2-2F GACTCGTGAGTGTGCCAAGC
BMP2-2R GGCCAAGCTGCCTCTACAGG
BMP2-3A-F TCCTGGTATGCAATGCATGATGAC
BMP2-3A-R CAATGGCCTTATCTGTGACCAGC
BMP2-3B-F TGGATTCGTGGTGGAAGTGG
BMP2-3B2-R AATATTAAAGTGTCAACTGGGGT
BMP2-3C-F CTATCAGGACATGGTTGTGGAGG
BMP2-3C-R GTGAACTCAACAGTAGCACTGCAA
BMP2-3D-F CAGCACATGAAGTATAATGGTCAG
BMP2-3D-R TGAATACTTTGGCCAGATCAGCC
BMP2-3E-F TTGGATAAGAACCAGACATTGCTG
BMP2-3E-R TCCAGCCATTCATTACCTTTCCC
BMP2-3A-F TCCTGGTATGCAATGCATGATGAC
BMP2-3F-R CCACGTCACTGAAGTCCACG
BMP2-3G-F ACTCAGTGCTATCTCGATGC
BMP2-3B2-R AATATTAAAGTGTCAACTGGGGT
BMP4-1F GCCTGCTAGGCGAGGTCGG
BMP4-1R TGCCTCGGTCACAGCCTGTG
BMP4-2F AAGCCCTTTCGCCGCCTGC
BMP4-2R AAGGGAGCGACAGTGCTGCC
BMP4-3F TTGACTGTAAACAAGTTAGACC
BMP4-3R CCGCATGTAGTCCGGAATGA
BMP4-4F TAACCGAATGCTGATGGTCG
BMP4-4R GGCTTTGATGTAACCCGAAC
BMP4-5F CAGAATTCACCATTCATTGCC
BMP4-5R ATCGGCTAATCCTGACATGC
BMP4-6F ACCACAATGTGACACGGTGG
BMP4-6R CAGAATTGACCAGGGTCTGC
BMP4-7F CCACTCGCTCTATGTGGACT
BMP4-7R AAGTCCAGCTATAAGGAAGCA
BMP4-8F CCTGGATGAGTATGATAAGGTG
BMP4-8BR CTCCAACTCACCTGAACAGAA
BMP4-10F GCAGCATCTTCGATTAGTCAGG
BMP4-10R GGCTCGAAGCTCCGGGCAG
Smad6-1F GTCTAGACTGGCATATGATGG
Smad6-1R TCCCTGGATTTGCATGCACG
Smad6-2F CAGCCTCGGCGCACGAAGC
Smad6-2R AAGTTGTGCGGCTGGTCCATG
Smad6-3F ATCAACAAGCCTGCCTTTCG
Smad6-3R GAGGCGGTCTCCGGTTAC
Smad6-4BF GCTCGGCGTGCGCGTGTTCC
Smad6-4BR ACTTCGGAGCGGCCGCAGCC
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Smad6-5F

GGATATCGTATGTTCAGGTCCA

Smad6-5R AGCGCGCTTCGCGACTCCG
Smad6-6F AGGCCCATGTCGGAGCCAG
Smad6-6R CACGGCGTGCTGCAGGTCG
Smad6-7F AACCGTCACGTACTCGCTGC
Smad6-7R TGCGCCGACCCGCAGTGTC
Smad6-8F CACCAGTCCAGATCCACAGG
Smad6-8R ACCACCATCTAAACACAAGACA
Smad6-10F GGCTTTAACTGTTGAGGGGA
Smad6-10R CACAGCAACCAGTCCGGCT
Smad6-11F GGTGACATCAGAAAGTTGGG
Smad6-11R GCAACCTTCCCATCCAAGGA
Smad6-12F ATGTGAAGGGTCAGAAGATTG
Smad6-12R CACAGCCATCCAGACATGC
Smad6-13F ACATGACTGCTGAATGCTGG
Smad6-13R GAACACCTTGATGGAGTAGC
Smad6-14F GAACGCGCAGCAAGATCGG
Smad6-14R TCCATATACACACATTGCACC
Smad6-15F CCGATGCCCAGAGACACAG
Smad6-15R AACTGAGGTCAAGTTTCAAGG
BMPR1A-1F CTTCCCAGTGCGCGCGCGCC
BMPR1A-1BR CGCGCCCAGCTGCCTCTGCA
BMPR1A-2F ATAGTTGTACATGCGAAACG
BMPR1A-2R ATTACTTATGAACTCGTCAGG
BMPR1A-3F AGCAAGGATACCTTTAATCTT
BMPR1A-3R AGGCTGGGCCTAACTATTC
BMPR1A-4F AGAAGAATCATAACTTGTCTC
BMPR1A-4R CATGAAGACAGCTATATCAC
BMPR1A-5F GCTACAATTATTGTGATAAGAA
BMPR1A-5R AGTAACTCACCTATCAATCAT
BMPR1A-6F GGCGTTGCCAATAAATCACG
BMPR1A-6R ACATACAGCGATGTGTACAC
BMPR1A-7F CCATCCACATAGATATGTTC
BMPR1A-7R AATAATCTGACGTGTTCAATTC
BMPR1A-8F AGTCGGAGCATGCTTCTCAA
BMPR1A-8R CCTTAAGAGAACTATAGTCTAG
BMPR1A-9F AACATGATACATAGAACTCTG
BMPR1A-9R ACCTTGCAATACTGCATACC
BMPR1A-10F AACTGGAGTTGGTTGGGTAC
BMPR1A-10R GTATATAGTTGAACTCACACAT
BMPR1A-11F TATCTGCACATGATACCTAAG
BMPR1A-11R CCAACTATACATTTATGTAACTA
BMPR1A-12F GATGTCATGTAGTATGTAGCA
BMPR1A-12R AAAGTTATATAACTGGAGCTG
BMPR1A-13F ACATACATCTACTATTAAGAG
BMPR1A-13R CTCGTAGACACTGAAAAGTA
BMPR1A-14F GTGATGAAGTGAGTGGAACT
BMPR1A-14R TGAGAACCAAGTTAACATCC
BMPR2-1F GACTGTGAGCTTGTCCATGG
BMPR2-1R TCTTCTCTCCCGTGGACTG
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BMPR2-2F TGATATCGTGAAACTACGAGG
BMPR2-2R ATGGCGAAGGGCAAGCACA
BMPR2-3F TCATGAACAGAAGAACGTCAT
BMPR2-3R AACAGGATTTTAACATACTCC
BMPR2-4F CATAGCTTACACGTACTCTC
BMPR2-4R ACGCCTGGCTTCAACCTTG
BMPR2-5AF AGGAGCACATCTACTTGGTG
BMPR2-5AR TAATCCAGTGGCATGGAAAG
BMPR2-5BF ATCTATACAGAATAGTCTGTATG
BMPR2-5BR ACAATACTGTCCATACGTGAT
BMPR2-6F TTACTCCTATTGACATTAGGC
BMPR2-6R TGCCTAGAATAGGCCTTGAC
BMPR2-7F TCAGCCATACTAGAACAGAAT
BMPR2-7R CACCTGCCTTAGCCTCCA
BMPR2-8F TAGATCTTCATGGAATCCTAG
BMPR2-8R CAACTGACTAATAATAAATCTCC
BMPR2-9BF CTGAAGTGGCAGCATGTTTGT
BMPR2-9AR CAAAGTACATCAGTGTGATACC
BMPR2-10F TAATGACATGGTTAGGGTCAA
BMPR2-10R CTTACATAAAAGTTGAGTTAGG
BMPR2-11F GCTTACTTGGTATCAGAAATAC
BMPR2-11R AACTATTAACGTTATTAACAGTC
BMPR2-12F AGCATGTTCCGTAATCCTTG
BMPR2-12R TCATTGAACTATTAGGCTGGT
BMPR2-13F TATCAAGTTATTAATTGACACTTG
BMPR2-13R CTCAGATATAGTAGTCATGCC
BMPR2-14F CATCATACTGACAGCATCGTG
BMPR2-14R TTGCAGTCTGTGTGAAGTCC
BMPR2-15F TGTCTGCTTACAGCTGACAG
BMPR2-15R TTGGCCAGATAGTACTGTCC
BMPR2-16F CAAGAGACCTACTAGTTTGC
BMPR2-16R GAATTAGTTCGGCCACCTTC
BMPR2-17F CTGCCACAACCCAATATGC
BMPR2-17R AAGGTAAATAATCACTAGTTGA
BMPR2-18F CAAGAAATGTTCATTAGCACC
BMPR2-18R TTCTGCATAGCTGAAATCTAT

Table 2.1 Primers used for sequencing
Sequences of the primers used to sequence thegaadjions oBMP2, BMP4,
BMPR1A, BMPR2 andSMADG.
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2.2.2 Polymerase Chain Reactions (PCR)

PCR were performed using HotStarTAdNA Polymerase (Qiagen). PCR was
conducted in a 15ul reaction mixture which computiselx PCR Buffer, 1.5mM
MgCl, or 1x Q solution, 0.2mM of each dNTPs, 0.5uM afreprimer (forward and
reverse), 2.5units of HotStarTag DNA Polymeraseg2® DNA and ddHO to a final
volume of 15pl.

The PCR cycling programme started at 95°C for 1Buteis, to heat-activate the
HotStarTag DNA Polymerase, followed by 35 cycle®99fC (or 97°C) for 30 seconds,
the primer set specific annealing temperature @oseconds and 72°C for 1 minute, and

a final extension of 5 minutes at 72°C.

In order to identify the optimum conditions for baaf the primer sets, PCR were
carried out in a gradient temperature from 50°CE7/®PCR reactions were first tested
with 1.5mM of MgCi}. If that failed to obtain a clear PCR band, Q 8oluwas utilized.
For regions with high GC content (60% or more),dbeaturing temperature was

increased to 97°C. The PCR conditions for eachqriet are detailed in Table 2.2.
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Primer Pair Denaturing Annealing MgCl, Concentration
Temp. (°C) Temp. (°C) (mM)/ Q solution
BMP2_1A2F/1AR 97 64.6 Q solution
BMP2 1BF/1BR 95 61.8 Q solution
BMP2_1CF/1CR 95 66.8 Q solution
BMP2_2F/2R 95 66.8 1.5
BMP2_3AF/3AR 95 68.4 1.5
BMP2_3BF/3B2R 95 61.8 1.5
BMP2_3CF/3CR 95 67.6 1.5
BMP2_3DF/3DR 95 66.8 15
BMP2_ 3EF/ER 95 61.8 15
BMP2_3AF/3FR 95 61.8 1.5
BMP2 3GF/3B2R 95 61.8 1.7
BMP4 1F/1R 95 68.4 1.5
BMP4 2F/2R 95 68.4 1.5
BMP4 3F/3R 95 61.8 1.5
BMP4_4F/4R 95 61.8 1.5
BMP4 5F/5R 95 58.4 1.5
BMP4_6F/6R 95 61.8 1.5
BMP4 7F/7TR 95 58.4 1.5
BMP4 8F/8BR 95 61.8 1.5
BMP4 10F/10R 95 61.8 Q solution
Smad6 1F/1R 97 61.8 1.5
Smad6_2F/2R 95 69.6 1.5
Smad6_3F/3R 97 58.4 Q solution
Smad6_4BF/4BR 97 61.8 Q solution
Smad6 5F/5R 97 58.4 Q solution
Smad6 6F/6R 97 58.4 Q solution
Smad6_ 7F/7R 97 58.4 Q solution
Smad6 8F/8R 95 61.8 1.5
Smad6_10F/10R 95 61.8 1.5
Smad6 11F/11R 95 61.8 1.5
Smad6 12F/12R 95 64.6 15
Smad6_13F/13R 95 61.8 1.5
Smad6 14F/14R 95 61.8 15
Smad6_15F/15R 95 66.8 1.5
BMPR1A 1F/1BR 97 64.6 1.5
BMPR1A_2F/2R 95 58.4 1.5
BMPR1A 3F/3R 95 58.4 1.5
BMPR1A 4F/4R 95 58.4 1.5
BMPR1A_5F/5R 95 58.4 1.5
BMPR1A 6F/6R 95 58.4 1.5
BMPR1A_7F/7R 95 58.4 1.5
BMPR1A 8F/8R 95 58.4 1.5
BMPR1A_9F/9R 95 58.4 1.5
BMPR1A_ 10F/10R 95 58.4 1.5
BMPR1A 11F/11R 95 58.4 1.5
BMPR1A_ 12F/12R 95 58.4 1.5
BMPR1A 13F/13R 95 58.4 1.5
BMPR1A_ 14F/14R 95 58.4 1.5
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BMPR2_1F/1R 95 61.8 1.5
BMPR2_2F/2R 95 58.4 Q solution
BMPR2_3F/3R 95 58.4 1.5
BMPR2_4F/4R 95 58.4 1.5
BMPR2_5AF/5BR 95 58.4 1.5
BMPR2_6F/6R 95 58.4 1.5
BMPR2_7F/7R 95 55.5 Q solution
BMPR2_8F/8R 95 58.4 1.5
BMPR2_ 9BF/9AR 95 58.4 1.5
BMPR2_10F/10R 95 58.4 1.5
BMPR2 11F/11R 95 58.4 15
BMPR2_12F/12R 95 58.4 1.5
BMPR2_13F/13R 95 58.4 1.5
BMPR2_14F/14R 95 58.4 15
BMPR2_15F/15R 95 58.4 1.5
BMPR2_16F/16R 95 58.4 15
BMPR2_17F/17R 95 58.4 1.5
BMPR2_18F/18R 95 58.4 15

Table 2.2

PCR Conditions

The optimum PCR conditions used for each of theerisets.
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2.2.3 Gel electrophoresis

2% gels were prepared using SeaKem® LE Agarose j@a)) 1x TAE buffer, and 1x
Gel Red (Biotium). 5ul of PCR product was loadethvéiul of Orange G dye,
alongside 2.5ul of 100bp DNA Ladder (Fermentas)wace run at 150V for 50
minutes. Gels were then visualized under UV lightheck the size and approximate
quantification of the amplified products.

2.2.4 PCRclean up

ExoSAP-IT (GE Healthcare) was utilised to clearP@R products by removing
excessive dNTPs and primers. 2l of ExXoSAP-IT wisichtains two hydrolytic
enzymes, Exonuclease | and Shrimp Alkaline Phoggkatias added to 5ul of PCR
product. This was then incubated at 37°C for 15utes followed by inactivation at
80°C for 15 minutes.

2.2.5 Sequencing reactions

Sequencing was carried out using the DYEnamic E'tdgminator cycle sequencing
kit for MegaBace DNA analysis systems (GE HealtepaReactions were conducted in
a 96-well skirted plate and each reaction compr&edf cleaned-up PCR product,
5pmol of forward or reverse primer, 4ul of DYEnar&€ terminator reagent premix
and ddHO to a final volume of 10ul. For regions with hiGi€ content, a final

concentration of 0.5M Betaine or 5% DMSO was adddtie reaction.

The cycling programme started with 95°C for 2 mastfollowed by 35 cycles of 95°C
for 30 seconds, 55°C for 15 seconds, and 60°C foimute. Products were cleaned-up
by isopropanol precipitation. 27ul of 80% isoproplamas added to each reaction,
vortexed briefly, incubated for a minimum of 30 mmi@s at room temperature and
centrifuged at 4°C for 30 minutes at 3313g. Thessn@tant was discarded by inverting
and gently shaking the plate. The DNA pellets weashed in 100ul of 60% ice-cold
ethanol and centrifuged for 10minutes at 3313g. dupernatant was removed by
inverting the plate and centrifuged upside dowrigsue for 10 seconds at 200g, then
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was air-dried for 5 minutes. The DNA pellets wezesuspended in 10ul of MegaBACE
loading solution and run on a MegaBACE 1000 sequegnastrument (GE Healthcare)
by the sequencing service at the Institute of Hu@anetics (Newcastle University,
UK).

2.2.6 Sequence analysis

Sequences were analyzed using Staden Package rsoftwa

(http://staden.sourceforge.nefForward and reverse sequences were compiledsigai

text file of consensus sequence taken from ENSEMBRing the Pregap4 programme,
sequences were pre-processed for Gap4 using Gagushassembly configuration.
Sequences were then aligned using Gap4 with a maimismatch of 20%. Single
nucleotide polymorphisms (SNPs) and novel variatiere detected by comparing all

sequences together.

2.2.7 ldentifying variants in parents

Regions where novel variants were identified ingareds were re-sequenced in their

parents (when available) to determine whether #r@mts were inherited ale novo.

2.2.8 Genotyping rare variants

Newly identified variants were genotyped in thetcolnpopulation. This was carried
out either by Sequenom or Tagman methods (see hdhmsitive controls were
included in the assay to confirm the reliabilitytbé assay and the presence of the
variants. Frequencies of the alleles identifiethiem controls and probands were
calculated by genotype counting. Goodness of fitaody Weinberg equilibrium was
tested. The frequencies of the variants that wesegmt in the controls were compared
to the frequencies of the alleles in the probaadd,the hypothesis that these were

different in the two populations was tested usiiginér’'s exact test in Minitab software.
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2.2.8.1 Sequenom genotyping

Multiplex assays were designed using the SEQUENGIENP™ Programme
(https://www.realsnp.com/default.gsgnd Assay Design software. SNPs with 200bp of

surrounding sequences were prepared in a texdridethen uploaded into the ProxSNP
programme to map for proximal SNPs that could feterwith assay design. Using the
PreXTEND programme, PCR primers were designed hadked for their specificity

to the desired regions. The output file was thenam the PIeXTEND programme, to
ensure the specificity of the design. Three plét&splex, 11-plex and 5-plex) were
designed to accommodate 31 novel genetic varidhtsassay designs and the primer
sequences are listed in Table 2.3.

10p! of multiplex reactions were set up using Hatsad" DNA Polymerase (Qiagen).
Multiplex PCR reactions consisted of 1.25x of Hat$tq Buffer, 1.63mM of MgG]|
0.5mM of dNTPs, 0.1uM of each primer, 1unit of HatSaq DNA Polymerase, 20ng
of genomic DNA, pool of primer sets (primer PCR_@ntl primer PCR_P2) and dgbl

This procedure amplified many individual loci ofesjific fragments of genomic DNA.

The PCR cycling programme consisted of an initigp &t 95°C for 15 minutes,
followed by 35 cycles of 97°C for 20 seconds, 5830 seconds and 72°C for

1minute and a final extension at 72°C for 3 minutes

5ul of each PCR product were loaded into a 384-plate (ABgene) and treated with
Shrimp Alkaline Phosphatase (SAP) to dephospha@ylatncorporated dNTPs. SAP
mixture was made up of 1x SAP buffer (Sequenom@jtlof SAP enzyme
(Sequenom®) and ddi® made up to 2ul. The reactions were gently vodeel
incubated at 37°C for 20 minutes and 85°C for Sut@s in a thermocycler.

IPLEX extension reaction cocktail was prepared ediog to the number of primers in
the plexes. Primers (extension primer [EXT]) weredid into 4 groups dependent on
their mass: 0.625uM, 0.83uM, 1.04uM, and 1.25uNefBy, the mixture for each
reaction was made up of 0.222x of iPLEX buffer ($atpm®), 1x of iPLEX
termination mix (Sequenom®), primer mix, 1x iPLEXzgme (Sequenom®), and
ddHO to a final volume of 2ul. The iIPLEX reaction wesried out to detect single-
base polymorphisms or small insertion/deletion payphisms in amplified DNA.
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During the iPLEX reaction, the primer is extendgdhe mass-modified nucleotide

depending on the allele and the design of the assay

The iIPLEX reaction was cycled at 94°C for 30 sesp®d°C for 5 seconds, 5 cycles of
52°C for 5 seconds and 80°C for 5 seconds, follolednother 39 cycles of 94°C for 5
seconds, 52°C for 5 seconds, and 80°C for 5 secdingscycle concluded with a final

extension at 72°C for 3 minutes.

IPLEX reactions were desalted with 6mg of resinul1l&f ddHO was added to the
reaction mix. The plate was inverted for 30minddefre centrifugation at 1864g for

10 minutes and stored at -20°C.
The 384-element SpectroCHIP bioarray and the oiperaf the MALDI-TOF machine

were performed by the Sequenom facility at theituist of Human Genetics (Newcastle
University). The readout was viewed using MassARRPer v3.4 software.

71



15-Plex Primers

SNP_ID

PCR_P1 Primer Sequence (5 3)

PCR_P2Zimer Sequence (5 3))

EXT Primer Sequence (5,3)

BMP4_7551C T

ACGTTGGATGGTCCAGCTATAAGGAAGCAG

ACGTTGGATGACATACACCEACACACACG

GTTCCCATCCACTCACC

Smad6_80102T C

ACGTTGGATGGAGGAAGGAGGAAGAGAAAG

ACGTTGGATGGGACAAAACAAGAAAGACGC

AGACGCACTTTGGCTTA

BMP4_5348T C

ACGTTGGATGGGTCGTTTTATTATGCCAAG

ACGTTGGATGCGACTTTTTTTTCCCCGTC

CCCCCGTCTCAGGTATCA

BMP4_4140C_T

ACGTTGGATGCAAACTTGCTGGAAAGGCTC

ACGTTGGATGTCCTTTTAGBGCCATTCCG

AGCCATTCCGTAGTGCCAT

Smad6_79800G_T

ACGTTGGATGCACTATCTGGGGTTGTTGAG

ACGTTGGATGTGCTACTCCGEGCAGTTCAT

tctGCAGTTCATCACCTCCT

Smad6_1520C T

ACGTTGGATGACATACGATATCCTTTGGCG

ACGTTGGATGCCTCGCTGAGGAACGGAC

AGGGAACGGACCCCCGGTAA

BMP2_11292G_A

ACGTTGGATGACAATCCAGTCATTCCACCC

ACGTTGGATGCGGAAACGCTTAAGTCCAG

CCtCCTTAAGTCCAGCTGTAA

BMP4 5619C T

ACGTTGGATGAGCACTGGTCTTGAGTATCC

ACGTTGGATGAGAGACTGACTTCGTGGTG

gitGTGGAAGCTCCTCACGGT

BMP4_3036C_T

ACGTTGGATGGAGTCGAGAAAACGGTGAAC

ACGTTGGATGAATAAGGGAAGCCGAGGCGA

acgaAGAGGTCGAGCGCAGGC

BMP4_3071C_A

ACGTTGGATGTTCACCGTTTTCTCGACTCC

ACGTTGGATGTGTGGCCGAR TTTACAAC

CgccGAAAGGAAATCCCACCAT

BMP2_12528delATTT| ACGTTGGATGAAATTGATATCTCGTGGCCC

ACGTTGGATGGCTCTCAGAGAGGTAAAGG

tAGGTAAAGGTAAAACACAAAT

Smad6_2274C T

ACGTTGGATGAAGCTGTGGCAGCCGCAC

ACGTTGGATGTGCTGCTCGGGCCTCTTT

aagaGCTGGCCCGACCTGCAGCA

BMP4_795G_C

ACGTTGGATGTGAGGGACGCGAGCCTGAGA

ACGTTGGATGTTGGACGG@WCCCATCG

aatctGGGAGACAAGCTAGATACT

Smad6_15336C_G

ACGTTGGATGCAGTGGTTTCTGTGTCTCTC

ACGTTGGATGGACAGAGGAICCAAACCAC

cccaaTCCAAACCACGGTTCCCTCG

BMP4 _2912G_C

ACGTTGGATGGAAGGAGTATTTGCTGCGTG

ACGTTGGATGTTCCTTCCGTACCCCCTTC

gaaCCTTCCTCCGTTGCACCAGCA

11-Plex Primers

SNP_ID

PCR_P1 Primer Sequence (5 3)

PCR_P2Zimer Sequence (5 3))

EXT Primer Sequence (5, 3’)

Smad6_1274G_C ACGTTGGATGAGCGGCTACATGGACCACAG ACGTTGGATGCCGCCTGCATCCCCCTA TCAACAACTCCAGCCCC
BMP4_2912G_A ACGTTGGATGTTCCTTCCCCCACCCCCTTC ACGTTGGATGGAAGGAGTATGCTGCGTG | CTCCGTTGCACCAGCAG
Smad6_1624G_A ACGTTGGATGGACTTTGGCGAAGTCGTGTG ACGTTGGATGTCCCATCCTEICGCCGCCA CGAAGTCGTGTGGTCCCC
BMP4_6756G_A ACGTTGGATGGGGGCTTCATAACCTCATA ACGTTGGATGTGGACCAGGGCCTGATTG TGTTTATACGGTGGAAGC
BMP4_5670G_A ACGTTGGATGTTTCACTGCCCCTCTAGCCA ACGTTGGATGTTCCACCACBAGGTCAGTC | CCAGTCCCACCAGCCcCTCC
BMP2_1044delTGT | ACGTTGGATGTTTCTCCCTTCCCTTCCCTGC ACGTTGGATGAAGAAGTGICAGCCAAGTG | TCCCCCTGCTCGCTGTTGT
BMP4 3071C_T ACGTTGGATGTGTGGCCGAGGTTTTACAAC ACGTTGGATGTTCACCGTTICTCGACTCC CCGAAAGGAAATCCCACCAT
BMP2_480C_T ACGTTGGATGGGATCGGCTCCGGAGTCCC ACGTTGGATGAGCGCCGTGGTECTGCT TCCCCGGCGCTCTGCGCGCCC
BMP2_11547A G ACGTTGGATGTCTCGATGCTGTACCTTGAC ACGTTGGATGACACCCACABCCTCCACAA | CGAGAATGAAAAGGTTGTATT

BMP4_4140C_T

ACGTTGGATGGAACAAACTTGCTGGAAAGG

ACGTTGGATGTTAGGAGCCATCCGTAGTG

CCACTTGCTGGAAAGGCTCAGG

Smad6 1136A T

ACGTTGGATGAAAGCCCATGTAGTTAAGCG

ACGTTGGATGGAACCCCTAATGTGTCTGG

GGTTTAAAAAAAAGGCAAGGTA
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5-Plex Primers

SNP_ID PCR_P1 Primer Sequence (5 3)) PCR_P2Zimer Sequence (5 3)) EXT Primer Sequence (5,.3)
Smad6_1683C_T | ACGTTGGATGTGGCGGCGACGAGGATGGGA ACGTTGGATGTGGCGGCGABBGGATGGGA | GAGGATGGGAGCTTGGG
Smad6_80159T A | ACGTTGGATGTCTCTTCCTCCTTCCTCTTC ACGTTGGATGTCTCTTCCTITCCTCTTC TCCTTCCTCTTCCTTACTTT
BMP2_713G_A ACGTTGGATGCTCGACTCGCCGGAGAATG ACGTTGGATGCTCGACTCGGGAGAATG GAATGCGCCCGAGGACGACG
BMP4_3036C_G | ACGTTGGATGAATAAGGGAAGCCGAGGCGA ACGTTGGATGAATAAGGGAACCGAGGCGA| acgaAGAGGTCGAGCGCAGGC
BMP4 7611A T | ACGTTGGATGGGTCAAGGTGAATGTTTAGG ACGTTGGATGGGTCAAGGTBATGTTTAGG | TGAATGTTTAGGGATTTTTTCC

Table 2.3 Primers used for Sequenom assay.
PCR_P1 primers and PCR P2 primers were used tafgriiyd fragments of interest and extension prin{&sT primer) for iPLEX reaction to
identify the SNP alleles.
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2.2.8.2 Tagman genotyping

SMADG ¢.1451G>T was genotyped using a Custom dediJmgMan® SNP
Genotyping Assay (Applied Biosystems), following timanufacturer’s design and
ordering guide. A file of the SNP and about 300bpemjuence surrounding the SNP
was prepared and verified that met the manufacsuceteria for allele frequency,
length, accuracy and uniqueness. The file was tipvaded into Filebuilder software
(Applied Biosystems) and submitted to Applied Bisteyns for Custom TagMan®

Assay Design. The sequences for the primers artzbprare listed in Table 2.4.

The reactions were conducted in a 384-well skipiete (ABgene). Each well
contained a single 5ul reaction which consistetixofagMan ® Universal PCR Master
Mix, with no AmpErase® UNG (Applied Biosystems), Assay Mix (Applied
Biosystems), 20ng of DNA and dd@.

The thermal cycler conditions started with 95°CX6rminutes, followed by 40 cycles
of 92°C for 15 seconds and 60°C for 1 minute. Tlageg were then read with a
7900HT Fast Real-Time PCR System (Applied Biosysdem

Primers/ Probes -5» 3’ Sequence
S6_79800GT-S6GTForward AGCGTCCGCATCAGCTT
S6_79800GT-S6GTReverse GGGCCGCCACTATCTGG
S6_79800GT-S6GTV1_VIC ACCTCCTGCCCCTGC
S6_79800GT-S6GTM1_FAM CACCTCCTTCCCCTGC

Table 2.4 Primers and probes for TagMan assay
Sequences of the PCR primers and probes usedefdiaiipMan assay to genotype
SMADG ¢.1451G>T variant.
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2.3 Indlico analysis of novel rare variants

Non-synonymous genetic variants were analysedviolugonary conservation using
Clustalw2 programme from EMBL-EBI (European Bioinfatics Institute)
(http://www.ebi.ac.uk/Tools/clustalw2/index.hijmProtein sequences of the organisms

were taken from Ensembl and were uploaded int@tbgramme for protein alignments.

The potential functional effect of the non-synonysgenetic variants were analyzed
with the SIFT fttp://blocks.fhere.org/sift/SIET.htrhand PolyPhen

(http://genetics.bwh.harvard.edu/pppfogrammes to predict whether the substitutions

were likely to affect protein structure and subsadly protein function.

The splicing effects for all of the genetic varmmtere predicted by the ESE finder 3.0
programmelgttp://rulai.cshl.edu/cgi-bin/tools/ESE3/esefindgi?process=hongto

identify whether they were likely to result in clggs of splice sites (Cartegni et al.
2003; Smith et al. 2006). This program predicts tbevariants increase or decrease

the threshold value in the splice donor site, gpdicceptor site and branch site.

Another in-house programme generated by Dr. S.€gtetid (Grellscheid, unpublished)
was utilized to predict whether the genetic vagamére likely to result in changes of
splice sites. This programme plots the calculateshgth of exonic splice enhancer
(ESE) versus exonic splice silencer (ESS) sitasgusicustom Python script to generate
a z-score for each nucleotide position for the wyjsk and mutant variants. These are

compared graphically to estimate the effect ofvidwgants on splicing.

Analysis of the crystal structure of the SMADG6 CE84riant was carried out in
collaboration with Professor Rick Lewis of Insteubor Cell and Molecular

Biosciences, Newcastle University. Homology maddglbf the MH2 domain of
SMADG6 was implemented using the ‘Coot’ softwarekzaye using SMAD2 as a

template.

Variants that were identified in the 3'UTR of thenclidate genes were checked for their
MIRNA target binding sites and expressions usingrMtosm Targets version 5
(formerly miRBase Targets$tp://www.ebi.ac.uk/enright-
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srv/microcosm/htdocs/targets/vat contains computationally predicted targets fo

microRNASs in many species.
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2.4 Investigation of the effects of novel rare vaaints on splicing

2.4.1 Experimental design

Minigene approach was utilized to investigate tfiects of certain novel variants
predicted to affect splicing. The minigene approeahsists of inserting an exon of
interest, namely the one in which the novel vanaas found, and its flanking introns
into a vector containing a constitutive small ‘gesied thus creating a new artificial

minigene which includes the relevant exon.

The pXJ41 vector was used as backbone for the emeigonstruct. pXJ41 harbours a
human cytomegalovirus (hCMV) promoter that drivies éxpression of the inserted
gene; rabbig-globin intron 1l containing aMifel site, which facilitates the splicing
event and is flanked by fragments of ralfbglobin exon 2 and exon 3; T7 promoter; a
multiple cloning site (MCS); SV40 polyadenylatiatesand BSM13+ sequence that
include an origin of replication and the ampiciltesistance gene (Xiao et al. 1991)
(Figure 2.6).

The fragment to be cloned into the vector is sebtbeb that it comprises around 500
nucleotides upstream and downstream of the examtarest. Oligonucleotides were
designed so that after amplification a restricede would be included at the flanking
sites of the region of interest. Thus, the oligdeatide consisted six nucleotides
(GAGAGA) were included as the first nucleotidegtté oligonucleotides, followed by
the restriction sites and 18-20 nucleotides thakwemplementary to the fragment of
interest. Six nucleotides were included becaugeicisn enzymes do not cleave
efficiently at the end of the molecule. PCRs wezdqrmed using high fidelity

polymerase in order to obtain an error-free amplico

Both the wild type and the variant genomic regi¢frem control and patient's DNAs
respectively) were amplified and cloned into thetag in order to generate two
“alleles” of the minigene construct. The effectloé relevant variants can be
determined by comparing the mRNAs produced by admucell line transiently
transfected with the two alleles of the minigenastouct. Figure 2.7 shows the method

schematically and Figure 2.8 an example from tieedture of this system in use.
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intron Il, T7 promoter, a multiple cloning site (MK, SV40 polyadenylation site and

BSM13+ sequence.
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Figure 2.7  Overview of in vivo splicing analysis wih the minigene approach
(Adapted from Stosset al., 1999) (Stoss et al. 1999)

A) Using high-fidelity Tag polymerase, the altetimaly spliced exon (black box) and
its flanking intronic regions (x500bps) were amiplif from control and patient’s
genomic DNA and cloned into pXJ41. B) Resultingdtype and mutant mingene
constructs, where the exon of interest was flarkeftagment$-globin exon 2 and
exon 3. C) 24 hours after transfection, mRNA islyed by RT-PCR using primers of
the flanking exons. D) Possible PCR products aosvahdepending on whether the

relevant exon was spliced out correctly.
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Figure 2.8  Example of the splicing pattern of TLE4pre-mRNA (Extracted from
Liu et al., 2009) (Liu et al. 2009)

RT-PCR analysis of the splicing pattern of the TEE#inigene from cells co-
transfected with different splicing factors alonghna constant amount of Tra2TraZ3
activated the splicing to TLE4-T and also inducpliceng inclusion of a further TLE4-
B splicing isoform annotated as TLE4-B. The uppands on the agarose gel
correspond to the product including TLE4-B, the dhedoands include TLE4-T and the

lower bands correspond to the flanking exons.
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2.4.2 Media and reagents

LB medium was prepared by adding 5g of tryptongg 2f yeast extract and 59 of
NaCl to 500ml of ddbD. Medium was then autoclaved.

LB agar was prepared by adding 159 of agar toeldif B media. The media was
autoclaved and allowed to cool to around 55°C. I@)@mhof ampicillin was then added
to the cooled media, mixed well, and poured intiiqaeshes. LB agar plates were

stored at 4°C for later use.

NZY+ broth was prepared as described in the Quiek@b® Site-Directed
Mutagenesis Kit instruction manual. Briefly, NZY +ath consisted of 10g of NZ amine,
5g of yeast extract and 5g of NaCl to 1litre of d@HpH was adjusted to pH7.5 using
5M NaOH. Medium was then autoclaved. Prior to iter-sterilized supplements of
12.5ml of 1M MgC}, 12.5ml of 1M MgS@, and 20ml of 20% glucose were added to

the medium.

2.4.3 Cloning

2.4.3.1 Primer designs and PCR

Primers were designed as in section 2.2.1 to aynihld exon of interest plus 500bp
flanking intronic sequences. In view of the reqoient for downstream applications, a
restriction map for the fragment to be amplifiedsvadtained. If the region to be
amplified did not contain aBcoRlI site, anEcoRI recognition sequence was added to
the 5’ end of both primers (5 — GAGAGAGAATTC - 3hlowever, if the region
contained arccoRlI site, anMfel recognition sequence was added instead to thad’
of both primers (5 — GAGAGACAATTG - 3)).

PCR was carried out using Phusion High-Fidelity DRélymerase (Finnzymes). PCR
reactions were set up on ice. The master mix caagrix of 5x Phusion GC Buffer
(for regions with high GC content); 200uM of eadtiTd?, 0.5uM of each primer
(forward and reverse), 0.02U/ul of Phusion DNA Padyase, 30ng of DNA (proband
with the variant identified) and ddB to a final volume of 50pl.
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The PCR cycling programme started with initial denation at 98°C for 30 seconds,
followed by 35 cycles of 98°C for 10 seconds, afingdemperature (69.6°C) for 30
seconds and 72°C for 30 seconds (depending omtpkcan’s length). A final
extension of 72°C for 5 minutes concluded the paopgne. Primer sequences and

primer pairs are listed in Table 2.5
The PCR amplicon was then purified using QIAqui€PPurification Kit (QIAGEN),

following manufacturer’s protocol. Concentrationtieé purified PCR amplicon was

determined by NanoDrop spectrophometer.
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Cloning Primers Sequence (6% 3)

MG-BMP4DF (EcoRI) GAGAGAGAATTCGGCATCCACGGTCGGGAGGG
MG-BMP4AR (EcoRlI) GAGAGAGAATTCGCTCCCAATGACAGCCAGTC
MG-BMPA4EF Mfel) GAGAGACAATTGAGCACGACGCACCGCGCCGA
MG-BMP4BR (Mfel) GAGAGACAATTGGCTAACCGGGTGGCTTGAGG
MG-BMP4ER (Mfel) GAGAGACAATTGGAAGCCGAGAAGGTGGTCTGG
MG-BMP4FF (Mfel) GAGAGACAATTGGTTCGAGCTGGGAGACGCAG
MG-BMP4FR Mfel) GAGAGACAATTGTCCGGAGAGACCTCTGTGAG
MG-BMPAGF Mfel) GAGAGACAATTGATCCTCTGGCTTCAGGTGGC
MG-BMPAGR Mfel) GAGAGACAATTGCAGTTGGTTCAGAGCCAGAGG
Novel Variants Cloning Primer Pairs

BMP4 c.-295G>A MG-BMPADF/4AR

BMP4 ¢.-136C>G MG-BMPADF/4AR

BMP4 c.-87C>T MG-BMP4EF/4BR

BMP4 c.-87C>T MG-BMP4EF/4ER

BMP4 c.-87C>T MG-BMP4FF/4FR

BMP4 c.-87C>T MG-BMPAGF/AGR

BMP4 c.-87C>T MG-BMP4FF/AGR

BMP4 c.-87C>T MG-BMPA4GF/4FR

Table 2.5 Cloning primers sequences and the combiti@n of primer pairs
Sequences of the primers used for cloning anddh#mation of primer pairs for each
novel variants: BMP4 c.-295G>A, BMP4 c.-136C>G &MP4 c.-87C>T.

83



2.4.3.2 Restriction enzyme digestions

The purified PCR amplicon was digested vitfel or EcoRI (NEB) as described in the
manufacturer’s protocol. The digestion reactionsisted of 5ul of NEBuffer 4, 1.5ul
of Mfel or EcoRl, (0.5ul of BSA was added f&coRI reactions), 1jug of purified PCR
product, and ddp to a final volume of 50ul. In parallel, 1pug ofcter pXJ41 was
digested withiMfel. The vector pXJ41 was obtained from Prof. DavikibE, Institute of
Human Genetics. The reaction was incubated at 8#°8 hours and deactivated at
65°C.

2.4.3.3 Dephosphorylation of vector

The linearized minigene vector pXJ41 was treatetl pihosphatase. 1x Antartctic
Phosphatase Reaction Buffer (NEB) and 1ul of AtiaRhosphatase (NEB) were
added to 1ug of linearized vector. The reaction mea®d and incubated for 40 minutes

at 37°C. The reaction was then heat inactivate@®ominutes at 80°C.

2.4.3.4 Ligation

Before ligation, insert DNA and vector DNA were ihied using the QlAquick PCR
Purification Kit (QIAGEN), following the manufacter's protocol. The vector and
insert DNA were ligated using T4 DNA Ligase (Prormggrhe molar ratio of vector to
insert DNA was 1 to 3. If the ligation was not sessful, different molar ratios were
used. The reaction consisted of 1x Ligase Bufféeuns of T4 DNA Ligase, 100ng of
vector DNA, 100ng of insert DNA and ddH20 to a fimalume of 20ul. The reaction

was incubated at 4°C overnight and was deactivatt®8°C for 20 minutes.

2.4.3.5 Transformation of competent cells

Ligation mixtures were transformed into JM109 cotepécells (Promega), following
the product’s technical bulletin. Competent celesevthawed on ice and then 50ul of
cells were transferred to a chilled eppendorf twhech contained 5ul ligation product
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(approximately 100ng). The tube was flicked getdlynix and incubated on ice for 30
minutes. The cells were then heat-shocked for 80rs#s at 42°C and incubated on ice
for 15 minutes. 500ul of LB medium was added tdhdeansformation reaction and
incubated for 60 minutes at 37°C with constant sigalt 200rpm. 50l of cell culture
was spread onto LB-Amp agar plate. The tube was dpwn at 1864g for 1 min, most
of the LB medium discarded, the pellet resuspemidae remaining LB medium and
spread onto another LB-Amp agar plate. The plats®when incubated upside down at
37°C for 12-14 hours.

2.4.3.6 Screening PCR

Ampicillin-resistant colonies were individually fied and screened for insertion of the
amplicon using colony PCR. A library of the colon@cked was kept. 1ul of colony
DNA was used to perform PCR. PCR reactions werpeed using HotStarTay

DNA Polymerase (Qiagen) as section 2.2.2, witharegtimers pXJ B1 5’ —
GTAACCATTATAAGCTGCAA — 3" and pXJ_RTF 5" —
GCTCCGGATCGATCCTGAGAACT - 3, the annealing tempera was 58°C for 30
seconds and the elongation temperature was 72°Crfonute and 30 seconds.
Amplified PCR products were then run on 1% gel giitle 1kb DNA Ladder
(Fermentas) as in section 2.2.3. Positive colomig® identified by the size of the
amplification products, which were around 1.5kb ¢wlthe exon was inserted). The
size of the empty plasmid was around 200bp. Pestolonies underwent another PCR
amplification using a forward primer complementeryhe region of interest and a
reverse vector primer (pXJ_RTF) or a forward vegiomer (pXJ_B1) and a reverse
primer on the region of interest. Only positiveaoks containing the fragments
inserted in the correct orientation will producepdifred products.

2.4.3.7 Sequencing of insertions

Positive colonies with the insert cloned into pX34ttor in the correct orientation were
cultured in LB medium containing 50mg/ml Ampicillat 37°C for 16 hours. DNA was
then extracted using the QIAprep Spin Miniprep (Qtagen) following the
manufacturer’s protocol. The plasmid was sent to ®1W'r sequencing with pXJ_B1
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and pXJ_RTF primers to confirm the inclusion anel ¢brrect direction of the region of

interest.

2.4.4 Transfection of HEK293 cells

HEK?293 cells were cultured in Dulbecco’s modifieddte’s medium (Invitrogen)
supplemented with 10% fetal bovine serum (FBS)IsGeére grown at 37°C in a 5%
CO, humidified atmosphere and were passaged everys3 H&EK293 cells were
seeded in 6-well plates (Nunc Corporation) for 2dris before transfection. Cells were
approximately 70% confluent when transfected. Rahewell, 500ng of plasmid DNA
was added to 97ul of DMEM medium without serum aad mixed with 3ul of
GeneJammer (Stratagene). The transfection reasgrincubated for 15 minutes at
room temperature. The reaction was then addecetodlis maintained in 2ml of
DMEM with FBS drop by drop. Cells were incubate@atC in 5% CQfor another 24

hours after transfection.

2.4.5 RNA Extration

24 hours after tranfection, cells were trypsiniaaed centrifuged at 3300g for 2 minutes.
The media was removed and cell pellets were resdggein 100l of Trizol
(Invitrogen) in a hood and vortexed. 20ul chlorafovas added and mixed vigorously
for 15 seconds. The tube was then left at room &satpre for 2 minutes and
centrifuged at 157009 for 15 minutes at 4°C. Theeags layer was transferred to a
new eppendorf tube. RNA was precipitated by ad8ingl of 100% isopropanol and
vortexed for a few seconds. The mixture was th&#rateoom temperature for 15
minutes and centrifuged at 157009 for 10 minute®' @t The supernatant was
discarded and the pellet was washed with 100088 @thanol. The mixture was
centrifuged at 93009 for 8 minutes at 4°C. Ethaves then discarded and pellets were
air-dried for 10 minutes. Pellets were resuspemad&dul of RNAse free water and the

concentration of RNA was determined using NanoDBsogctrophometer.
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2.4.6 Reverse Transcription PCR

RT-PCR was performed using OneStep RT-PCR Kit (€hadollowing manufacturer’s
protocol. 5ul RT-PCR reaction consisted of 1x oeStep RT-PCR buffer, 1x Q
solution, 10mM of dNTPs, 0.2ul of HotStarTaq DNAlWoerase, 10mM of pXJ41 B1
primer, 10mM of pXJ_RTF primer (the sequences efgghmers are described in
section 2.4.2.6) and 50ng of RNA.

The thermal cycler programme was 50°C for 30minuwad then 95°C for 15minutes,
followed by 25cycles of 94°C for 30seconds, 56°C3@seconds and 72°C for 1minute,

with a final extension at 72°C for 10minutes.

The PCR products were resolved on 1% agarose tfelgel red by electrophoresis to

visualize bands under UV.
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2.5 Luciferase assay of SMADG6 variants

2.5.1 Experimental design

The effects of the novel coding variants discoveneEMAD6 on BMP signaling were
investigated by dual luciferase assay. The conistgly active form of the BMP type |
receptor used in these experiments, c.a.BMPR1A desasribed by Fujii and colleagues
(Fujii et al. 1999). The BMPR1A cDNA was mutageuis® that an amino acid
substitution was created at position 233 of thedlated protein when subcloned into
pcDNAS3. The glutamine to aspartic acid change tesulthe activation of BMPR1A in
the absence of ligands or the type | receptor.cTaddMPR1A was sequenced by me
before use to confirm the presence of the mutatighe construct. The c.a.BMPR1A
construct also contained a HA tag [YPYDVPDYA] a¢ tG-terminal.

BRE-Luc was the luciferase reporter construct usedeasure the transcriptional
activation induced by BMP signaling (Korchynskydaien Dijke 2001). BRE-Luc
consists of two Smad binding elements (SBEs) aG&&GCC palindromic sequence
flanked by two CAGC and two CGCC sites cloned p@&l_3-basic vector. The pGL3
luciferase reporter vector contains a modified ngdegion for firefly Photinus pyralis)
luciferase. This vector lacked promoter and enhaseguences, meaning that the
luciferase reporter gene activity obtained wouldobkely driven by the inserted BMP-
responsive elements. The Renilla luciferase cDNpding the renilla luciferase from
the marine organism sea panBgfilla reniformis), was contained within the pRL-TK
vector. The luciferase activity was normalised agaRenilla luciferase activity, which

acted as an internal control for transfection efficy.

Wild-type SMADGC inhibits BMP signaling through latast three possible mechanisms
(see below). Goto and colleagues have previouslyad this system to investigate the
effects of inhibitory Smads (Smad6 and Smad7) o&-®RBc induced by c.a.BMPR1A
or c.a.ALK2 in C2C12 cells (Goto et al. 2007).

The genetic variants p.Ala325Thr (c.973G>A), p.Rfi4eu (c.1244C>T) and
p.Cys484Phe (c.1451G>T), were introduced into SMARBression constructs using
site-directed mutagenesis. The wild-type SMAD6 ¢ttt (SMADG6C) used which
consists of the MH2 domain of SMADG inserted infpc®NA3 vector, has been
previously reported (Hanyu et al. 2001). The cartdtwas FLAG tagged
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[DYKDDDDK] at the N-terminal end of SMADG6. The pr&sce of mutations was
confirmed by sequencing. Each of the constructsthes transfected into the cell
system along with BMP-responsive element luciferaperter (BRE-Luc)Renilla

luciferase reporter (REN) and constitutively aciBMPR1A (c.a.BMPR1A). The

experimental system is summarized in Figure 2.9.

There were six combinations of constructs usedimdssay (Table 2.6). All of these
combinations contained BRE-Luc and Renilla consgstuthe first combination
contained empty vector pcDNA3.1, which acted asgative control. The second
combination contained c.a.BMPR1A and pcDNA3.1, \utacted as a positive control.
The subsequent combination of constructs contasre8MPR1A and either
WtSMADG6C, SMADG6C p.Ala325Thr (c.973G>A), SMAD6C pd215Leu (c.1244C>T)
or SMADG6C p.Cys484Phe (c.1451G>T). This combinati@s selected to enable the
identification of any difference in the ability tife wild-type and mutant constructs to
inhibit the activation of BRE-Luc activity.
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Figure 2.9  BMP signaling in C2C12 cells for lucifease assay
BMP signaling in the system of C2C12 cells thatemeansfected with different
combination of constructs for luciferase assay. ddrestructs that were transfected are

in red colour.
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Combinations| 1 2 3 4 5

Constructs

BRE-Luc v

Renilla v

pcDNA3.1 v

/€K<

c.a.BMPR1A

SMADG6C wt v

SMAD6C v
p.Ala325Thr
(c.973G>A)

SMAD6C v
p.Pro415Leu
(€.1244C>T)

SMAD6C
p.Cys484Phe
(c.1451G>T)

Table 2.6 Combination of constructs for luciferasassay

The combinations of constructs that were usedeariubiferase assay.
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2.5.2 Cell lines and tissue culture

Mouse myoblast C2C12 cells were maintained in Dedbs modified Eagle’s medium
(Invitrogen) in 10% fetal bovine serum (FBS) with &nits/ml penicillin and 50ul/ml
streptomycin (Invitrogen). Cells were grown at 370G 5% CQ humidified
atmosphere and were passaged every 2 days; spliatib of 1:10. The cells were
detached from the flasks using 0.05% Trypsin (1XhWEDTA (Invitrogen).

2.5.3 Constructs

The four constructs were as follow: (1) a luciferasporter construct containing BMP-
responsive elements (BRE-luc), which was previodsiscribed by Korchynskyi and
ten Dijke, 2002 (Figure 2.10) (Korchynskyi and f@itke 2001); (2) pRL-TKRenilla
luciferase reporter; (3) constitutively active BMER which was described by
Miyazono 1999 (Figure 2.11) (Miyazono 1999); angSMADG6C wild type, described
by Hanyu et. al., 2001 (Figure 2.12) (Hanyu e2@D1). All these were kindly donated
by Prof. Peter ten Dijke, Leiden University Medi€enter, Leiden, The Netherlands.
Empty vector pcDNAS3.1 (Invitrogen) was used as anConstitutively active
BMPR1A and SMADGC wild type were sent to GATC tafiom their sequences.
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Figure 2.10 BRE-Luc inserted atNhel site in pGL3-basic vector circle map
Map of the BMP-responsive elements luciferase (BRRE) vector inserted athel site

in pGL3-basic vector, which lacks promoter and eclea sequences.
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Insert: c.a.BMPR1A (HA tag)

Pvul

Figure 2.11 c.a.BMPR1A with HA tag inserted aEcoRIl and Xhol sites in

pcDNAS
Map of the c.a.BMPR1A vector with HA tag in pcDNABhe BMPR1A cDNA was
mutagenised so that an amino acid substitutiononeested at position 233 in the

serine/threonine kinase domain.
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Insert: WtSMADG6C (FLAG tag)

Bsml

Figure 2.12 SMADGC wild type with FLAG tag insertedat BamHI| and Xhol

sites in pcDNA3

The wild type SMADG6 construct (SMADG6C) consiststioé MH2 domain of SMAD6

inserted into a pcDNAS3 vector.
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2.5.4 Site-directed mutagenesis

Site directed mutagenesis was performed using thekQhange® Site-Directed
Mutagenesis Kit (Stratagene). Mutagenic primersevekssigned using Stratagene’s

primer design programme lattp://www.stratagene.com/qcprimerdesigiPLC

primers were ordered from Metabion. Primer sequeace conditions are listed in
Table 2.7.

SMADG6 sample reactions comprised of 1x reactioridsubOng of construct DNA,
125ng of each mutagenic primer, dNTP mix, 2.5Pf DNA polymerase and ddid@

to a final volume of 50ul. 50ul control reactiomuarised of 1x reaction buffer, 10ng of
pWhitescript 4.5kb control plasmid, 125ng of eaohtool primer, dNTP mix, 2.5U of
Pfu DNA polymerase and ddi9.

The thermal cycling programme started at 95°C tbs&conds, followed by 12 cycles
of 95°C or 97°C for 30 seconds (depending on tiraqrsets), 55°C for 1 minute and
68°C for 6 minutes or 10 minutes. 5ul of amplif@duct were run on 1% agarose gel
to check for product amplification. 1pl Bpn | restriction enzyme (10U/ul) was added
to each reaction. Reactions were incubated at 83" C hour to digest the parental
dsDNA. Resulting constructs were transformed intdBlue supercompetent cells
(Stratagene) as described in the QuickChange®Bitzted Mutagenesis Kit
instruction manual. 500p! of NZYoroth preheated to 42°C was added to the
transformation reactions and was incubated at 3@fC hour with shaking at 225rpm.
250l of cell culture was spread onto LB-Amp adate The plates were then

incubated upside down at 37°C for 16 hours.
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Primer pairs Primer (65— 3’ Sequence) Denaturing | Elongation
Forward Reverse Temp. (°C) | Time (min)
SMADG6_C484F G307T ggcagttcatcacctccttcccctgcetgg gcaggggaaggaggtgatgaactgcc 95 6
SMADG6_A325T G475A catgtctccggacaccaccaagccgag ctigiggtgtccggagacatg 97 10
SMADG6 P415L C746T ttcgtcaactccctgacgctggacgceg cgegtgtcagggagttgacgaa 97 10

Table 2.7 Primers and reaction conditions used for the siteddected mutagenesis.
Sequences of the primers and the PCR conditiortsfos¢he site-directed mutagenesis to generatanarSMADG p.Ala325Thr
(c.973G>A), SMADG p.Pro415Leu (c.1244C>T) and SMADEYs484Phe (c.1451G>T).
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2.5.5 Sequencing of constructs

XL1-Blue cell positive colonies were picked and v@rcubated with NZY+ broth
containing 50mg/ml Ampicillin at 37°C for 16 houSonstruct DNA was then
extracted using the QIAprep Spin Miniprep Kit (Qeag following the protocol. The
constructs were nanodropped to determine the ctnaciem before sending to GATC
for sequencing with T7 and Sp6 primers in ordadémtify the mutations.

2.5.6 Transfection of C2C12 cells

C2C12 cells were seeded in 12-well plates (NungQmation) for 24 hours before
being transfected with plasmid DNA using FUGENE® Hiansfection Reagent
(Roche) according to the manufacturer’s protocbe Tombination of constructs
consisted of 450ng of BRE-luc (Firefly luciferagporter with BMP Responsive
Elements), 50ng of pRL-TK (Renilla luciferase reporand 500ng of pcDNA3.1
(empty plasmid as control) or 250ng of caBMPR1An&tdutive active BMPR1A) with
either 250ng of pcDNA3.1, 250ng of SMADG6 wild type250ng of SMAD6 mutant
constructs. Each combination of constructs wasezhout in triplicate. Cells were

incubated at 37°C in 5% G@or another 24 hours after transfection.

2.5.7 Measurement of luciferase acitivity

Cells were lysed and luciferase activity measuréames performed using the Dual-
Luciferase Reporter Assay System (Promega) acaptdithe manufacturer’s protocol.
A Fluoroskan Ascent plate reader (Thermo Scientifias utilised to read the
luminescence activities of the cells. Firefly lueseence signal was measured first,
followed byRenilla luciferase. The firefly luminescence readings wbeesn normalized
to theRenilla luciferase, to account for experimental variapitibused by differences in
cell viability or transfection efficiency.
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2.5.8 Immunoblotting

1x NuPAGE® Sample Reducing Agent (Invitrogen) ardNUPAGE® LDS Sample
Buffer (Invitrogen) were added to 15ul of previgulsised cells, which were then
heated at 95°C for 10 minutes and allowed to cbel2% NuPAGE® Novex Bis-Tris
Gel (Invitrogen) was assembled in 1x MES SDS Rumlaffer (Invitrogen) following
NuPAGE® Technical Guide (Invitrogen). Samples weegled into the wells alongside
10pl of PageRulél Prestained Protein Ladder (Fermentas) and weratr280V until
the yellow loading buffer tide line reached thetbwot of the gel.

Two pieces of filter paper (8cm x 10cm), a piecéigbond-C Extra nitrocellulose
membrane (7cm x 9cm) (GE Healthcare) and 2 piecsgange were soaked in pre-
cooled transfer buffer (2.93g Glycine, 5.81g TrasB, 3.75ml 10% SDS, 200m|
Methanol, made up to llitre with dd8). The transfer apparatus was set up on the
black part of the cassette in the following ordepiece of sponge, 1 filter paper, gel,
membrane, 1 filter paper, 1 piece of sponge; tmftire gel sandwich. The cassette was
then placed into a transfer tank filled with chilleansfer buffer and an ice block.

Samples were transferred onto the membrane at 356nt1Ahour.

The membrane was then stained with Ponceau-S @ol{figma) to check for protein
transfer. The membrane was cut into two at arolkiD4 and was rinsed with dd@

until the background was clean. It was then incedbat TBST (8.75g NaCl, 6.5g Tris-
HCI, 2ml Tween 20, made up to 1litre with ddbj with 5% marvel (non-fat dried milk)
to block non-specific binding sites for 1 hour @m temperature or overnight in the
cold room on a shaker. The membrane containingp®bf less than 40kDa was
incubated with monoclonal anti-FLAG M2-PeroxidaBR@P) antibody produced in
mouse (Sigma) at 1/10000 in blocking reagent fbo@rs at room temperature. The
other part of the membrane was incubated with ldAtiPeroxidase, High Affinity

(3F10) (Roche) at 1/1000 in blocking reagent ftwoRrs at room temperature. Three
ten minutes washes in TBST were carried out anadl le¢h membranes were incubated
with Supersignal® West Dura Extended Duration Salst(Thermo Scientific)
according to the manufacturer’s instructions faniutes. The membranes were placed
against Biomax MR Film (Kodak) for 5 seconds, whigds then developed in a

compact X4 developer (Xograph Imaging Systems).
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The membrane which contained proteins larger titkiDd was washed 3 times with
TBST, for ten minutes each. It was then incubat#h stripping buffer (6.7ml of 0.5M
Tris-HCI pH6.7, 10ml 20% SDS, 780@dmercaptoethanol, made up to 100ml with
ddH,0) at 50°C for 30—40 minutes with gentle agitatibhe membrane was rinsed
with ddH,O three times followed by extensive washing in TB&T15 minutes. The
membrane was then blocked in TBST with 5% marvelfbour at room temperature
or overnight at 4°C on shaker. Monoclonal antisbulin primary antibody (Sigma)
diluted in blocking reagent 1/1000 was added tatlkeenbrane and incubated for 2
hours at room temperature or overnight at 4°C. @lea-minute washes in TBST were
carried out. The membrane was then incubated faut with goat anti-mouse HRP
secondary antibody (Thermo Scientific) diluted DA0n blocking reagent. Following
another three ten minutes washes in TBST, the aatgwotein bands were detected by

enhanced chemiluminescent (ECL) detection procesescribed above.

This membrane (which contained proteins larger #2kDa) was then washed,

stripped and checked with ECL to ensure that tegipus antibodies had been removed.
The blot was then blocked as described above. Sawatidody (Santa Cruz) diluted in
blocking reagent 1/50 was added to the membranénantlated overnight at 4°C.

Three ten-minute washes in TBST were carried oo Membrane was then incubated
for 1 hour with goat anti-mouse HRP secondary aayhThermo Scientific) diluted
1/300 in blocking reagent. After another threertenutes washes in TBST, the protein

bands were detected by the ECL detection processas.

The same membrane underwent the same process (lvasiygped, checked with ECL
and blocked), before incubating overnight with gffasSmadl/ Smad5/ Smad8
antibody (Cell Signaling) at 1/1000 in blocking agerhree ten-minute washes in
TBST were carried out. The membrane was then irtedldar 1 hour with goat anti-
rabbit HRP secondary antibody (Jackson ImmunoRelsgdiuted in 1/10,000 in
blocking reagent. Following another three ten meswashes in TBST, the protein

bands were detected by ECL detection process.
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2.6 Alkaline phosphatase assay of SMADG6 variants

2.6.1 Experimental design

It has been reported by Katagiri and colleaguesafia et al. 1994) that C2C12 cells
will inhibit their myoblastic differentiation andavert to the osteoblastic
differentiation pathway instead when treated wiMiA2. The phenotype of one patient
with a SMADG6 mutation included calcification of therta as a prominent feature.
Therefore investigation on whether the SMAD6 muotagithat were discovered failed
to inhibit osteoblastic differentiatiam vitro was performed. Extracellular bone matrix
proteins and alkaline phosphatase (ALP) are expdesarly during the commitment to
the osteoblast lineage. To measure the inhibiteceof wild-type and mutant
SMADGC constructs on osteoblastic differentiatiotmg experimental approaches were
devised.

In the first experiment, cells were transientlynstected with either empty vector
pcDNA3.1, SMAD6C wt, SMAD6C p.Pro415Leu (c.1244CF)SMAD6C
p.Cys484Phe (c.1451G>T). The transfected cells tem treated with exogenous
BMP2 or BMP6 ligands to stimulate alkaline phospkatactivity (Figure 2.13).
Alkaline phosphatase is an osteogenic marker tilateftect the commitment of
myoblast cells to osteoblastic differentiation. B&VP2 and BMP6 were utilized to
stimulate the cells as it has been reported thatdsnmhibits BMP2 signaling more
efficiently than BMP6 signaling but BMP6 induced ma@ustained signaling than
BMP2 (Goto et al. 2007).

The second method of investigation of the inhilyiteifect of wild type SMADG6
compared to the mutant SMADG6C constructs on ALR/igtwas carried out in
collaboration with Dr. Elise Glen. Cells were triatsed with c.a.BMPR1A and either
SMADG6C wt, SMADG6C p.Pro415Leu (c.1244C>T) or SMADPCys484Phe
(c.1451G>T) as Fujii and colleagues have repoftatidc.a.BMPR1A induced ALP
activity in C2C12 cells (Fujii et al. 1999) (Figu2el4).
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Figure 2.13 BMP signaling in C2C12 cells stimulatedith BMP ligands for
alkaline phosphatase assay

BMP signaling in the system of C2C12 cells thateweansfected with either empty
vector pcDNA3.1, SMAD6C wt, SMADG6C p.Pro415Leu @44C>T) or SMAD6C
p.Cys484Phe (c.1451G>T) and treated with BMP2 oPBMgands to stimulate

alkaline phosphatase transcription. The constiihetiswere transfected are in red colour

and the stimulating molecules are in green.
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Figure 2.14 BMP signaling in C2C12 cells transfectewith c.a.BMPR1A for
alkaline phosphatase assay

BMP signaling in the system of C2C12 cells thatemeansfected with c.a.BMPR1A
and either empty vector pcDNA3.1, SMAD6C wt, SMADB®Pro415Leu (c.1244C>T)
or SMADG6C p.Cys484Phe (c.1451G>T) for alkaline git@dase assay. The constructs

that were transfected are in red colour.
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2.6.2 Transfection and stimulation of C2C12 cells ith BMP ligands

The cell lines and constructs used for this expeninare described in sections 2.5.2 —
2.5.5. C2C12 cells were seeded in 12-well platasi@NCorporation) for 24 hours
before transfecting with plasmid DNA using FUGENB® Transfection Reagent
(Roche) according to the manufacturer’s protocbk €ells were transiently transfected
with either 1pug of pcDNA3.1, 1ug of SMADG6 wild typiug of SMADG6 p.Cys484Phe
(c.1451 G>T) or 1ug of SMADG p.Pro415Leu (c.1244¢Hach transfection was
carried out in duplicate. The growth medium wadaegd with DMEM containing

2.5% FBS, 6 hours or 24 hours after transfectiste@blast differentiation of cells was
induced by 300ng/ml recombinant human BMP-2 or BMiR-DMEM. The transfected
and stimulated cells were then incubated at 37°&®4nCQ for another 60 hours or 48

hours.

2.6.3 Transfection of C2C12 cells with c.a.BMPR1A

C2C12 cells were seeded in 12-well plates (Nun@@maition) for 24 hours before
transfecting with plasmid DNA using FUGENE® HD Tséection Reagent (Roche)
according to the manufacturer’s protocol. The cslise transiently transfected with
0.5ug of c.a.BMPR1A and either 0.5ug of pcDNA3.5@ of SMADG6 wild type,
0.5ug SMADG6 p.Cys484Phe (c.1451G>T) or 0.5ug of $MA.Pro415Leu
(c.1244C>T). Each transfection was carried outuplidate. The growth medium was
replaced with DMEM containing 2.5% FBS, 24 houteafransfection. Osteoblast
differentiation of cells was induced by the congiitely active BMPR1A. The
transfected and stimulated cells were then incubat&7°C in 5% Cofor another 24

hours.

2.6.4 Measurement of alkaline phosphatase activity

After removing the culture medium, cells were wakhéth PBS, lysed with 250ul of
lysis buffer (50mM Tris-HCI, 0.1% Triton-X, pH7.8)nd sonicated to disrupt the cell
membranes. ALP activity was determined in 20 luadig of each cell lysate in buffer
containing 100mM glycine (Sigma), 1ImM MgCI2 (Signzend 0.1mM ZnGl (Sigma),
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pH 10.5, using-nitrophenyl phosphate (Sigma) as a substrate. Eaciple was
measured in duplicate. The absorbance was measud®bnm at different time point
for 2 hours using Multiskan (Thermo Scientificnrhunoblotting was carried out on

the cell lysates as described in section 2.5.8.
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2.7 Statistical analysis

The mean reading and standard mean deviation ($&Mjpch combination of
constructs were used to identify the differencevieen the wild type and mutant
constructs for both luciferase assay and alkallresphatase assay.

For the luciferase assay, the data set was asdegsed-way analysis of variance
(ANOVA) in Minitab 15 to rule out any significanifterences across the data set
between the replicates, as the assay was perfahmegltimes independently. The
pooled data was logarithmic transformed to conftyra Normal distribution. Using the
transformed data, pairwise comparisons for theetheplicates of each combination of

plasmids were calculated.

For the alkaline phosphatase assay, the data seasgassed by two-way analysis of
variance. The data from three independent expetsribat were performed in duplicate
was pooled together. Two way analysis of variadd¢@VA) was used to analyse the
data between the wild type and mutant construath, @ach independent experiment as
another factor. The group of cells that were tracisfd with constitutively active
BMPR1A and empty vector pcDNA3.1, acted as a pasitontrol. These were,
however, excluded from the analysis examining téffiees between the wild-type and

mutant SMADG6 constructs.

All p-values were two-sided and p<0.05 was accepgethe threshold for statistical

significance.
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Chapter 3 Results of mutation screening andh vitro

splicing studies

3.1 Overview

This chapter presents the results from the scrgesficandidate genes in the BMP
signaling pathway for rare variants which coulddspose to cardiovascular
malformations (CVM). The results of thevitro splicing assays are also presented in
this chapter. The objectives of this part of thejgct were:

* To sequence the coding regions, including exomimboundaries of the

candidate genes in the patient panel

* To determine whether the novel variants identiieel transmitted aile novo

* To determine whether the novel variants identifegl polymorphisms

* To analyse the identified novel variants usingilico approaches

* To analyse the effect of variants predicted taugfice splicing using a minigene

assay

Five genes that are involved in the BMP signaliathpray were chosen. These genes
consisted of two ligand8MP2 andBMP4), two receptorsgMPR1A andBMPR2), and
one signal transduction molecuMADG6). The exonic and the exon/intron boundaries
of these genes were sequenced in a panel of 9@mslwith various types of CVM.
The dye-termination or Sanger sequencing methodnilgzed due to the state of the
available technology at that time. The previousiyeported genetic variants were then
checked in their parents (whenever available) terd@ne inheritance and also were

genotyped in a population of British Caucasian adstthat are free of CVM.

The rare and novel variants were then analysedjussilico approaches to determine
evolutionary conservation, the potential functioetiéct of the non-synonymous
variants and the potential for splicing effectstepdially significant splicing effects

were assessead vitro using the minigene splicing assay.
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3.2 Phenotypes of the analyzed CVM patient cohort

A panel of 92 CVM patients were screened for delA2gsing Multiplex Ligation
Probe-dependent Amplification (MLPA) (performed Dy Ana Topf). Two patients
were identified with the deletion and were subsatjyegemoved from the study. The
remaining 90 patients were re-sequenced for thengakquences, including
exon/intron boundaries &MP2, BMP4, BMPR2, BMPR1A andSMADG6. The cardiac
phenotypes of the 90 patients were categorizedli@tmain groups (Table 3.1). The
phenotypes of a further 348 patients that wereeggisnced for the MH2 domain of

SVIADG as a replication cohort are also listed in Table 3

Cardiac phenotype N=90 N=348 Total=438
Aortic stenosis 4 19 23
ASD 24 a7 71
AVSD 8 11 19
Coarctation of aorta 5 18 23
DILV 1 1 2
Ebstein's anomaly 3 6 9
Hypoplastic left heart 2 4 6
PDA 3 15 18
PFO 4 6 10
Pulmonary atresia 0 4 4
Pulmonary stenosis 1 2 3
TGA 4 53 57
Tricuspid atresia 1 4 5
Truncus arteriosus 0 7 7
VSD 5 19 24
Complex/Multiple phenotypes 25 132 157

Table 3.1 Phenotypes of the analysed CVM patients

CVM patients were categorized into 16 main groUpe panel of 90 patients were re-
sequenced for the coding sequenceBMP2, BMP4, BMPR2, BMPR1A andSMADG6
whereas the panel of 348 patients were re-sequdacédte MH2 domain oSMADG6 as
a replication cohort.

(ASD: atrial septal defect, AVSD: atrioventricukptal defect, DILV: double inlet left
ventricle, PDA: patent ductus arteriosus, PFO:mgdtmamen ovale, TGA:

transposition of the great arteries, VSD: ventacdeptal defect)
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3.3 BMP2

The novel variants identified BMP2 in 90 patients are summarized in Table 3.2. The
location of the variants is shown in Figure 3.1e3é& variants were genotyped in the
first control population. Three variants were oleedrin the 5’UTR of exon one. The c.-
906C>T variant was seen in a patient with membrarsoibaortic stenosis and was
maternally inherited. This variant was not seethacontrol population. The two other
variants in the 5’UTR, ¢.-673G>A and c.-342_-340d&T, were both present in the
controls with a minor allele frequency of 0.03 #1024 respectively. Two other novel
genetic variants were found in the TGF-beta dométhe coding region in exon three.
The TGF-beta domain is present in a variety ofgangt transforming growth factor
beta, decaptentaplegic proteins and bone morphtiggmeteins, all of which are
members of the TGF-beta family. These variants wgn@nymous nucleotide
substitutions, thus amino acid residues were rietd. The c.891G>A variant was
paternally inherited, whereas the c.1146A>G vaneas maternally inherited. Both
variants were absent in the controls. In the 3'U&&on, a four-base pair deletion was
identified in three probands and was present irctdmrol population with a minor

allele frequency of 0.19. For those variants preseocases and controls, the allele
frequencies were compared using Fisher's exactThste was a significant difference
in allele frequency between cases and controlthioc.-342_-340delTGT variant,
which had a frequency of 0.044 in cases and 0.802émtrols (p=0.0057). There was no
significant difference in allele frequency betweases and controls for the c.-673G>A
and ¢.*936-939delATTT variants.

The effect of the 5’UTR variants on splicing wasdtictedin silico using ESE Finder
3.0. The ¢.-906C>T variant resulted in the losthefpredicted branch site. However,
since branch site sequences are very degeneratigeherefore loss of a single site is
unlikely to affect splicing (see section 3.4 fornmaletailed discussion of this issue).
There was no predicted effect on splicing for th@X3G>A and c.-342_-340del3
variants. Hence, nim vitro assessment of potential effects of these var@mtplicing

was carried out.

Using the MicroCosm Targets programme, the ¢.*938d@IATTT variant was not
located at predicted sites for microRNAs.
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Position | Nucleotide Change| Location| Amino Acid Number Type of CVMs Inheritance | Controls Fisher's exact
Substitution of Patients (N=1425) test (p value)
Exon 1 c.-906C>T 5UTR - 1 Aortic stenosis Mother bsent -
C.-673G>A S'UTR - 4 1. Ebstein’s anomalyN/A f(G)=0.97 0.512
2. PFO f(A)=0.03
3-4. Complex
c.-342 _-340delTGT| 5UTR - 8 1-4. ASD N/A f(TGT)=0.976 | 0.0057
5. TGA f(delTGT)=
6. AVSD 0.024
7-8. Complex
Exon 3 c.891G>A Exonic p.Lys297Lys 1 TGA Father Ais
c.1146A>G Exonic p.Leu382Leu 1 ASD Mother Absent
€.*936_939delATTT| 3UTR 3 1. Tricuspid atresia | NA f(ATTT)=0.981 | 0.406
2. ASD f(delATTT)=
3. Complex 0.019
Table 3.2 BMP2 — Genetic variants

The genetic variants identified BMP2 in the panel of 90 probands.

(PFO, patent foramen ovale; ASD, atrial septal defEGA, transposition of the great arteries; AV&irjoventricular septal defect)
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c.-342_-340delTGT

€.*936_939delATTT

€.-906C>T
c.-673G>A
c.891G>A

c.1146A>G

TGF-beta propeptic
|

Exon 1 2 3

(bp) (1212) (353) (2019)

Figure 3.1 BMP2 — Location of genetic variants
Location of the genetic variation identifiedBMP2, in the panel of 90 probands. Boxes representseand adjoining lines represent introns. Exons

are numbered and the sizes are indicated in base P&TR and 3'UTR are in black colour. Locatiohthe TGF-beta propeptide domain is labelled
above the exons.

(TGF-beta: Transforming growth factor-beta)
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3.4 BMP4

3.4.1 Sequencing results

Five exons (including the alternative first exohBdMP4 were sequenced and analysed
for previously unreported genetic variants in 27@yands with cardiovascular
malformation where 55 probands were diagnosed Wiinsposition of the Great
Arteries (TGA) or TGA with other malformations. Theambers of patients sequenced
were increased and the sequenced cohort for TGAMatwas enriched, as during the
period this work was conducted, Thienpont and egiles (Thienpont et al. 2007)
identified a deletion on 14g21.3, n&W¥P4, which is located at 14922.2, in a patient
with TGA, microtia, microphthalmia and polydactyh.total of nine previously
unreported genetic variantsBMP4 were identified (Table 3.3) and the location & th
variants is shown in Figure 3.2. The novel variamtse genotyped in the first control

population consisted of a collection of 1425 Bht{Saucasian individuals.

A proband with complex transposition of great aetexvith right sided atrioventricular
valve atresia was interesting as three novel geratiants were detected. The c.-
283G>C variant was located in the 5’UTR of exon £tA295G>A variant was located
in the intron/exon boundary of exon 1B and c.-87@aifiant was located in 5’'UTR,
exon two. Subsequent sequencing carried out opatents indicated that the genetic
variants were inherited from the father who is @eeted and has another unaffected
child (not studied). All of these variants wereetfitsin the controls.

Two variants, ¢.-171C>G and c.-136C>G, were obsknvéhe alternative exon 1B in
the 5’UTR. ¢.-171C>G was found in a total of 10ig@its and was seen in the controls,
but at a significantly lower frequency (p=0.0000Me c.-136C>G variant was
identified in a patient with TGA, pulmonary atresiad ventricular septal defect (VSD).

This variant was inherited from the father and wahsent in the controls.

The non-coding variants that were absent in thérolsnwere prioritized fom silico
analysis. The c¢.-283G>C variant was not examineddgaeffect onin silico splicing as

it was located in the first exon (see section 314.2ther non-coding variants that were
not observed in the controls (c.-295G>A, c.-136CGx@ c.-87C>T) were investigated

for effects on splicing (see section 3.4.2.1).
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Position | Nucleotide Location Amino Acid Number of | Type of CVMs Inheritance | Controls Fisher’s
Change Substitution Patients (N=1425) exact test
(p value)
Exon 1A | c.-283G>C 5UTR - 1 TGA Father Absent
Intron 1 C.-295G>A Intron - 1 TGA Father Absent
Exon 1B | ¢.-171C>G 5'UTR - 10 1-5. Complex NA f(C)=0.983 0.00007
6-8. ASD f(G)=0.017
9. AVSD
10. Tricuspid atresia
€.-136C>G S'UTR - 1 TGA Father Absent
Exon 2 c.-87C>T 5UTR - 1 TGA Father Absent
Exon 3 c.76T>C Exonic p.Leu26Leu 1 TGA Father NA T)#0.999 0.282
f(C)=0.001
€.345C>T Exonic p.Asn115Asn 1 TGA Mother f(C)=(899 | 0.282
f(T)=0.002
Intron 4 €.370+28G>A Intronic 2 1. Coarctationamirta Mother, f(G)=0.963 0.753
2. Hypoplastic left heart | Father f(A)=0.037
Exon 4 c.520G>A Exonic p.Glyl74Ser 1 ASD Mother Atis
Table 3.3 BMP4 — Genetic variants

The genetic variants identified BMP4 in the panel of 270 probands.

(TGA, transposition of the great arteries; ASDiahtseptal defect; AVSD, atrioventricular septafeit)
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Figure 3.2 BMP4 — Location of genetic variants

Location of the genetic variation identifiedBMP4, in the panel of 270 probands. Boxes represemniseand adjoining lines represent introns. Exons

are numbered and the sizes are indicated in base P&TR and 3'UTR are in black colour. Locatiohthe TGF-beta propeptide domain is labelled
above the exons.

(TGF-beta: Transforming growth factor-beta)
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Two synonymous variants were seen in exon three cTF6T>C variant encoding
leucine residue was not paternally inherited imgmt with TGA but the DNA from

the mother was not available. The ¢.345C>T varacbding for the residue asparagine
was maternally inherited in a patient with TGA arfaD. Both of these variants were
present in the controls. The ¢.370+28G>A variarg igaated in the intron of exon

three and was seen in two patients, one with cai@oatof the aorta and the other with
hypoplastic left heart syndrome. This variant weespnt in the controls.

A non-synonymous substitution occurred in ¢.520GimAg patient with complete ASD,
resulting in a glycine to serine change in residueaber 174. This variant was
maternally inherited and was not seen in the ctmtiithe evolutionary conservation of
the amino acid showed that the residue is highhseoved in all species examined,
except fruitfly (Figure 3.3). Howevein silico analysis of the protein function carried
out using SIFT and PolyPhen predicted that the gh@nbenign, therefore furthier

vitro investigation was not carried out.
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BMP4 p.G174S (c.520G>A)

Human GPDVWERGFHRI NI YEV
Chi npanzee GPDVERGFHRI NI YEV
Mouse GPDVWEQGFHRI NI YEV
Chi cken SAAVEERGFHRI NI YEV
Fr og GPAVEEEGFHRI NI YEV
Zebrafi sh DQTGDHGLHRI NI YEV
Fruitfly RSSANRTRYQVLVYDI

Figure 3.3  BMP4 — Evolutionary conservation of thevariant p.G174S
(c.520G>A)

Evolutionary conservation of the non-synonymousepaorted variant in BMP4
p.G174S (c.520G>A) and the surrounding sequenoes fiuman to fruitfly. (Blue:

Non conserved region and red: amino acid residtiggerest)
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3.4.2 Investigation of effects on splicing @M P4

3.4.2.1In silico prediction

The possibility that the four novel variants (c388>C, c.-295G>A, ¢.-136C>G and c.-
87C>T) that were not located in the translatedaregind were not found in the controls
could affect splicing was investigated. The variaoated in the first exon was
considered to be unlikely to affect splicing, asmesxlocated at the terminal ends of the
gene, i.e. the first and the last exons, are knimwequire special mechanisms for their
recognition (Berget 1995). Ohno and colleagues (Gdtral. 1987) indicated that first
exons end with a 5’ splice site but have no prangssignal in their beginning. They
possess a modification at the beginning via theefhgt-guanosine cap which is
essential for recognition and removal of the finston. This cap also inhibits the
formation of the spliceosome. The last exons agatitied by factors recognizing the 3’
splice site of the exons and interacting with fest@cognizing poly(A) sites (Niwa et
al. 1990). Therefore, it would be expected thattlagants located in the first and last

exons will not affect splicing.

The remaining three novel variants (c.-295G>A,36a>G and c.-87C>T) were
analysed using twm silico approaches. The first was the splice sites mabiady of

ESE finder 3.0 (Cartegni et al. 2003; Smith eR8D6) which is a web-based
programme that analyses sequences to identifyipaitat splice sites, 3’ splice sites

and branch sites and to predict whether the munsitiagll disrupt these sites; the second
was an in-house programme written by Dr. Sushmé#geheid. The results of the ESE
finder 3.0 analyses are shown in Table 3.4. A brasiie was predicted to be created by
the ¢.-295G>A variant. The branch site (BS) seqeesicequired for lariat formation
and plays an important step in mRNA splicing. Thmputational method used a
combination of both the branch site sequence amgalypyrimidine tract length to
identify the putative branch site (Kol et al. 2008pwever, the branch site sequences
recognized by the splicing factors are known toéxy degenerative (Gao et al. 2008).
If a branch site were abolished, there would bermltinanch sites sequences upstream or
downstream to facilitate splicing. Therefore, ci@atnd or deletion of individual
branch sites are unlikely to significantly affeptising efficiency (Gao et al. 2008). The
c.-136C>G variant was predicted to slightly deceghg affinity of 5’ splicing if this
nucleotide position were at a 5’ splice site wherg affinity of the branch site was
predicted to decrease in variant c.-87C>T by thE E&ler programme. The matrices
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Position Variant ESE Finder 3.0
Exon 1B C.-295G>A Branch site created

€.-136C>G 5’ splice site (donor) decreased
Exon 2 c.-87C>T Branch site decreased

Table 3.4 BMP4 — Potential effect of variation on splicing
Effects of the genetic variants located in the SRJ3r intronic region on putative

exonic splicing elements predictadsilico using ESE Finder 3.0.
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for 5" and 3’ splice sites used by ESE finder weeeived from dbCASE, a database of
classified alternative splicing events (Zhang e2@D7) to identify putative 5’ and 3’
splice sites. The sequences recognized by thargphactors (branch sites, 5’ and 3’
splice sites) seem to be very degenerate; theréfisrdifficult for the programme to
discern the pseudo splice site from the authepticessites. When predicting the effect
the variant may have on splicing, the computationelhod implemented in ESE finder
3.0 does not take into consideration the real emtvoh boundaries being analysed: it
will analyse the sequence and will search for th&sfple 5° and 3’ sites and attribute a
score to those sites identified. Thus, it is pdsditr the programme to find a decreased
5’ site where there is no 5’ site in the input ssaee. ¢.-136C>G is not at a 5’ splice site
so these results are difficult to interpret. Besitlet, the default threshold values used
by ESE finder are, although based on statisticalyais and empirical data, somewhat
arbitrary. Given the ambiguity of these resultsrirBSE finder, a second programme

was used to analyse these variants for potenfedtsfon splicing.

The secondn silico analysis was performed using an in-house prograthatevas
generated by Dr. Grellscheid. In figures 3.4 tq &€& x-axis shows the sequence, the
positive and negative y-axis indicates ESE and &®%es respectively. The threshold

region within which any variation is not considesgnificant is shown in yellow.

The programme predicted that an ESE site that wesept in the ¢.-295G variant was
abolished when the variant was substituted to BAA%igure 3.4). The change seemed
to be significant, as a big peak (i.e. an import88E) is lost. Since a potential ESE site
is lost, this might imply that the spliceosome aatrivind to this site anymore. For the
c.-136C>G and c.-87C>T variants, the effect ofghiestitution was not important, as
the scores fell in the ‘acceptable threshold redime yellow part) (Figure 3.5 and
Figure 3.6). Therefore, based on the predictiowpitild be expected that the ¢.-295
wild type allele (G) to splice correctly whereas trariant allele (A) might splice
incorrectly, leading to the inclusion of the introsequence before the inserted exon 1B
in the minigene assay. The c¢.-136C>G and c.-87CGxfiants would be less likely to
have effects on splicing. Nevertheless, theseteegeherated by the programmes are
prediction only, and cannot be considered conctushs these variants were absent in
the 1000 controlsn vitro functional analysis using a minigene assay wasechout.

The variant of principal interest was c.-295A>Gt baving invested the effort to
develop the assay, the ¢.-136C>G and c.-87C>Tmarigere investigated too.

119



Chasin z-score

Figure 3.4  BMP4 c.-295G>Ain silico prediction
In silico analysis of ¢.-295G>A variant using the progranomeated by Dr. Sushma
Grellscheid showed the loss of an ESE site (the lohe).

Chasin z-score

— cl36G
— wi

|AGAGACGCAGACGCAGAGGTCGAGCGLAGGCCGAAAGLCTETTCACCGTTTTCTCEACTCCGGGEAAGEATGE TGEGATTT|CETTTCTGCGCCGGETCGGGAGTTGTAARACCT

Figure 3.5 BMP4 c.-136C>0n silico prediction

In silico analysis of ¢.-136C>G variant using the progransneated by Dr. Sushma

i 1 c295A
AAGGAGTATTTGCTGCGTGCGAETETC;ETGCTGGTGEAACGGAGGAAGGGGGTGGGGGAAGGAAGTGGC GGGAAGGAGTGTGGTGGTGGTTTAARA AR TAAGGGAAGCC| W

| c136G

wt

Grellscheid showed the decrease score of an EBBwithe reduction of the score (the

blue line) was within the ‘acceptable range’ (yellpart).
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Chasin z-score

c87T

TTCCTTTTAGGAGCCATTCCGTAGTGCCATCCCGAGCAACGCACTGCTGCAGC TTGCCTGAGCC TTTCCAGCAAGTTTGTTCAAGATTGGCTGTCAAGAATCATGGACTGTT Wi

Figure 3.6  BMP4 c.-87C>Tin silico prediction
In silico analysis of ¢.-87C>T variant using the programmeaied by Dr. Sushma
Grellscheid showed the reduction of the scorelfthe line) but within the acceptable

range (yellow part).
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3.4.2.2 Minigene assays fdBMP4 variants

Three novel variants (c.-295G>A, ¢.-136C>G and7C:8T) that were predicted to
affect splicing and were absent in normal contvadse investigated further using
minigene assays. The aims of this experiment were:
* To clone the genomic segments containing the wité-tand variant alleles into
the minigene construct.

» To determine whether the allelic variants had dfgceon splicing efficiency.

34221 Novel variant c.-295G>A

The novel variant c.-295G>A was predicted to creabeanch sitén silico by ESE

finder 3.0. Furthem silico analysis utilising the programme generated by Dr.
Grellscheid predicted the variant to have a sigaiit effect on splicing as an important
ESE site is lost. Hence, amvitro functional assay was carried out to determine
whether the variant has any effect on splicing. Wid type (c.-295G) and the mutant
(c.-295A) BMP minigene constructs were transfeatéal HEK293 cells. The variant
was hypothesized might result in the inclusionhef intron betweefi-globin exon 2

and the inserted exon of BMP4, i.e. a failure dicgpg betweer-globin exon 2 and

the inserted BMP4 exon (as shown in Methods chabigure 2.7)

PCR-amplified genomic fragments containing the35-2ariants were cloned into the
pXJ41 vector using primers complementary to regiorBMP4. Positive colonies that
were Ampicillin resistant were picked and amplifi€tlgure 3.7). A total of six colonies
which contained the fragment of interest were ifieat PCR of the six colonies carried
out to determine the orientation of the insert shdwhat two colonies had the BMP4
fragment inserted in the correct orientation (F&g818). These constructs were then
sequenced to identify the wild type allele minigeonestruct and the mutant allele
minigene construct. Fortuitously, one colony cartige wild type allele and one carried
the mutant allele.

HEK293 cells were transfected with wild type andtami minigene constructs, and RT-
PCR of RNA extracted from these cells was used@donparison. The same size
products were observed from both minigenes at ab@ibps, showing that the
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fragment of interest was correctly spliced, witlglobin exons (18bps of exon 2 and
53bps of exon 3) flanking the fragment (132bpsyFe 3.9, lanes 1 and 2). Hence,
this variant did not affect splicing in this assay.

3.4.2.2.2 Novel variant c.-136C>G

The novel variant c.-136C>G was predicted by E®&He 3.0 to decrease the 5’ splice
site. However, the variant is not located at thenéixitron boundary. Therefore, the
prediction of that programme is probably not retévar this variant. Anothan silico
programme did not predict a strong effect of theard on splicing. Nevertheless, the

absence of this variant in 1000 controls warrafieither investigation.

After transfection of wild type and mutant constaj@ total of eleven positive colonies
that were Ampicillin resistant and contained tregfnent of interest were identified.
However, only three colonies had the fragment tdrast inserted in the correct
orientation. Constructs were sequenced to idetiidyallele of the minigene, one wild
type and two mutant constructs were obtained. RR-BCRNA extracted from cells
transfected with these two minigene constructs gaoanly one band at about 200bps,
indicating no difference between the wild type #mel mutant allele splicing pattern.
Figure 3.9, lanes 3 and 4, shows the results o$phieing analysis after transfection in
HEK 293 for the wild type (c.-136C) and mutant I86G) minigene constructs. These
results indicate that the variant did not haveféeceon splicingn vitro.
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Kilobase:!

1 2 3 45 6 7 8 9 1n1 12 13 14 15 16 17 18 19

Figure 3.7  PCR screening of Ampicillin resistant clonies

Example of colonies that contained the fragmerntafrest, approximately 1.5kb, are
indicated with arrows (lanes 4, 9, 10, 11, 13 a&d The smaller bands are colonies
containing empty plasmids.
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Figure 3.8  Determination of fragment orientation

On the gel, lanes A show a colony in which the traes (wild type or mutant) is in the
correct orientation, and lanes B show a colony liictv the construct is in the incorrect
orientation.

Lanes marked 1 on the gel contain product genetatied primers pXJ-Forward® )
and pXJ-Reversed— ) shown in schematic. Rigss of orientation, a ~1.7kb band is
expected.

Lanes marked 2 on the gel contain product genersieg) pXJ-ForwardT> )and a
primer that is reverse complementary to the fragroémterest «-- ). A correctly
oriented insertaion will produce a ~1.5kb band, andncorrectly oriented insertion no
band.

Lanes marked 3 on the gel contain product generetied) a forward primer
complementary to the fragment of interese( andl pXJ-Reverse— ). A correctly
oriented insertion will produce a ~1.5kb band, andncorrectly oriented insertion no
band.
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BMP4 c.-295G>A variants BMP4 ¢.-136C>G variants
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wild type mutant wild type mutant

700bp

200bp

Figure 3.9  Splicing patterns of the variants

The splicing patterns of the wild type allele BM@495G (lane 1), mutant allele
BMP4 c.-295A (lane 2), wild type allele BMP4 c.-T3@ane 3) and mutant allele
BMP4 c.-136G (lane 4) analysed using RT-PCR. (Lexldet shown). No band was
seen at 700bp which was what would have been esgbéctplicing had not taken place
correctly betwees-globin exon 2 and the inserted exon 1B of BMP4e Blue boxes
indicatep-globin exons and the black box indicates BMP4 exon
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3.4.2.2.3 Novel variant c.-87C>T

The novel variant ¢.-87C>T was predicted by ESHdim3.0 to decrease branch site
efficiency. As stated previously, branch sites emssis sequences are degenerative in
the genome. For this reason, the predicted brateimgght be a false positive and have
no effect on splicing. The secomdsilico programme did not predict a major effect of
this variant on splicing. Nevertheless, since #aigant is absent in 1000 controls, the

minigene assay was proceeded.

The amplification of the fragment from the patisnDNA showed a clear specific band.
This fragment was then digested with restrictionyeme and ligated with the vector and
transformed into competent cells as described apter 2. The first screening of the
transformed cells (approximately 50 colonies) stitmat the fragment of interest was
not inserted into the vector. The second screeR(DB of the transformed cells also

yielded negative results.

The next step taken was to use different ratiogeofor to insert DNA during ligation.
The ratios used were 1:3, 1:1 and 3:1. The diffieligation reactions were then
transformed into competent cells as described aptr 2. Subsequent screening PCR

of these cells showed that the cells did not corttze fragment of interest.

Alternative primer pairs were then designed to aiyfhe fragment of interest in order
to optimize ligation. The fragments were succe$gtuhplified using the Phusion
High-Fidelity DNA Polymerase as shown in Figure@.However, the screening PCR
of the transformed cells again yielded negativeltesit was concluded that more
optimization of the cloning parameters would hagerbneeded in order to clone this
fragment. As time was a constraint and potentiatye significant results had been

found in other genes screened, this experimerttdusas not pursued further.
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Figure 3.10 Amplified fragments of variant BMP4 ¢.87>T using different
primer pairs

All of the amplified fragments are around 1kb. Leirdeand 2 are of primers MG-
BMP4EF/MG-BMP4ER. Lanes 3 and 4 are of primers MBMBIFF/MG-BMP4FR.
Lanes 5 and 6 are of primers MG-BMP4GF/MG-BMP4GRnés 7 and 8 are of
primers MG-BMP4FF/MG-BMP4GR. Lanes 9 and 10 arprahers MG-
BMPAGF/MG-BMP4FR.
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3.5 SMADG6

The three isoforms @&VIAD6 with alternative first and fourth exons were setes in

90 probands. The genetic variants identified acended in Table 3.5 and the locations
of the variants are shown in Figure 3.11. Thesawmts were genotyped in the first
control population. Ten previously unreported genedriants were identified. Of these
novel genetic variants, five did not result in amactid changes; three variants were
located in the 5’UTR and two variants in the 3'UTdgion. In the 5’UTR region,
variant c.-428A>T was identified in a patient wRhtent Foramen Ovale (PFO) and
variant ¢.-290G>C was found in a patient with coemgbhenotypes. Both variants were
absent in the control population. However, as tves@nts (c.-428A>T and ¢.-290G>C)
were located in exon 1 (see section 3.4.2.1), gfécts on splicing were not
investigated. Variant c.-44C>T was found in thraégnts: one patient with complex
phenotypes and two patients with AVSD. This variaas seen in the controls with a
minor allele frequency of 0.027. In the 3'UTR reagithe ¢.*262T>C variant was
inherited from the parent and was present in tmerots with a minor allele frequency
of 0.023. The ¢.*319T>A variant was identified ipatient with PFO and was not seen
in the control population.

Three novel variants were identified in the MH1 é¢om c.61G>A was seen in an ASD
patient, resulting in p.Asp21Asn. It was inherifemin the patient’s father. Two
synonymous single base substitutions occurred0€2Z was heterozygous in 7
probands and ¢.711C>T was seen in a patient wiselttls anomaly. All these three
variants were present in the controls with a madteie frequency of 0.022, 0.029 and

0.002 respectively.

A non-synonymous substitution was identified in dtternatively spliced region of
SMIADG isoform C, in exon 4B, in a patient with large wsedum ASD. The ¢.975C>G
variant resulted in p.Ser325Arg substitution. DNFAle parents was not available. This
variant was not seen in the controls. Howeverhesvariant is located in the linker
region with relatively less likely functional effiscwhen compared to the MH1 and

MH2 domains of SMADG, further investigation was petformed.

A non-synonymous variant, ¢.1451G>T, resulting.l@ys484Phe, located in the MH2

domain, was identified in a patient with coarctatamd calcification of the aorta. This
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Position | Nucleotide Location | Amino Acid | Number of | Type of CVMs Inheritance | Controls Fisher’s
Change Substitution | Patients (N=1425) | exact test
(p value)
Exon 1 C.-428A>T 5’UTR - 1 PFO N/A Absent
€.-290G>C 5UTR - 1 Complex N/A Absent
C.-44C>T 5'UTR - 3 1. Complex N/A f(C)=0.973 | 0.722
2-3. AVSD f(T)=0.027
C.61G>A Exonic p.Asp21Asn 1 ASD Father N/A  f(®)8&78 | 1.000
f(A)=0.022
c.120C>T Exonic p.Gly40Gly 7 1-2. VSD N/A f(C)=0.971 | 0.029
3-4. PFO f(T)=0.029
5. Pulmonary stenosis
6-7. Complex
C.711C>T Exonic p.His237His| 1 Ebstein’s anomaly otihér f(C)=0.998 | 0.282
f(T)=0.002
Exon 4B | ¢.975C>G Exonic p.Ser325Arg | 1 ASD N/A Absent
Exon 4A | ¢.1451G>T Exonic p.Cys484Phe 1 Coarctaticaorta N/A Absent
€.*262T>C 3'UTR - 2 1. ASD Mother; f(T)=0.977 | 1.000
2. Aortic stenosis Father N/A | f(C)=0.023
C.*319T>A JUTR - 1 PFO N/A Absent
Table 3.5  SMADG6 — Genetic variants

The genetic variants identified 8MADG6 in the panel of 90 probands.

(PFO, patent foramen ovale; AVSD, atrioventriciaptal defect; VSD, ventricular septal defect; A8Dial septal defect)
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Figure 3.11 SMADG — Location of genetic variants
Location of the genetic variation identifiedSMADSG, in the panel of 90 probands (except variants3A and ¢.1451G>T). Variants c.973G>A
and c.1451G>T were subsequently identified in aoiaiti 348 probands. Boxes represent exons andnamijdines represent introns. Exons are

numbered and the sizes are indicated in base pdif$R and 3'UTR are in black colour. Location betMH1 and MH2 domains are labelled above
the exons.

(MH21: Mad homology 1, MH2: Mad homology 2)
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variant was not seen in the controls. The inhec#aof the variant was not known as

both parents were deceased.

The potential functional effect of the non-synonysmovel variants was analysed
using SIFT and PolyPhen programmes. For p.Asp21&61G>A) and p.Ser325Arg
(c.975C>G) (alternatively spliced exon 4B) variai@H-T predicted both variants to be
poorly tolerated but PolyPhen predicted them tbédx@gn. However, both algorithms
predicted the p.Cys484Phe (c.1451G>T) variantfecaprotein function.

Therefore, the crystal structure of the variantpred to be damaging was further
investigatedn silico. The crystal structure of the SMAD1 homotrimerenplex
(Protein Data Bank entry 1KHU), which is homologéoishe MH2 domain of SMADS,
was utilised as a basis for modelling the SMADG@&re and the p.Cys484Phe
(c.1451G>T) variant. Models of the wildtype SMAD&cthe p.Cys484Phe
(c.1451G>T) variant structures were generated usiegame procedures for their
comparison. The change of the cysteine to the pakimyne resulted in significant
changes in structure that were limited to the imiatedvicinity of residue 484. In the
wildtype model, Cys484 is buried from solvent bg th3 loop’ of the MH2 domain
and the thiol packs, in particular, against thelading of Trp472. To accommodate
the extra bulk of a phenylalanine sidechain inrthéant protein, the structure in the
immediate vicinity of the L3 adopted an alteredfoomation (Figure 3.12). Glycines
471 and 473, which immediately flank the tryptophanovide the potential for the
necessary flexibility in this part of the structufethe L3 loop. Since the L3 loop is
known to interact with the L45 loop of BMPR1A (Imara et al. 1997), it seems most
likely that the p.Cys484Phe (c.1451G>T) varianget§ binding of SMADG6 to
BMPR1A, which is an inhibitory interaction.

Based on this finding, the MH2 domain of SMADG6 wassequenced in an additional
348 probands with a broad range of CVM. Two furth@n-synonymous variants were
identified in SMADG6: ¢.973G>A resulted in the amiaad substitution of p.Ala325Thr
in a patient with congenital mitral regurgitatiomdac.1244C>T that resulted in
p.Pro415Leu substitution was found in a patienhwingenital aortic stenosis. Both of
these variants were inherited from phenotypicatlynmal fathers (Table 3.6) (Figure
3.11). These two variants were genotyped in therskcontrol population consisted of
1000 individuals that was derived from the North@uia Community Genetics Project
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Figure 3.12 Predicted crystal structure of SMAD6 pCys484Phe (c.1451G>T)
The homology models of wildtype (pink) and Cys484Rtyan) SMADG6 are
superimposed, with residue 484 highlighted in butdels in yellow. The individual

amino acids in the L3 loop are drawn as stick n®deab the remainder of the structure
as a ribbon cartoon. Note that Trp472 (W472) inipalar has to move to accommodate
the extra bulk presented by the mutation of Cy2é82he (performed by Prof. Rick
Lewis).
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Position | Nucleotide Location | Amino Acid | Number of | Type of CVMs Inheritance
Change Substitution | Patients

Exon 4A | c.973G>A Exonic p.Ala325Thr| 1 Mitral valuegurgitation | Father
C.1244C>T Exonic p.Prodl5ley 1 Aortic stenosis he&at

Table 3.6 MH2 domain of SMADG6 — Genetic variants
The genetic variants identified in the MH2 domair8IADG in the replication cohort of 348 probands. Bothasats were inherited from their
respective father. These variants were genotypétkisecond control population consisted of 10@dviduals. The p.Ala325Thr (c.973G>A) variant

was not successfully genotyped in the controlghip.Pro415Leu (c.1244C>T) variant was not obgemveéhe controls (performed by Dr. Darroch
Hall).
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(NCCGP) (performed by Dr. Darroch Hall). The p.Prbdeu (c.1244C>T) variant was
successfully genotyped in the controls (not presetite controls) but the p.Ala324Thr
(c.973G>A) variant failed.

In silico analyses by both SIFT and Polyphen programmesagbeeithe p.Ala325Thr
(c.973G>A) variant to be benign but the p.Pro415(e1244C>T) variant to be
probably damaging to protein function, as mighekpected since prolines are
generally accepted to be important for proteinifajdand stability. Similar comparative
structural modelling of the p.Pro415Leu (c.1244Cw%adiation suggests that H2, which,
unusually, is N-capped by Pro415, is destabilisethbtation to leucine. Residue 415 is
solvent accessible and on the same face of the titiH®ain as the L3 loop, perhaps
suggesting that p.Pro415Leu (c.1244C>T) is alsecédf] in receptor signaling (not
shown). The p.Pro415Leu (c.1244C>T) variant was alssent in 1000 control
individuals. The p.Ala325Thr (c.973G>A) varianti$abutside the structurally
characterised region of the MH2 domain of the SMiamily, and thus the likely

effects of the mutation cannot be determined is way.

The evolutionary conservation of the amino acidssititions are shown in Figure 3.13.
The aspartic acid of p.Asp21Asn (c.61G>A) was corestonly in chimpanzee. The
p.Ser325Arg (c.975C>G) (alternative exon 4B) variaas not conserved. The alanine
of the p.Ala325Thr (c.973G>A) substitution was amed in chimpanzee, mouse and
chicken. The proline residue of p.Pro415Leu (c.I24H) and cysteine residue of
p.Cys484Phe (c.1451G>T) showed very high degreemdervation, from human to
fruitfly.

The ¢.*262T>C variant was predictadsilico to increase base pairing of hsa-miR-219-
2-3p (Figure 3.14) but this variant was observethecontrols. No predicted
microRNAs was located at the ¢.*319T>A variant @hengh this variant was not

observed in the controls. Therefore, both variamse not pursued further.
Based upon these results, functional analysiseohtin-synonymous variants

p.Ala325Thr (c.973G>A), p.Pro415Leu (c.1244C>T) ardys484Phe (c.1451G>T)

was carried out, results of which are presentédemext chapter.
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SMADG p.D21N (c.61G>A)

HUVAN VRRLWRS- RVWPDREEGGSGEEG
CH MPANEE @~ ------------ DREEGGSGEGEG
MOUSE VRRLWRSRVWPDREEGSG- - GEG
CHI CKEN VRRLWRSRVI PERDGGEDGNGS-
FROG VRRLWRS- - - - - - - - - oo o - -
ZEBRAFISH - --immmmm e -
FRU TFLY — mmmmmmmm e e e e e o -
SMADG p.S325R (c.975C>G)
HUOMWN ----------SRG-------
CHI MPANZEE SKEPDGVWAYNRGEHPI FVNS
MOUSE SKEPDGVWAYNRGEHPI FVNS
XENCOPUS SREADGVWAYNRSDHPI FVNS
CHI CKEN SKEPDGVWAYNRSEHPI FVNS
ZEBRAFI SH SKEPDGVWAYNRSCQHPI FVNS
FRU TFLY SLENGDVW YNRGNTTI FVDS
p.A325T p.P415L p.C484F
(c.973G>A) (c.1244C>T) (c.1451G>T)
HUVAN SMSPDATKPSH | FVNSPTLDAP QFI TSCPCWLE
CHI MPANZEE SMSPDATKPSH | FVNSPTLDAP QFI TSCPCWLE
MOUSE SMSPDATKPSH | FVNSPTLDAP QFI TSCPCWLE
CHI CKEN STSPDAVKRSH | FVNSPTLDI P QFI TSCPCWLE
XENOPUS SL SPDIVEKQGH | FVNSPTLDAP QM TSCPCWLE
ZEBRAFI SH SVSPSSLAQNH | FVNSPTLEHH QFI TSCPCWLE
FRU TFLY DGKDHNI NSQV | FVDSPTLSEN QDI MECPCWLE

Figure 3.13 SMADG — Evolutionary conservation of tk variants

Evolutionary conservation of the non-synonymousards discovered in SMADG:
p.Aps21Asn (c.61G>A), p.Ala325Thr (c.973G>A), p.£16Leu (c.1244C>T),
p.Cys484Phe (c.1451G>T) and p.Ser325Arg (c.975CER)e: Non conserved region

and red: amino acid residues of interest)
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SMADG ¢.*262T>C

Figure 3.14 SMADG — Predicted miRNA binding site
In silico prediction that the ¢.*262T>C variant will increasase pairing of hsa-miR-

219-2-3p. However, this variant was observed inctin@rols.
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3.6 BMPR1A

The genetic variants identified BMPR1A are summarised in Table 3.7. Only one
previously unreported variant was present in teisegin a patient with atrial septal
defect (ASD) out of 90 patients that were sequenthd location of the variant is
shown in Figure 3.15. This variant was locatechinon seven, 59 bases upstream of
exon eight. This variant was not genotyped in th&trol population. However, data
from the 1000 genome project (Durbin et al. 20b@} became available at a later date
showed that this variant (rs118172017) is presettie normal population, indicating

that this variant is a polymorphism.

Position Nucleotide Change | Location Type of CVM

Exon 1 - - -

Exon 2 - - -

Exon 3 - - -

Exon 4 - - -

Exon 5 - - -

Exon 6 - - -

Exon 7 - - -

Intron 7 c. 534-59T7>C intronic ASD

Exon 8 - - -

Exon 9 - - -

Exon 10 - - -

Exon 11 - - -

Exon 12 - - -

Exon 13 - - -

Table 3.7 BMPR1A — Genetic variant

The genetic variant identified in the intronic r@giof BMPR1A in the panel of 90
probands.

(ASD, atrial septal defect)
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Kinase-like domair

€.534-59T7>C

Exon 1 2 3 4 5 6 7 8 9 10 11 12 31

(bp) (281) (115) (227)  (163) (103) (97)  (100) (145)(193) (298) (176)  (131) (1595)

Figure 3.15 BMPRI1A — Location of the genetic variant
Location of the genetic variation identifiedBMPR1A, in the panel of 90 probands. Boxes representeand adjoining lines or broken lines
represent introns. Exons are numbered and the aigaadicated in base pairs. 5’UTR and 3'UTR arblack colour. Location of the kinase-like

domain is labelled above the exons.
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3.7 BMPR2

BMPR2 was sequenced in 90 patients. A total of eight ienariants were identified.
This is summarized in Table 3.8. The locationshefvariants are shown in Figure 3.16.
However, these variants were not genotyped in déiméral population. Variants that
were located in the coding region were: ¢.-301GrAhe 5’UTR, ¢.600A>C in exon
five and ¢.2887G>T in exon thirteen. The c.600A>Ciant resulted in a synonymous
leucine substitution and was reported by Machadd. §Machado et al. 2006), to be a
polymorphism, with frequency of 2.4%. The ¢.2887QGfiant which results in the
substitution p.Gly963Cys was found in an ASD pdti&his variant was predicted by
both SIFT and Polyphen programmes to be probabhading. The glycine residue is
conserved in chimpanzee, mouse, chicken and zsbrafit is substituted to serine in
frog and arginine in fruitfly (Figure 3.17). A tdtaf 5 variants were located in the
intronic region. As rare non-synonymous variantated in the coding region are
expected to have greater effect on disease subitépthan non-coding variants
(Kryukov et al., 2007), therefore these non-codiagants were not pursued. The
detailed functional analysis of this gene, the pdBBCys (c.2887G>T) variant, was not
pursued as Rudarakanchana and colleagues (Rudehakenet al., 2002) have shown
that BMPR2 construct with truncated cytoplasmitdaimissense mutations in the
cytoplasmic tail were able to transduce BMP signdhe functional analysis. Therefore,

this variant might not obliterate BMP signaling.
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Position Nucleotide Change Location Amino Acid Number of Type of CVMs
Substitution Patients

Exon 1 c.-301G>A 5UTR 4 1-2. Ebstein anomaly
3-4. Complex

Exon 2 - - -

Exon 3 - - -

Exon 4 - - -

Exon 5 c.600A>C exonic p.Leu200Leu 1 ASD

Intron 5 €.621+30 32delGTT intronic 1 ASD

Exon 6 - - -

Intron 6 €.855-22T7>C intronic 8 1. Coarctatioreofta
2. Ebstein’s anomaly
3. ASD
4. Aortic stenosis,
5-8. Complex

Exon 7 - - -

Intron 7 €.969-122 124delTCT intronic 2 1. Coatiotaof aorta
2.VSD

Intron 7 €.969-122T7>C intronic 1 1. Ebstein’s amabyn

Intron 7 €.969-118 116delTTT| intronic 25

Exon 8 - - -

Exon 9 - - -

Exon 10 - - -

Exon 11 - - -

Exon 12 - - -

Exon 13 €.2887G>T exonic p.Gly963Cys 1 ASD

Table 3.8 BMPR2 — Genetic variants
The genetic variants identified BMPR2 in the panel of 90 probands. (ASD, atrial sep&dédt; VSD, ventricular septal defect.)
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Figure 3.16 BMPR2 — Location of the genetic variants

Location of the genetic variations identifiedBMPR2, in the panel of 90 probands. Boxes representseaod adjoining lines or broken lines
represent introns. Exons are numbered and the aieandicated in base pairs. 5’UTR and 3'UTR arblack colour. Location of the kinase-like
domain is labelled above the exons.
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BMPR2 p.G963C (c.2887G>T)

Hunman SI Q GESTQDGKSGSGEKI KK
Chi npanzee SI Q GESTQDGKSGSGEKI KK
Mouse SI Q GESTQDGKSGSGEKI KR
Chi cken SMQL GDSSQDGKSGSGEKI KK
Fr og STQC- ETLSDSRSGSGEKI KK
Zebr afi sh SLLGEAVSQEGKAGSAEKI KK
Fruitfly - VFSGRGSSERL RDPSERVKT

Figure 3.17 BMPR2 — Evolutionary conservation of the variant

Evolutionary conservation of the non-synonymousepaorted variant in BMPR2
p.G963C (c.2887G>T) and the surrounding sequemoastiuman to fruitfly. (Blue:
Non conserved region and red: amino acid residtiggeyest)
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3.8 Summary

Re-sequencing of five candidate genes in the BRading pathway for rare variants

in a panel of 90 patients with a wide range of C\8dscessfully identified a number of
novel variants. Six novel variants were identifiedBMP2, nine novel variants iBMP4

(in a total of 270 patients), ten novel variantSihAD6, one novel variant iBMPR1A
and seven novel variants BMPR2. Further re-sequencing of t8®AD6 MH2 domain
yielded another two novel variants. In total, 3%aported novel genetic variants were
identified. Three novel variants of BMP4 locatedhe non-coding region that were
absent in the controls and were predicted to affigliting were investigated further
using minigene assays. However, two of the threan that were successfully carried
out showed no significant difference between wjoketand variant alleles whereas
another variant needs more optimization of theiolpparameters. Three novel variants
identified in the MH2 domain of SMADG6 resulted inomsynonymous substitution
warrant further investigation for their functioredfect asn silico prediction
programmes, SIFT and Polyphen, predicted two veigmPro415Leu [c.1244C>T]

and p.C484F [c.1451G>T]) to be damaging and onaniafp.Ala325Thr [c.973G>A])

to be benign.
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Chapter 4 In vitro functional analysis of novel SMADG6

variants

4.1 Overview

Invitro functional studies have the potential to give msaight on how mutant
proteins function in the cellular environment. Tbigpter describes thevitro
functional analyses of the three non-synonymous BBlA&ariants reported in chapter 3.

The aims of these experiments were:

* To assess the inhibitory effect of the mutant pnsteompared to that of the
wild type protein on BMP- responsive reporter ti@aigpional activity.

* To assess the inhibitory effect of the mutant pnsteompared to that of the
wild type protein on osteoblastic differentiati@ssessed by alkaline

phosphatase production in response to BMP signaling

The C2C12 cells used in these experiments are nmysblast cells established by
Yaffe and Saxel (Yaffe and Saxel 1977). These esscapable of differentiation, form
contractile myotubes and produce characteristiccteysoteins. This cell line has been
used for many BMP signaling pathwavitro functional studies (Fuijii et al. 1999;
Goto et al. 2007; Korchynskyi and ten Dijke 2001).

Two assays were selected to assess function ofititent SMAD proteins. The first
assay investigated their ability to inhibit trangtion of a reporter under the control of a
BMP-responsive element (BRE) and the second asaayadetermine their ability to
inhibit osteoblastic differentiation of C2C12 cells
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4.2  Optimization of transfection

Initially, C2C12 cells were transiently transfecteith 2|1 g of constructs (900ng of
BRE-luciferase, 1ug of constitutively active BMPR&Ad 100ng of Renilla luciferase
construct) in different volumes of transfectiongeat: 3ul, 5ul, and 7ul, to evaluate the
effect of different transfection reagent to DNA@at The luciferase reading showed
that there was no positive effect with higher votuaf transfection reagent (Figure 4.1).
Therefore, the lowest volume of transfection reag@nl) was used for subsequent

experiments.

C2C12 cells were then transfected with 1ug (45GrBRE-luciferase, 500ng of
constitutively active BMPR1A [or empty vector] aBing of Renilla luciferase
construct) or 2ug of constructs (900ng of BRE-leia@te, 1ug of constitutively active
BMPR1A [or empty vector] and 100ng of Renilla l@rdise construct) to evaluate the
effect of different DNA concentrations on lucifeeagadout. Experiments were carried
out in triplicate. Firefly luciferase reading wasrmalised to Renilla luciferase reading
for each measurement. The mean reading for eachination of contructs are shown
in Figure 4.2. The luciferase reading for c.a.BMRRbmpared to the empty control
clearly shows that the constitutively active forBMPR1A induced BMP signaling,
in the transiently transfected cells. Optimal esgren was achieved using the ratio of
3ul of transfection reagent to 1ug of constructst dhly was the reading for
c.a.BMPR1A higher but also the difference betweaaptg vector (pcDNA3.1) and
constitutively active BMPR1A is larger. This is cial to be able to quantify the effect

of the SMADGC variants in the following experiments
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Figure 4.1  Optimization of the ratio of transfectian reagent to construct DNA

The effect of 3ul, 5 ul and 7ul of transfectiongeiat on the luciferase readout induced

by constitutively active BMPR1A transfected withd2af construct DNA. The lowest

volume of transfection reagent 3ul was used fossgbent experiments as there was no

positive effect with higher volume of transfecti@agent.
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Figure 4.2  Optimization of the amount of construcDNA

The effect of different ratio of construct DNA (1@§DNA to 2ug of DNA) with 3ul of

transfection reagent on the luciferase readingdadwby constitutively active BMPR1A

(pcDNA3.1, an empty vector, acted as a negativéra)nOptimal expression was

observed with the ratio of 3ul of transfection resigto 1ug of DNA construct.



4.3 Inhibitory effects of SMADG variants on BMP-Regonsive

element reporter

To confirm that wild type SMADG6C protein inhibited transactivation of BRE-Luc
induced by constitutively active BMPR1A, as predlyudescribed (Goto et al. 2007),
luciferase assay of C2C12 cells transfected witleBRc and renilla with either
pcDNA3.1 or c.a.BMPR1A and pcDNA3.1 or c.a.BMPRI#&EMADGC wild type
constructs were performed. Reporter gene actioityéch well was measured for both
the firefly luciferase and the renilla activity. @Imean relative luciferase activity for
this experiment is displayed in Figure 4.3. Resoitthe relative luciferase activity
suggest that the SMADGC protein inhibits c.a.BMPR#yfapproximately 30 fold.

The inhibitory activity of the mutant SMADG6C pratsi compared to the wild type was
assessed. Three independent experiments wererperdoan triplicate for each
combination of constructs. Figure 4.4 shows thealemean reading of all three
replicates.

Mean relative luciferase activities for all nin@déngs for each combination of
constructs were log transformed before one way AR@Xas performed. The mean
relative luciferase activity of the p.Ala325Thrqé3G>A) mutant was not significantly
different from wild-type (p value > 0.05), indicagj that this variant does not affect the
inhibitory activity of SMAD6. However, both p.Pro8lleu (c.1244C>T) and
p.Cys484Phe (c.1451G>T) mutants failed to inhibtMBsignaling compared to the
SMADG wild type, with 6 fold increase in relativeciferase activity for p.Pro415Leu
(c.1244C>T) mutant and 17 fold increase for p.Cy&4t& (c.1451G>T) mutant. The
ANOVA results for both p.Pro415Leu (c.1244C>T) an@ys484Phe (c.1451G>T)
mutants showed significant difference with a p eabfiless than 0.05 compared to wild
type SMADG6. Comparing the relative luciferase atfiof c.a.BMPR1A to the mutants,
the p.Pro415Leu (c.1244C>T) mutant appeared toyperhorphic, being significantly
different from c.a.BMPR1A (p value < 0.05) whergaSys484Phe (c.1451G>T)
mutant appeared to be a null allele, not signifilgagiifferent from the uninhibited
c.a.BMPR1A (Figure 4.4).

Having shown the induction by c.a.BMPR1A and thHghition by SMADG6 wild type in

the luciferase assay, a western blot was perfounsetd) the same cell lysates that were
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pcDNA3.1 c.a.BMPR1A+pcDNA3.1 c.a.BMPR1A+SMADG6C(wt)

Figure 4.3  Luciferase activity in C2C12 cells trasfected with c.a.BMPR1A and
wild type SMAD6C

The effect of wild type SMADG6C on the luciferasadeng induced by constitutively
active BMPR1A (pcDNAS.1, an empty vector, acteéamgative control). The
SMADGC protein inhibits the luciferase activity geated by c.a.BMPR1A by
approximately 30 fold.
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pcDNA3.1 c.a.BMPR1A+pcDNA3.1 c.a.BMPR1A c.a.BMPR1A c.a.BMPR1A c.a.BMPR1A
+SMADGC(wt) +SMADG6C(p.C484) +SMADG6C(p.P415L) +SMADG6C(p.A325T)
Plasmids

c.a.BMPRI1A-HA

SMADG6C-FLAG

Blot: HA

Blot: FLAG

Blot: a-tubulin

Figure 4.4  Overall SMADGC variants inhibitory effed of three replicates and immunoblot images

The mean relative luciferase activity of three safmtransfection experiments performed in trigédar each combination of constructs (pcDNA3.1,
an empty vector, acted as a negative control). @meANOVA was used to determine statistical sigrafice of the readings between the
SMADG6C(wt) and mutants. SMAD6C p.Cys484Phe (c.124bGand p.Pro415Leu (c.1244C>T) were significauliiferent from the wild type but
not the p.Ala325Thr (c.973G>A) mutant. The threegia below show levels of protein expression oBMPR1A (HA) (top blot), SMAD6C

constructs (FLAG) (middle blot) andtubulin (loading control) (bottom blot) in the fctional protein complexes from luciferase reading.
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used for dual luciferase reading to determine difédrences in readout could not be

due to differences in levels, either of c.a.BMPRIASMADG proteins.

The molecular weight of the c.a.BMPR1A protein watbopy of the HA tag is
approximately 62 kilodaltons (kDa). The moleculaight of the SMADG6C protein
with a copy of the FLAG tag is approximately 29kDaese tags do not modify the
expression of the proteins to which they are apeérfBrizzard et al. 1994; Kolodziej
and Young 1991). Antibodies to the tags were useatktect c.a.BMPR1A and SMADG6
respectively. Endogenous tubulin was used as anlgantrol. The molecular weight

of a-tubulin is approximately 55kDa.

The c.a.BMPR1A bands (probed with anti-HA) for te#l lysates transfected with
p.Cys484Phe (c.1451G>T) and p.Pro415Leu (c.1244@nd)wild type SMAD6
constructs were equally strong. The BMPR1A bandHerp.Ala325Thr (c.973G>A)
construct was weaker. It could be argued that |duaferase activity seen in these
cells is actually a consequence of lower levels.aBMPR1A being expressed.
However, the intensity of the band is similar te tme from the group of cells that were
transfected with c.a.BMPR1A and empty vector alovidch showed maximum
luciferase activity indicating that the respectaraount of c.a.BMPR1A being

expressed was sufficient to induce maximum BMPaigg.

The intensity of the bands for SMADG proteins (mdlwith anti-FLAG) were of

similar intensity. The faint bands that were seethe first two lanes (cells that were
transfected with empty vector only, and cells thate transfected with c.a.BMPR1A
and empty vector) are non-specific bands, as thvaseno FLAG-tagged protein
expressed in those two groups of cells. The bletsahstrated that the difference in the
luciferase readout observed for the SMADG6 variavese not due to SMADG protein
not being expressed (or being expressed in differerounts) but they truly represent
differences in the inhibitory activities of suctofins (Figure 4.4). However, as the
bands for the SMAD6 mutant proteins were slightBaker that the wild type, in
addition to the fact that the presence of the vergk non-specific bands in the cells not
transfected with SMADG, it would be better to quiynihe intensity of the western
bands in order to conclusively interpret the pro@ipression of SMAD6 mutants and

wild type.
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The mean relative luciferase activity of the caitsxsfected with the SMADG6C
p.Cys484Phe (c.1451G>T) variant and the wild typ#AB6C construct in the
presence of c.a.BMPR1A was not significantly défgrfrom the cells that were
transfected with wild type only (p value > 0.09)hus, when coexpressed with wild
type SMADG6C, the SMADG6C p.Cys484Phe (c.1451G>T)ardardid not serve as a
dominant-negative mutant (Figure 4.5).
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Figure 4.5  Effect of a 50:50 mixture of SMADG6C p.Cg484Phe (c.1451G>T) variant with SMAD6C wild type @nstructs
The SMADG6C p.Cys484Phe (c.1451G>T) variant didsimw dominant-negative effect when coexpressedwilthtype SMADG6C, since a 50:50
mix of variant and wild-type constructs was ablestccessfully inhibit BMP signaling (last colum()cDNAS.1, an empty vector, acted as a negative

control whereas c.a.BMPR1A activated BMP signaling)
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The investigation on whether the diminution of thigibitory action of SMADG6

affected the phosphorylation of the BMP-specificAbé (SMAD1, SMADS5 and
SMADS) was performed using immunoblotting, in a mananalogous to that used by
Goto and colleagues (Goto et al. 2007). The intgmsiprotein bands on western blots
probed with antibody specific for phospho-SMAD1/a/& for unphosphorylated
SMAD1 were compared between lysates for the sixtezoations of transfected
plasmids. The molecular weight of the phospho-SMAII8Lis 60kDa whereas the
molecular weight of SMAD1 is approximately 56kDadRlts are presented in Figure
4.6. Under the culture conditions that were usddclwinvolved 10% FBS, there was a
high background level of SMAD phosphorylation, aligh unphosphorylated SMAD1
was also strongly detected. No differences in #ti® between phosphorylated and
unphosphorylated SMADs between the different comtitdms of constructs were
observed. This was probably due to a combinatichehigh background level of
SMAD phosphorylation, and the inefficiency of tréextion. Experiments described
below suggested that only about 10% of cells waceessfully transfected, and
therefore any effects of SMADG6 construct transfattnight have been obscured.
Alternative explanations might have been eithet e phospho-SMAD antibody was
also detecting unphosphorylated SMAD proteinshat the FBS used contained
ligands which were influencing SMAD phosphorylatitins of interest that the
experiments of Goto et al. were described as hawesy) conducted using 20% FBS; at
that concentration, very little phosphorylationSMADs was detected in the absence of
BMP ligand stimulation. By contrast, however, unigled data from our collaborator
Dr. Helen Arthur’s group produced during the peraddhis work suggested that at
lower concentrations of FBS (0.2%-1%) phosphorgtatf SMADs in the absence of
ligand stimulation was observed. Therefore the ipdigg of nonspecific binding by the
phospho-SMAD antibody and the effect of differeobcentrations of FBS on the
SMAD/ phospho-SMAD ratio were investigated. Nomstected cell lysates were
cultured in medium containing 5% or 10% of FBS #edted with 1l of EXoSAP-IT
to remove the phosphate. These were probed witbpbtteSmad1/5/8 and Smad1l
antibodies respectively. The blots showed that phosSmad1/5/8 is indeed specific
antibody as it does not bind to the unphosphorgtlatdl lysates (lysates that were
treated with ExoSAP for 30 minutes and 1 hour) (Feg4.7).
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Combination of c.a.BMPR1A + c.a.BMPR1A + c.a.BMPR1A +
plasmids cDNA3.1 c.a.BMPR1A + c.a.BMPR1A + SMAD6C SMADG6C SMADGC
(BRE-Luc + P ' pPcDNA3.1 SMADGC (wt) (p.Cys484 Phe) | (p.Pro415Leu) (p.Ala325Thr)
Renilla) (c.1451G>T) (c.1244C>T) (c.973G>A)

Blot: phospho-

Smad1/5/8

Blot: Smadl

Figure 4.6

Immunoblot images of phospho-Smad1/5/&d Smad1l

The panels above show protein expressions of pleeSpiad1/5/8 and Smadl in the functional proteingleres from luciferase reading (in

collaboration with Dr. Elise Glen). No differendesthe ratio between phosphorylated and unphosjdited SMADs between the different

combinations of constructs were observed.
(pcDNA3.1, an empty vector, acted as a negativérabic.a.BMPR1A, activated BMP signaling; SMAD6G}winhibited BMP signaling)

155




Blot: phospho-Smad1/5/8

Blot: Smadl

Duration treated with 0 0.5 1 0 0.5 1

ExXoSAP (hour)

YT gl
5% FBS 10% FBS

Figure 4.7  Immunoblot images of phospho-Smad1/5/&hd Smadl treated with ExoSAP and cultured in diffeent concentration of FBS

The panels above show protein expressions of pleeSpiad1/5/8 and Smadl in the treated with 1l @SAP for 0 hour, 30 minutes and 1 hour in
cell lysates that were cultured in medium with 564.0% of FBS (in collaboration with Dr. Elise Gleifhe blots showed that phospho-Smad1/5/8 is
indeed specific antibody as it does not bind toutghosphorylated cell lysates (lysates that wesaeéd with ExoSAP for 30 minutes and 1 hour.
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At 10% FBS, as in Figure 4.7, both non-phosphoegland phosphorylated SMADs
are detectable. Somewhat surprisingly, at 5% FB&etis more phosphorylated (i.e.
active) SMAD signal detectable than non-phosphted&MAD. This suggests that
possibly FBS contains both ligands and inhibitdrh signaling pathway, since based
on the data generated and the results from Gab, ébe relationship between FBS

concentration and SMAD activation does not seebetanonotonic.

Based on these experiments, it was concluded el optimisation of culture
conditions would be required to demonstrate difiges effects of wild type and mutant
SMADG6 on SMAD1/5/8/ phosphorylation. From the expemts performed, the
possible mechanism whereby SMADG inhibits BMP silymg affected by the novel

variants discovered was not conclusive.
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4.4  Inhibitory effects of SMADG6 variants on alkaline phosphatase
activity

4.4.1 Inhibitory effects of SMADG variants with BMP ligands

The inhibitory activities of the mutant SMAD6C peots (p.Pro415Leu [c.1244C>T]
and p.Cys484Phe [c.1451 G>T]) on alkaline phossleadativity induced by 300 ng/ml
of BMP2 or BMP6 were compared to that of the wiidg SMADGC, as previously
described by Katagiri and colleagues (Katagirile1994). The p.Ala325Thr
(c.973G>A) mutant was not tested in this assapiasniutant was not significantly
different from the wild type protein in the luciéese assay. The ALP activity of the cell
lysates was measured usmgitrophenol phosphate as a substrate.

Various variables were assessed using empty vpciNA3.1 and wt SMADGC
before undertaking the experiment with the mutamistructs. Quantitative analysis of
ALP activity yielded different results for cellsahwere stimulated with BMP2 or
BMP6 for 60 hours or 48 hours. Generally, celld thare stimulated with BMP6
produced ALP activity around twice as high than BMPigure 4.8, upper and lower
panels), which is in accordance with the resulta@estrated by Goto and colleagues
that BMP6 induced more sustained signaling (Gotd.e2007). The non-BMP treated
cells (NTC) yielded very little alkaline phosphatactivity for all sets of cells.

The ALP activity of the cells that were cultured &8 hours after stimulation is shown
in Figure 4.8. For both BMP2 and BMP6 stimulatitrere was no apparent difference
between untransfected controls and cells transtesitber with empty vector or wild
type SMADG.

Therefore, cells were cultured for 60 hours aftenglation with the hope that the
difference between the wild-type and the emptyaectuld be discerned (Figure 4.9).
In this experiment, the expected inhibition of Bidtnulated ALP expression with the
SMADG6Cwt construct was not observed — indeed, thE Axpression when
SMADG6Cwt was transfected appeared if anything highan in the BMP treated but
untransfected cells. Surprisingly, ALP expressidrewempty vector was transfected
appeared marginally higher than in the BMP tresaigtduntransfected cells (ANOVA p-

value = 0.04). Since only an independent experimeast performed in duplicate for
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Figure 4.8  ALP activity of the cell lysates that wee stimulated with ligands and
cultured for 48 hours

The mean ALP activity of an independent experinvéttt duplicated cell lysates that
were cultured for 48 hours. C2C12 cells were tracted with empty vector pcDNA3.1
and wtSMADGC, then stimulated with 300ng/ml of BN BMP-6 24 hours after
transfection. A) ALP activity of the cells stimutat with BMP-2. B) ALP activity of the
cells stimulated with BMP-6.
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Figure 4.9  ALP activity of the cell lysates that wee stimulated with ligands and

were cultured for 60 hours

The mean ALP activity of an independent experinvatit duplicated cell lysates that
were cultured for 60 hours. C2C12 cells were traectefd with empty vector pcDNAS.1
and wtSMADGC then stimulated with 300ng/ml of BMR#¥2BMP-6 6 hours after
transfection. A) ALP activity of the cells stimutat with BMP-2. B) ALP activity of the

cells stimulated with BMP-6.
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each combination of constructs that were harvestédo different timepoint, this
apparent difference could be due to a chance loggonse in the BMP transfected
cells; whatever the reason, it was clear thatimgiistem SMAD6wt transfection was

not suppressing ALP expression.

It was hypothesised that the transfection efficyecmuld be responsible for the failure
of wild type SMADSG to inhibit ALP in the system. Tassess transfection efficiency,
C2C12 cells were transfected with an expressiosnpild encoding a visible reporter
gene, a GFP construct that encodes green fluorggiErin, using FUGENE® HD
Transfection Reagent as described in chapter Zydmaf the fluorescent cells were
identified using a fluorescent microscope 24 hast-transfection. Transfection
efficiency was determined by comparing the numlbeetls expressing the reporter
protein to the total number of cells in the popolat Transfection efficiency was

approximately 10% (Figure 4.10).

Given that the untransfected cells (90% of thesq@lésent) also respond to BMP2/6, it
was concluded that this was likely to mask anyedéhces between the wild type
SMADGC construct and empty vector in the remairiifgpo of cells. It was essential to
have a system where a response would only be neszhsucells transfected with wild
type or mutant SMADG. To limit BMP stimulation taahsfected cells, the

constitutively active BMPR1A construct was utilised
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Figure 4.10 Fluorescent microscope image of GFP tnafected cells

Microscope image of transient transfection with Gif&smid DNA produced
fluorescent protein that was observed in C2C12 ¢elagnification 10X). Transfection

efficiency observed was approximately 10%.
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4.4.2 Assessment of inhibitory effects of SMADG6 vants on alkaline

phosphatase activity with c.a.BMPR1A

To overcome the limitations of transfection effiutg, the inhibitory activity of the
mutant SMADGC proteins on the inhibition of osteastic differentiation (ALP activity)
compared to the wild type was assessed by traimgjeca. BMPR1A and either empty
vector, wild type SMADG6, p.Pro415Leu (c.1244C>T)oCys484 Phe (c.1451G>T).
Three independent experiments were performed ifichip for each combination of
constructs. The mean reading of the ALP activiié®n at the 13 hour time point is
shown in Figure 4.11. Two-way ANOVA was used toedetine the statistical
significance of the differences between readingsfthe wild type SMADG6 and both
mutants (p.Pro415Leu [c.1244C>T] and p.Cys484PHe5d G>T]). SMAD6
p.Cys484Phe (c.1451G>T) showed 1.3 fold higher At&vity compared to wild type
with a p value of < 0.05. The ANOVA suggested a-smmificant difference in the
p.Pro415Leu (c.1244C>T) mutant compared to the typ@ SMADG (p value > 0.05).
This might be due to the size of the effect of pd25Leu (c.1244C>T) mutant being
too small to be detected with the number of repdisahat were performed, or the effect
of this mutant may not be optimally captured wiib timepoint that was used. However,
SMADG p.Cys484Phe (c.1451G>T) clearly failed toilmihosteoblastic differentiation
when compared to wild type SMADG. This is in linégwthe results of the luciferase

assay.

Similar protein expression levels of HA-taggedBMPR1A and FLAG-tagged
SMADGC wild type or mutants were observed when imohlotting was carried out, as
shown in Figure 4.11. The same intensity was olesknv the loading control, nucleolin,
showing that the concentration of the proteinssfach combination of constructs was
even. The blots demonstrated that the different¢leamALP activity observed for the
SMADSG variants were not due to the SMADG6 or c.a.BRMRA protein being
differentially expressed but rather due to diff@ein the inhibitory activities of the
wild type and mutant SMADG.
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Abs at A M (e Ny pratein)

NTC pcDNA3.1 c.a.BMPR1A + c.a.BMPRI1A + c.a.BMPRI1A + c.a.BMPR1A +
pPcDNA3. 1 SMADGC(Wt) SMADG6C(p.C484F) SMADG6C(p.P415L)

Blot: HA

Blot: FLAG

Blot: Nucleolin

Figure 4.11 ALP activities in the cell lysates thatvere transfected with c.a.BMPR1A

Alkaline phosphatase activity of c.a.BMPR1A traictéel C2C12 cells with or without SMADGC variantsswaeasured at a single timepoint as absorbangaitfophenyl
at 405nm per mg/ml protein using p-nitrophenylphadp as a substrate (in collaboration with Dr.ee@8en). The results represent the average of Haparate
transfection experiments performed in duplicateia® ANOVA was used to determine statistical siguifice of the readings at a single timepoint (+ 18 after start of
assay) between the SMAD6C(wt) and both mutants. B2\ p.Cys484Phe (c.1451G>T) was found to show fsogmitly greater ALP activity than SMAD6C(wt) aft&B
hours (p < 0.05) however SMADG6C p.Pro415Leu (c.124%) was not found to show significantly differekitP activity to the SMADG6C(wt) at the 13 hour tinapt. The
blots below show the protein expression of c.a.BMRIRHA), SMAD6 wild type or mutant constructs (FLA@nd nucleolin (loading control), demonstratingttthe
difference in the ALP activity observed for the SBI& variants were not due to the SMADG6 or c.a.BMPRitétein being differentially expressed but ratthee to
differences in the inhibitory activities of the @itype and mutant SMADG.
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45 Summary

Using a site-directed mutagenesis technique, thoeesynonymous SMADG6 variants
were introduced into SMADG6C expression construdtsal luciferase assays showed
that the SMADG6 p.Cys484Phe (c.1451G>T) variantltedun abolition of the

inhibitory effect of SMADG, the p.Pro415Leu (c.1Z2MT) variant reduced the
inhibitory activity by half whereas the p.Ala325T(let973G>A) variant did not differ
from the wild type. Western blotting demonstratiealt tequal amounts of protein were
present in each case. Therefore, the loss or pdmof the inhibitory effect was not
due to the absence of mutant proteins. Investigatighe p.Cys484Phe (c.1451G>T)
and p.Pro415Leu (c.1244C>T) variants using an m&ghosphatase assay showed that
p.Cys484Phe (c.1451G>T) had diminished abilityntubit osteoblastic differentiation,
resulting in higher alkaline phosphatase activiigrt the wild type protein and

providing a potential mechanistic explanation fog ortic calcification phenotype seen
in the patient carrying the p.Cys484Phe (c.1451Garmant.
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Chapter 5 Discussion

5.1 Overview

This is the first study of the relationship betweare genetic variations in multiple key
genes of the BMP signaling pathway and CVM. The Bdhaling pathway plays an
important role during development and adult lifaeTive candidate geneBMP2,

BMP4, BMPR1A, BMPR2 andSVIADG6 were selected based on previous reports that
have shown them to be essential for normal heagldpment. It was hypothesized that
rare functional variation in members of this patiiwauld predispose individuals to
increased risk of CVMs. In order to investigate pihesence of rare genetic variants, the
exons of the candidate genes were sequenced meh @0 CVM patients with a
range of congenital heart disease phenotypes.nfteiiance of the variants was
determined when parents of the patient were aveildlne unreported genetic variants
were genotyped in a collection of 1425 individuatsn 255 nuclear families,
contributing 1000 control chromosomes. A total 6fuBireported genetic variants were
identified; of these, 27 variants were genotypetheicontrols. All these variants were

inherited either from mother or fath&e novo variants were not identified in this study.

Among the previously unreported genetic varianghidied in the candidate genes, the
genetic variants seen in the 5’UTR or in the introhBMP4 were investigated further
as they were absent in the controls and the latatithe variants suggested they might
affect splicing. The genetic variants were analy&ét two different programmes to
identify any putative effects on pre-mRNA spliciagd were investigated by minigene
assay. The minigene assays for two of the threelmave variants iBMP4 showed

that these two variants did not result in abersatiting, whereas the third assay was

inconclusive.

A total of seven non-synonymous variants were ifledtin this study: one iBMP4,
one inBMPR2 and five inSMADG6. Two variants of SMADG6 (p.Asp21Asn [c.61G>A]
and p.Ser325Arg [c.975C>G]) were not evolutionacityserved. Furthermore,
SMADG p.Asp21Asn (c.61G>A) was present in the aalstrThe potential functional
effect of the remaining non-synonymous variantsenaralyzed with the SIFT and
PolyPhen programmes. BMPR2 p.Gly963Cys (c.2887@»t) SMAD6 p.Cys484Phe
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(c.1451G>T) variants were predicted to affect profenction by both algorithms.
BMPR2 p.Gly963Cys (c.2887G>T) was not further irtigzged as a study carried out
by Rudarakanchana and colleagues showed that agto tail of BMPR2 (the
location of the variant) is not vital in transdugiBMP signals (Rudarakanchana et al.
2002). Further re-sequencing of the MH2 domai8\ADG6 in an additional 348
probands with a broad range of CVM phenotypes gldvo further non-synonymous
variants. One of the variants, SMADG6 p.Pro415LeZ44C>T), was also predicted to
affect protein function. Both non-synonymous vatsaof SMADG6, p.Cys484Phe
(c.1451G>T) and p.Pro415Leu (c.1244C>T), were dhisehe control population.

Invitro functional analyses of the three non-synonynt®aD6 variants that were
located in the MH2 domain were carried out to as#es inhibitory effect of the mutant
proteins compared to that of the wild type prominthe BMP-signaling pathway.
Luciferase assay showed that p.Pro415Leu (c.1243@nd p.Cys484Phe (c.1451G>T)
variants were significantly different from the wiigbe in the inhibition of BMP
signaling (p <0.05). Based upon the known functioindhe BMP signaling pathway and
the phenotypes of the patients carrying these niighese two variants were further
investigated using an alkaline phosphatase assayéstigate osteogenic
transformation during development. This assay ledethat the p.Cys484Phe
(c.1451G>T) variant failed to inhibit alkaline plpbstase activity compared to the wild
type (p<0.05). The inefficiency of the p.Cys484Rt©&451G>T) variant in inhibiting
osteogenic differentiation is in accordance with pihenotype of the patient that
exhibited calcification (and coarctation) of thetao The principal novel finding of this
study is that inhibitory failure of BMP signalingiel to genetic variation in SMADG6 can
be one of the factors that contribute to CVM in mBable 5.1 summarizes the findings

of this study in the five candidate genes sequenced



Characteristic of the previously | Number of Variants
unreported variants variants
Absent in controls, coding region, 5 SMADG p.Pro415Leu (c.1244C>T)SMADG6 p.Cys484Phe (c.1451G>T)
predicted deleterious
stdei;tég gg;‘tgfétgﬁgfg region, SMADG p.Ser325Arg (c.975C>C) SMADG p.Ala325Thr (c.973G>A)
5 BMP4 p.Gly174Ser (c.520G>A)
BMP2 c.891G>A (p.Lys297Lys)BMP2 c.1146A>G (p.Leu283Leu)
Absent in controls, non-coding SMADG c.-428A>T;SMADG ¢.-290G>C;SMADG6 ¢.*319T>A
region, putative regulation 8 BMP4 c.-283G>CBMP4 c.-295G>A;BMP4 c.-136C>G;BMP4 c.-87C>T
BMP2 c.-906C>T
Present in controls, significant SMADG ¢.120C>T
MAF difference in 180 cases/ 10003 BMP4 c.-171C>G
control chromosomes BMP2 c.-342 -340delTGT
Present in controls, no MAF SMADG6 ¢.-44C>T;SVIADG6 ¢.61G>A;SMADG6 ¢.711C>T;SMADG ¢.*262T>C
difference in 180 cases/ 1000 9 BMP4 ¢c.76T>C;BMP4 ¢.345C>T;BMP4 ¢.370+28G>A
control chromosomes BMP2 c.-673G>A;BMP2 ¢.*936_939delATTT
Coding region, predicted 1 BMPR2 p.Gly963Cys (c.2887G>T)
deleterious
Non-coding region BMPRI1A ¢.534-59T>C
7 BMPR2 ¢.-301G>A;BMPR2 ¢.621+30_32delGTTBMPR2 ¢.855-22T>CBMPR2
€.969-122 124delTCTBMPR2 ¢.969-122T>CBMPR2 ¢.969-118 116delTTT

# . . . . : .
Alternatively spliced exon 4B @MADG6, SIFT predicted deleterious but PolyPhen prediotat deleterious

. Requires another attempt of genotyping in 1000rotst

Table 5.1

Thirty-five previously unreported variants identified in the candidate genes

Summary of the findings in this study in the fivandidate genes sequenced.
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5.2 TheSMADG6 gene and CVM

In SMADG, ten previously unreported variants were iderdifirea panel of 90 CVM
patients. Five of these variants were presentarctntrols. The minor allele
frequencies (MAF) in controls and cases for fourargs: c.-44C>T, c.61G>A,
c.711C>T and ¢.*262T>C, were not significantly dint, indicating that these variants
are unlikely to confer substantial risks of CVM.Wiever, they would require further
study in more patients and controls to rule outlstnanoderate effects on risk of CVM.
This is especially important for variant c.*262Ta€ this variant is predicted to
increase base pairing of the miRNA has-miR-219-243¢ it has been shown that SNPs
that alter miRNA target binding are implicated medst cancer susceptibility (Nicoloso
et al. 2010). miRNAs are small non-coding RNAs fagpnately 22 nucleotides in
length that inhibit translation by base pairinghwthe 3'UTR of mRNAs. Nicoloso et al.
have identified two SNPs (rs1982073-TGFB1 and r8782-XRCC1) that could
modulate gene expression by modifying the bindingni&RNA with mRNA.

The ¢.12-C>T variant was found in 7 patients wignious phenotypic defects and was
observed in the control population with a frequeat®.029. The difference of MAF
between controls and probands was significant (4), providing weak evidence in
forming of a relationship with CVM. However, furthgenotyping of the variant in a
larger number of cases and controls would be napcgss confirm the association of
the variant with CVM. It is possible that the ralaty weak association observed was a
chance finding due to multiple comparisons of alleéquencies between cases and

controls.

Five variants were absent in the controls: c.-4ZBA>-290G>C, ¢.975C>G,
€.1244C>T and ¢.*319T>A. Sequencing 1000 controbeiosomes has 90% power to
detect a polymorphism with 1/500 population frequyernHowever, the power to detect
a very rare variant would be considerably loweg.(around 65% power to detect a
variant of frequency 1/1000). There is an arbitr@lgment to the selection of the
number of controls necessary to suggest a pogsatthegenic role for a newly
described variant (Collins and Schwartz 2002). Mueg, since the families recruited
for this study did not show Mendelian inheritanedt@rns, the variants found were not
expected to be “private” mutations. It is likelyathf sufficient control chromosomes

were sequenced, additional carriers would be foRedognizing this, the absence of a

169



variant in 1000 control chromosomes was indicated @ariant of possible interest
warranting further functional investigation. Thent! population was selected with
great care: racial, ethnic and geographic backgrevaere similar to the cases and CVM

had been ruled out by echocardiography.

The c.-428A>T and c.-290G>C variants were locateithe 5’'UTR ofSMADG. Such
variants might have significant effects on genereggion. Variants in the promoter
region of many genes have been shown to influeene gxpression and in some cases
disease susceptibility. For example, Signori arlttagues showed that a mutation in
the 5’'UTR of theBRCA1 gene resulted in a 30-50% lower translation efficy than

the wild type allele and was associated with breaster risk (Signori et al. 2001). One
potential drawback of classical transfection assayssess the effect of promoter
variants is that the variant is examined outsidigsajenomic context. Approaches such
as allelic expression imbalance assays have tleafp@altto overcome this issue. As a
recent example, Cunnington and colleagues shoveatitomosome 9p21 SNPs
previously associated with coronary heart diseagghome wide association studies
influence allelic expression of 3 nearby genes (@ugton et al. 2010). Although the
target issue for these gene expression changé&sltio be vascular smooth muscle
cells, that study provided strong evidence foragting effects on gene transcription
using RNA from peripheral blood white cells. Simiégpproaches could be adopted for
the further investigation of the c.-428A>T and 80&>C variants in future studies.

However, this project focus on those novel variaffiscting protein coding.

A non-synonymous variant p.Ser325Arg (c.975C>@&liarnative exon 4B was
identified in an ASD patient. The patient’s parentse unavailable for investigation.
The absence of this variant in the controls suggkttte change might be a rare variant
specific to a CVM family. However, as this variamtocated in the linker region with
relatively less likely functional effects when coaned to the MH1 and MH2 domains

of SMADG, functional studies were not performed on thisarar
The ¢.*319T>A variant was seen in a proband witlORIRd was not seen in the control

population. However, the variant was predictedtadtind to miRNA by then silico

programmes and it was therefore not prioritizeddoictional investigation.
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The variant that was predicted to be deleterioygadtein function in bioinformatic and
structural analysim silico was ¢.1451G>T, resulting in the amino acid sulnstin
p.Cys484Phe. Unfortunately, it was not possiblesiablish the pattern of inheritance
for this variant, as both parents of the patienteneceased. Screening of the siblings
of this patient would give a better insight inte fhheritance of the variant but that was
not possible, as ethics of this study did not pepatients to be re-contacted. The
absence of the variant in the controls indicates tariants in the MH2 domain might
be associated with CVM. Therefore, the MH2 domdiBMADG6 was further re-
sequenced in a replication cohort of 348 patiehig previously unreported variants
were identified in the second screening. The c.2/B@ariant was assumed to result in
the amino acid substitution p.Ala325Thr in a patieith mitral valve regurgitation.

This variant was inherited from a phenotypicallymal father. The variant was not
investigated in the control population as it wasswuzcessfully incorporated into the
IPLEX sequenom assay. It might have been possaliesign another sequenom assay
for this variant or use a Tagman genotyping assayéck on the controls. However,
since ann vitro functional assay system to investigate other SMABants had been
set up by this time, the study of p.Ala325Thr (8G#A) variant in that system directly
was elected as an alternative approach. The p.Ble2due was evolutionarily
conserved in human, chimpanzee, mouse and chiekemobin frog, zebrafish and
fruitfly; indicating that this substitution was peps unlikely to have a major effect on
the protein function. This was in accordance wiithin silico analysis that predicted

this variant not to affect protein function.

The ¢.1244C>T variant resulting in p.Pro415Leu stigon was identified in a patient
with aortic stenosis and was inherited from an fat¢d father. Therefore, the variant
might interact with other sequence variants andrenmental factors to cause CVM.
The substitution was not detected in the contrplutetion. The p.Pro415 residue
showed a complete conservation from human to fyuéihd an effect on protein
structure was predicted when mutated to leucinadtition, both SIFT and Polyphen

algorithms predicted this variant to be probablgndging.

The effects on the inhibitory activities of the iaats were assessed by dual luciferase
assay using a protein expression construct of tH2 Momain ofSMAD6. No

significant difference in inhibitory activity of éhp.Ala325Thr (c.973G>A) variant was
observed when compared to the wild type, as exgdutehe outcome of the prediction
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programmes and also the lack of evolutionary caasiem. The p.Pro415Leu
(c.1244C>T) variant revealed significantly lowehiloitory ability than the wild type
and the p.Cys484Phe (c.1451G>T) variant failedhlibit the BMP signaling
completely, appearing to be a null allele. The ptié¢ mechanisms of the impaired

variants in the BMP signaling pathway are discusssdw.

Based on the knowledge of BMP signaling in regatagalcification, the additional
effects of the mutations (p.Pro415Leu [c.1244C>1q p.Cys484Phe [c.1451G>T]) on
osteogenic potential was investigated. The p.CyBA84c.1451G>T) variant has
reduced ability to inhibit alkaline phosphatasevétgt but not the p.Pro415Leu
(c.1244C>T) variant. This suggests that p.Cys484Pld51G>T) variant might be
less efficient in preventing tissue calcificatievhich is in accordance with the
diagnosis of the patient. The patient was diagnegddcoarctation, bicuspid aortic
valve and mild aortic stenosis following the disepvof hypertension as a young man.
The patient had a coarctation repair at age 30syéte subsequently developed
significant aortic stenosis and underwent aortieezaeplacement and repair of the
aortic arch again. At the second operation, thestrarse aortic arch proximal to the
previous conduit, was found to be heavily calcifi€bdere was no evidence of

inappropriate calcification in non-cardiovasculasties.

The p.Pro415Leu (c.1244C>T) variant was found jpatent who presented with a
murmur at 18 months and was found to have a biduspitic valve with moderate
aortic stenosis. No evidence of coarctation orgactoalcification was observed in this
patient. Both patients demonstrated functionaliygicant SMADG6 variants in the
luciferase assay and had phenotypes involvingahécavalve, suggesting that variation
in SMADG function might particularly affect the ddepment of the aortic valve. The
prevalence of the pathogenic non-synonymous SMA&ats among the 47 patients
with bicuspid aortic valve and/or aortic stenos$edts out of a total of 436 CVM

patients was approximately 4%.

Galvin and colleagues generated Smad6 mutant nyitargpeting insertion of a LacZ
reporter into the 5’'terminus of the Smad6é MH2 damiaiembryonic stem cells (Galvin
et al. 2000). Analysis of the mouse model revetiatl Smad6 was expressed by
embryonic day seven (E7) using northern-blot ansly3uring development of Smad6
mutant embryos, X-gal staining showed that Smad§exaressed in the developing
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outflow tract and atrioventricular cushion regiarfighe heart (E9.5-E13.5). The X-gal
staining pattern expanded to the blood vessekat émbryonic stages, indicating that
Smad6 played an important role during the develaopirokthe heart, especially the
outflow tract and atrioventricular cushion regio8smad6 mutant mice showed
hyperplastic thickening of the pulmonary and mitralves, including misplaced
septation of the cardiac outflow tract, resultingan extremely narrow ascending aorta
with a large pulmonary trunk or the reverse. Bahignts with the functionally
significant variants identified in this project hadenotypic defects involving the aorta
and outflow tract. Genotyping ratios of the knockmouse showed reduced numbers of
the homozygous mutants than expected, indicatingppgethality. The viable mutant
adult mice showed ossification of the outflow teact the heart at or after 6 weeks of
age. These defects are in keeping with the phermotigiects of the patient with variant
p.Cys484Phe (c.1451G>T) (coarctation of the adhi@)completely failed to inhibit
BMP signaling in the luciferase assay and alsoltesin osteogenic expression in the
alkaline phosphatase assay (calcification of thitagtbat was discovered at the second
operation a few years later); the patient with asatrip.Pro415Leu (c.1244C>T) (aortic
stenosis) was significantly unable to inhibit BMBr&ling in the luciferase assay but

did not reveal any enhanced osteogenic potentihlaralkaline phosphatase assay.

This is the first description of a human diseas®eaisted with mutations iIBMAD6. No
previous studies have been carried out on theifamion of SMAD6 mutations in

CVM. Sequencing o8MADG in 100 patients with colorectal cancer (Fukushenhal.
2003), in 52 hepatocellular carcinoma samples (Kawaal. 2001), in 30 human
ovarian cancers (Wang et al. 2000a), and in 12rpatic cancer patients (Jonson et al.
1999), in previous studies has not identified angations of likely phenotypic
relevance. Therefore, the functionally significemitations that have been identified in
patients with lesions of the aortic valve and ademonstrate th&VAD6 might play

an important role in the development and homeaste#ghese structures.

Of the five genes investigated in the study, oatgéted mutation 3MAD6 MH2

domain shows a role in the development and hom&estéthe cardiovascular system.
BMP2, BMP4, BMPR1A andBMPR2 are more broadly expressed, and have important
additional functions outside of the heart, as thedkout mice of these genes are non-
viable. This is consistent with the known extraeltat phenotypic consequences of

mutations in these genes in humans.
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5.3 TheBMP2gene and CVM

In BMP2, 6 novel variants were identified, of which thxegiants were absent in
controls. The three variants that were preserttercontrols are: c.-673G>A, c.-342_-
340delTGT and ¢.*936_939delATTT. The minor alleleduencies (MAF) of controls
and cases for both ¢.-673G>A and ¢.*936_939delAVaiiants were not significantly
different (p=0.512 and p=0.406 respectively). Ihad possible to conclusively rule out
association between these variants and CVM frond#te. Studies of very much larger
numbers of cases would be reuquired to do this.alleke frequencies for both variants
are in the range 0.02 to 0.03, and they would tbezdoe considered low frequency
variants. Unless the phenotypic consequences bflsucfrequency variants are large,
it will be very difficult to establish their defita involvement in disease. This is because
amassing enough cases that carry the variant ableeo detect moderate odds ratios
would require studies of tens of thousands of p&ieNith respect to functional
annotation, the ¢.*936_939delATTT variant was prezti not to alter miRNA binding.

The c.-342_-340delTGT variant in exon 1 was idesdiin 8 out of 90 probands and
observed in controls with a frequency of 0.024. @Hterence of MAF between
controls and probands was significant (p=0.005R)s Suggests that the c.-342_-
340delTGT variant might predispose to CVM. Furthealysis of this variant in a larger
number of cases and controls will be required swam the question whether the
association with CVM is robust.

One of the variants that were absent in the canitmals ¢.-906C>T. This variant was
located in 5’UTR of exon 1 and was maternally imfeer by a proband with aortic
stenosis, indicating incomplete penetrance. Thewwawas absent in the control
population. It remains to be investigated by fumaal analysis whether the variant
results in the increment/decrement of translatifiniency, allelic expression analysis

or expression in tissue, whereby it could playla no CVM susceptibility.

The synonymous ¢.891G>A and c.1146A>G variants vekmetified in exon 3. Variant
€.891G>A was inherited from an unaffected fathdremeas variant c.1146A>G was
inherited from an unaffected mother. These variamie absent in the controls and
only observed in families with affected CVM probarahd healthy parents, indicating

that these variants, if significant, are suscelitytfiactors rather than sufficient
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causative factors. The manner in which these symog mutations might be causing
an effect is however, unknown, and would need &rrthvestigation if these findings
were to be pursued. Future work might include thieegation of a BMP2 construct
subcloned into an expression vector, and introdaadi the variants by site-directed
mutagenesis. Constructs would then be transierathsfected into a mammalian cell

line followed by RNA extraction, reverse transaoptand immunoblotting. The protein
levels in the cell lysates for the variants wodldrt be compared to that of the wild type.

No previous studies have been carried out on scrg@fBMP2 mutations in patients
with CVM. Previously studies have report®ilP2 polymorphisms to be associated
with certain other phenotypes. A missense polymisrpl{p.Ser37Ala) and two SNP
haplotypes (haplotype one is defined by three SNPPSC0271643(T), P9313(T) and
rs235764(G), haplotype two is defined by two SNPs1:116867(A) and D35548(T)) in
BMP2 were shown to be associated with low bone mirdsatity (BMD) and
associated fractures in Icelandic and Danish poipaisusing linkage analysis
(Styrkarsdottir et al. 2003).

Another study performed by Dathe and colleaguesh@®at al. 2009) found CNV, but
no point mutations in BMP2 in individuals in tworetated families affected with
brachydactyly type A2 (BDA2), a limb malformatioharacterized by hypoplastic or
aplastic middle phalanges of the second and fififpefr without any CVM. One of the
pedigrees is part of a large Brazilian kindred efi@an origin (five generations, of
which 26 individuals were clinically examined andlecular analysis was performed)
while another family is smaller (three generatiandy 2 individuals were investigated)
and also of European origin. They detected a migobchation of approximately 5.5kb
in a non-coding region 11kb downstreanBMP2 in these families using high-density
array CGH. They further investigated the evolutigrtaghly conserved noncoding
duplicated regiomn vivo, using a transgenic mouse model, and showedhbat t
duplicated region was able to regulate the exprassi an X-Gal reporter construct in
the limbs and resulted in increased expressionMPB. This suggests that a regulatory
element aroun8MP2 that is affected by the duplication might affdut £xpression of
BMP2 in limb development, and that dysregulatiorBdfP2 expression can lead to
BDA2.
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In conclusion, no definite association of BdP2 gene with CVM was identified. No
previous studies have investigated this gene inam@VM. With respect to further
studies, the findings of Dathe and colleagues oABBave demonstrated the existence
of important BMP2 regulatory elements distant fribra coding sequence. This study
was not designed to examine such genomic featdhggugh investigation of longer-
range regulatory sequences on BMP2 expression "iMi@uld be considered, such

work lay outside the primary hypothesis for thisdst
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54 TheBMP4 gene and CVM

In BMP4, nine previously unreported nucleotide variantsendentified. Five of these
variants were absent in controls whereas four n&giaere present in the controls. The
minor allele frequencies (MAF) in controls and casere not significantly different for
three variants: ¢.370+28G>A variant in intron 363.>C and ¢.345C>T (synonymous
variants), with p values of 0.753, 0.282 and 0.&&pectively. Since the allele
frequencies observed in the controls for theseangsiare low, studies of many
thousands of patients would be required to ruleodds ratios for diseases of 2 or less.

The c.-171C>G variant was identified in 10 out 6f@obands and present in the
controls with a frequency of 0.017. The different&AF between cases and controls
was significant, with a p value of 0.00007, indicgtthat the variant is more frequent in
the probands. It would be interesting to genotyygect-171C>G variant in further cases
and controls to confirm the significance of this@sation. Genome wide association
studies (GWAS) in over 2000 cases and controlsngpeogress in the host laboratory;
for the purpose of this thesis and its focus oa variants, it was decided not to pursue
this preliminary, though interesting, observatinnelatively small numbers of patients.

The ¢.-283G>C variant in exon 1A, ¢.-295G>A varigmintronic region of exon 1B an
c.-87C>T variant in exon 2 were all identified ipatient with TGA and were all
inherited from a phenotypically normal father iratiog that these variants are part of a
haplotype. Moreover, these variants were not sedmei controls. Another variant, c.-
136C>G, located in the 5’'UTR, was found in anotpetient with TGA and was
inherited from the father but was absent in therods These variants were further
investigated using the minigene approach.

The minigene approach has been used in previowspapanalyse whether
synonymous allelic variants found in patients &fgaticing efficiency (Fernandez-
Guerra et al. 2010; Wilson et al. 2009). This applohas the advantage that RNA is
not required and genomic DNA can be used insteadthie c.-295G>A variant in
intron 1 no aberrant splicing was observed whervénant was compared to the wild
type, even though the ESE finder programme predlitte creation of a branch site in
the variant and the programme generated by Drlgghedid predicted the loss of an

ESE site. This might be because this variant wasgba haplotype. It is possible that
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c.-295G>A on its own does not affect splicing, wdeer the full haplotype does. The
approach that could be adopted to analyse thisakohe the segment of interest
consisting of exon 1B and exon 2 with variant c5@$A and c.-87C>T including their
flanking regions into the pXJ41 vector. A simil@paoach was used by Kereszturi and
colleagues (Kereszturi et al. 2009) to study mldtiptronic variants in common
SPINK1 (serine protease inhibitor Kazal type 1) haplosypssociated with chronic
pancreatitis. Wild type and mutant version of ingd,,2 and 3 of the the two haplotypes
were studied in parallel (Figure 5.1). They idaatfthe haplotype consisting of the
€.194+2T>C intronic alteration abolished SPINK1 megsion in the mRNA level. No
detectable functional effect was observed in andthplotype comprising the
p.Asn34Ser missense variant and four intronic afi@ns. However, it would be
technically challenging to amplify a substanti@gment of genomic DNA such as the

BMP4 promoter region, and insert the fragment th@vector.

The ESE finder prediction of ¢.-136C>G variant xoe 1B was not accurate: the
programme predicted a decrease of splicing effayidrut the variant was not located at
the exon/intron boundary in the context of the gdine minigene assay demonstrated
that there was no difference between the wild gpe the mutant variant. Further
silico analysis, using the programme by Dr. Grellschditttvonly became available in
the later stages of this work, showed the changewithin the acceptable threshold, in

accordance with the minigene results.

For the ¢.-87C>T variant, more optimization of thening parameters would be
required in the future in order to clone the variato the vector, if this line of
experimentation were pursued. However, this woalkeHow priority in further work,

as both prediction programmes did not predict @mesplicing for the variant.

Only one previously unreported variant that regsbilitea non-synonymous substitution
was identified, in exon 4 @MP4. The ¢.520G>A variant resulted in a glycine tarser
substitution (p.Gly174Ser). The variant was noedtd in the controls. However,
protein prediction programmes predicted this chamgeo affect protein function. This
variant is evolutionarily conserved from human ébrafish but not in fruitfly. It

remains to be investigated by functional analysi® possible approach would be the
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Figure 5.1  SPINK1 gene haplotypes (A) an&PINK1 minigenes (B)
Common pathogeni8PINK1 gene haplotypes (A) ar@lPINK1 minigenes used (B) in
the study of Kereszturi et al., (Kereszturi et28l09).
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study described by Tabatabaeifar and colleagudsaf@baeifar et al. 2009), who
investigated the characteristicB¥IP4 mutations identified in patients with congenital
anomalies of the kidney and urinary tract (CAKUThree missense mutations
(p.Ser91Cys, p.Thrl16Ser and p.Asn150Lys) fourfovepatients were studiad vitro
using the full-length complement DNA clone of hunéviP4. The mutants resulted in
lower level of mMRNA abundance of BMP4 in the calludystems when checked with
real time reverse-transcription polymerase chaactien (RT-PCR) and reaffirmed with
western blotting. However, as the variant idendifieas predicted to be benign, it was

not prioritized for functional analysis.

The coding region of BMP4 had previously been agedyin 205 patients with
congenital septal defects by Posch and colleadresch et al. 2008), as cardiac septal
defects are among the major CVMs. Mutations indcaption factors \KX2.5 and
GATA4) had been previously identified in patients wigptal defects (Garg et al. 2003,
Schott et al. 1998BMP4 is required for development of the endocardiaheuss and
inactivation of this gene in a mouse model causedvantircular septal defects
(AVSD). The study of Posch et al. was publishedrafie commencement of this work.
110 patients in that study were diagnosed withuassecundum atrial septal defects
(ASDII) and 95 patients were diagnosed with diff¢reongenital septal defects and
concomitant minor cardiac malformations. By cortirasthis study, BMP4 was
sequenced in a total of 270 patients with a braadge of CVM. Of these, 55 patients
were diagnosed with TGA or TGA with other cardiafetts, and 65 patients with
septal defects. Posch et al. identified 2 patiesits a ¢.845+30G>A variant that had not
been described previously. No investigation wasopered on the inheritance of
variants. Posch et al. also investigated the redaron-synonymous SNP, p.Vall52Ala
located in exon 4 of BMP4 in cases and in 360 abialfeles from unaffected
individuals and found that the differences in &@l&kequencies between cases and
controls was not significant. They concluded tratigmts with septal defects in general
do not exhibit mutation iBMP4. A non-synonymous mutation, p.Glyl74Ser
(c.520G>A), was identified in a patient with ASCatlwas inherited from a
phenotypically normal mother, suggesting that #tlisle, if causative, has reduced
penetrance and might require environmental factoceuuse CVM. This variant is
absent in the controls but was predicted to begmer8ubsequemi vitro functional
investigation on the rare variants located in thiganslated region that were absent in
the controls showed that they did not abrogateisgi Both this study and the study
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conducted by Posch and colleagues, did not ideraify variants in patients with
AVSD, the phenotype observed in the BMP4 knockootise, but the number of

AVSD patients were small in both studies (10 is #tudy and 16 in Posch et al.). This
study focused on a larger number of TGA patierdteizd due to the work by Thienpont
and colleagues that identified a deletion on 14824&hich is neaBMP4 (14g22.2), in

a patient with TGA and other phenotypic defectsi¢mpont et al. 2007). However, no
BMP4 mutations were found in TGA patients in this study

BMP4 has been associated with other phenotypic defécidy performed by Suzuki
and colleagues (Suzuki et al. 2009) identified @wehmissense mutation, p.Ala346Val,
in a patient with microform cleft lip and a clettlpte. The mutation was inherited from
the father who had a bifid uvula and microform tlgf. Suzuki et al. also identified
two missense mutations, p.Ser91Cys and p.Arg28isarents withorbicularis oris
muscle (OOM) defects and a child with unilateraificlip and palate. Another five
previously unreported missense or nonsense musatvere identified in 968 patients
with cleft lip and/or cleft palate (CL/P) in thatudy. One of these mutations,
p.Arg162GIn, was inherited from a phenotypicallymal father. None of these
mutations were found in 529 controls. SIFT and Plogn programmes predicted the
p.Ser91Cys, p.Argl62GIn and p.Ala346Val varianteégossibly damaging. No
functional investigation was performed on theseavds to ascertain the effects. That
study showed increased severity of the phenotypegildren than in carrier parents, i.e.
anticipation. However, the numbers of cases witlemiato-child anticipation identified
were small in that study. If the anticipation s@ethe Suzuki study were a general
finding with BMP4 mutations, the haplotype identified in this stidy283G>C, c.-
295G>A and c¢.-87C>T) that was inherited from a mitgpically normal father (who

did not have an echocardiogram evaluation) in a @&#and might be exhibiting this

phenomenon.

In another study, using a positional candidate ggeoach, Bakrania and colleagues
(Bakrania et al. 2008) sequenced the coding regi®@MP4 and identified a frame-shift
mutation c.226del2, resulting in a truncated protgiamino acid 104, p.Ser76fs104X,
in a proband who had anophthalmia-microphthalmist{Aetinal dystrophy, myopia,
poly- and/or syndactyly, and brain anomalies. Tiaband’s mother, grandmother and
maternal aunt carried the same mutation and hddrhigpia but not AM. The
proband’s normal two half-brothers did not carrg thutation. Further investigation
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revealed that the proband also had a c.1-125G>Ageha the 5’UTR ofSHH (Sonic
Hedgehog)BMP4 interacts withHH signaling genes in animals in optic development.
TheSHH ¢.1-125G>A was also present in 16/191 controlaeOtamily members of

this proband had a mutation in eitl8¥P4 or SHH, but not both, indicating that the
combination of mutations might have contributedh® more severe defects observed in
the proband. That study shows the potential foeegane interaction involving BMP4

to affect the manifestation of developmental disogdlt is possible that such

interaction is of importance in CVM.

In conclusion, previous studies have shown thattians inBMP4 were infrequently
observed in CVM patients but were strongly assediatith other phenotypic defects,
suggesting thaBMP4 is important during development of multiple orgaystems. This
study did not identify association BMP4 with CVM (enriched with TGA). However,
the suggestion of a link between AVSD wBMP4 based on a mouse model would
require further study in larger numbers of AVSDiguats to clarify such relationship.
Moreover, the ascertainment scheme for the presedy would have tended to exclude

patients with multiple and possibly syndromic phgpes.
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5.5 TheBMPR1A gene and CVM

Only one previously unreported variant (c.543-59Tw@s identified in intron 7, 59
bases upstream from the 5’ end of exon 8 in apatveh atrial septal defect (ASD). It
remains to be investigated whether this variaptésent or absent in the control
population and also to determine its inheritandas Variant was located in an intron
and no novel variant was observed in the codingred\s discussed previously, rare
non-synonymous variants located in the coding regie expected to have greater
effect on disease susceptibility than non-codingavs (Kryukov et al. 2007), and

therefore this gene was not prioritized for furtberdy.

BMPR1A mutations have been previously observed in patwerth juvenile intestinal
polyposis, which carries a risk of gastrointesticehcers. Howe and colleagues
established that between 35- 60% of juvenile patigoeyndrome (JPS) cases in North
America were due to mutations in t88AD4 gene (Howe et al. 1998). To detect
additional polyposis genes, they used genome vageering in four multiplex families
who were known to carry no mutation$MAD4. Howe and colleagues (Howe et al.
2001) identified linkage with markers from chromosn10q22-23, leading them to
sequence thBMPRI1A gene in those kindreds. MutationsBNMPR1A were discovered
in each of the 4 families. One family had a fousdopair deletion in exon one resulting
in a stop codon at nucleotide 104-106. A secondlydmad a one base pair deletion in
exon 8 resulting in a stop codon, and two nucleosigbstitutions causing stop codons
(p.GIn238X and p.Trp271X) were found in the remagniwo kindreds. None of these
mutations were observed in 250 normal control iitdigls. The nonsense mutations
were located at the serine-threonine kinase doarainwvere predicted to abrogate BMP
signaling. However, n vitro functional study was carried out on these mutation
Interrogation of other genes in the TGF-beta s@#meitiy/, including BMP signaling,
(SMAD1, SMAD2, SMAD3, SMAD5, SMAD7, BMPR1B, ACVR1, andBMPR2) have
yielded negative results (Bevan et al. 1999; Hotad.€2004; Roth et al. 1999),
suggesting that other genes predisposing to juxgalyposis remain to be discovered.

In another study, principally focused on JPS, Zaond colleagues (Zhou et al. 2001)
found 2 patients with both cardiac anomalies (ortk wentricular septal defects and the
other with Ebstein’s anomaly) and juvenile polygosyndrome harboured mutations in
BMPR1A without mutation irSMIAD4. They studied 18 unrelated families and 7
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unrelated patients. The mutation in the patient wéntricular septal defects was
located in the 5’ UTR (IVS1-3C>G). It was a splsiee mutation resulting in the
skipping of exon 1, and was predicted to resultuncated receptors. The patient with
Ebstein’s anomaly and JPS also had Wilms’ tumohe mutation discovered in that
patient resulted in a cysteine to tyrosine subsntup.Cys376Tyr) in the kinase
domain ofBMPR1A. These two mutations were absent in the 100 noracalmatched
control chromosomes. However, Zhou and colleagieceaat identify anyBMPR1A
mutation in two further patients with juvenile ppbsis and cardiac anomalies: one
diagnosed with ventricular septal defect and therotvith aortic regurgitation. The
frequency of patients with JPS and cardiac anosalees not significantly different
among mutation carriers (2/10 carriers) and nonrar(2/15 non-carriers) due to the
small sample size. Therefore, genotype-phenotypecegion of JPS and cardiac
anomalies with mutation in BMPRZ1A could not be bbthed.

In spite of this, the mouse model with the targetelgtion of BMPR1A in cardiac
myocytes of the atrioventricular canal displayecuspid valve abnormalities
reminiscent of Ebstein’s anomaly (Gaussin et aD320There were longer tricupsid
mural leaflets and the tricuspid posterior leaffes displaced and adherent to the
ventricular wall. These defects potentially supgorble forBMPR1A in human
Ebstein’s anomaly. As only 3 of the 90 sequencetigmds were diagnosed with
Ebstein’s anomaly in this work, it remains of i&trto sequence a larger number of
patients with this defect in order to increasegbeer of detecting novel variants in
BMPRI1A.

In summary, this study did not find any associabbBMPR1A gene with CVM. It

might be thaBMPR1A mutations might be found in a subset of patients @M and
also predispose to cancer but not in patients sptradic CVM only. The suggestion of
a link between Ebstein’s anomaly aBBlPR1A would require further study to establish

this relationship.
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5.6 TheBMPR2 gene and CVM

Seven genetic variants were identifiedMPR2. One was located in the 5’UTR, 5
variants were seen in the intronic regions, andrmmesynonymous variant in exon 13
resulted in a glycine to cysteine substitution. Duéhe pressure of more significant
results in other genes screened, these resultsneeprsued further. The next step in
the investigation of these variants would be gepiatyin the parents of cases, and in
the control population. If the variant in the 5’UT#re not seen in the controls,
functional analysis using luciferase assay coulgdréormed to investigate whether the
variant increases or decreases expression of tiee jbe 5 variants located in the
intronic regions could be investigated with preidictprogrammes and minigene assays.
Depending on the outcome of the genotyping, ifdl2887G>T (p.Gly963Cys) variant
seen in an ASD patient were not detected in th® t0dtrol chromosomes, it would be
interesting to investigate by co-transfecting viiijde or mutant BMPR2 construct,
BMPR1A construct and a p3TP-Lux promoter-reporterstruct or BRE-Luc construct
to determine whether this non-synonymous variatitaffect the BMP signaling
activity, as then silico analysis predicted that the variant to be damagihg BMPR2
construct and p3TP-Lux promoter-reporter constnaste been published (Rosenzweig
et al. 1995; Wrana et al. 1992). The p3TP-Lux prameeporter is a luciferase reporter
gene with the 3TP promoter that contains threeamris/e TPA response elements
(TRES) and a portion of the plasminogen activatbititor 1 (PAI-1) promoter region.
These regions were chosen based on the responssvefihese elements to TBF

A previous study performed by Roberts and colleagB®berts et al. 2004) identified
mutations iBBMPR2 in patients with both pulmonary arterial hyperiendPAH) and
CVM, in whom the PAH was due to pulmonary vascolastructive disease. The
subjects of their study consisted of two cohor@adults and 66 children. A total of six
non-synonymous mutations were found in the comlanaif 106 patients (Figure 5.2).
Three mutations (p.GIn42Arg, p.Thrl02Ala and p.8&Fro) located in exon 2 and 3
were identified in three out of four adult patiemtish atrioventricular canals. Another
three mutations (p.Gly47Asn, p.Met186Val and p.GRAsp) located in exon 2, 5 and
11, were identified in the children. One of theldten had an atrial septal defect and

patent ductus arteriosus, one had an atrial sdptatt, patent ductus arteriosus and
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Mutations in
children’s cohort p.Glyd7Asn p.Metl86Val puB03Asp
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Mutations in p.GIn42Arg p.Thrl02Ala p.Serl07Pro
adult’s cohort

BMPR2 cDNA

Receptor domains

KD CD

ECD Extracellular domain
TM  Transmembrane
KD Kinase domain

CD Cytoplasmic domain

Figure 5.2  Location of the mutations in BMPR2 idenfied by Roberts et al.,
2004

Location of the mutations in the BMPR2 identifiegiRoberts et al. with exons 1-13
indicated, and the receptor domains shown belovexioas (Roberts et al. 2004).
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partial anomalous pulmonary venous return; andhaean aortopulmonary window
and a ventricular septal defect. These mutations Woeated in the extracellular
domains (exon 2 and 3) and might interfere witleretimer formation or ligand
binding, in the kinase domain (exon 5) that migbtupt the phosphorylation and the
long cytoplasmic tail (exon 11) with unknown fureti It was noted that no children
with atrioventricular canal defects had mutatianBMPR2. Roberts and colleagues did
not exclude syndromic patients from their analy§lse patient with complete atrial
ventricular canal defect and the p.GIn42Arg mutaatso had Down syndrome and the
patient with atrial septal defect and patent duettsriosus with the p.Met186Val
mutation had a ring 14 chromosome. The cardiacctiefe these patients might
therefore have arisen principally from the chronmababnormalities rather than the
BMPR2 mutations. The p.Gly47Asn and p.Ser107Pro mutatwere not inherited from
the parents, demonstrating that thesedamovo mutations. The altered amino acids of
these two mutations are conserved only in man amase) in contrast to the other four
mutations that are conserved across human, mauis&en, frog and puffer fish.

Other mutations were not checked for inheritansdha parents’ DNA were not
available. However, Roberts and colleagues dicchetk the mutations that they found
in a control population, giving rise to the questiwhether these mutations are
polymorphisms or they are indeed rare mutationdippesing to defects. The mutations
were interspersed in different domains of BMPR2gasting that there is no one
particular domain that causes the defects. Evaugtinthe function of the long
cytoplasmic tail domain (p.Glu503Asp in exon 11jhe study of Roberts et al. and the
mutation that have been identified in this stud{p963Cys [c.2887G>T] in exon 13)
is still unknown, the presence of two mutationsgasj that this domain might be of
importance. Taken together, the findings of Robanis colleagues, although suggestive,
do not establish a conclusive role for BMPR2 motaiin CVM. Since mutations in
BMPR2 are known to cause primary PAH, their studsigh would not have enabled
mutations causing CVM to be distinguished from riiates that could cause PAH but

were ‘innocent bystanders’ with regard to CVM.

Nevertheless, the study of Roberts and colleaguisss important questions. In the
setting of CVM, the development of pulmonary hypesion due to left to right
shunting is variable among patients with the saraéarmation. It remains unknown

whether there is genetic susceptibility to the dgwaent of PAH in the context of
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CVM. In order to address this question with theatgst power, it would be necessary to
establish a large cohort of patients with the sphenotype, and relate their
susceptibility to the development of PAH to comnaoomare genetic factors. While this
is an approach that would potentially yield clidigaignificant and useful results, the
practical difficulties of establishing phenotypigahomogeneous cohorts of many

thousands of CVM patients are substantial.

Mutations inBMPR2 have been identified in many patients with pulmygreaterial
hypertension (PAH), be it idiopathic PAH (IPAH) familial PAH (FPAH). These
heterozygous mutations comprise nonsense, missgyise site defects, small
insertions or deletions and duplications, and phgene deletions or duplications
(Machado et al. 2006). Cell-basedvitro analysis of mutations iBMPR2 carried out

by Rudarakanchana and colleagues (Rudarakanchah&@602) to test their abilities to
transduce BMP signals have shown that missenseiongdocated within the
extracellular and kinase domains abrogated thgivaitransducing abilities. However,
the mutant BMPR2 constructs with truncated cytapiadail or missense mutations as
observed in the PAH patients (Machado et al. 20@t¥ able to transduce a BMP
signal, suggesting that the mutant might affect Bdjhaling through an alternative
pathway independent of Smads. They then examiredftact of the BMPR2 mutants
(including the cytoplasmic tail mutants) on [#38¢, one of the MAP kinases activated
by BMPs. It was shown that overexpression of théamis lead to the activation of
p38"PX in the absence of ligand but the wild type receptquired the presence of
BMP4 to activate p38'*¥¥. Therefore, the p.Gly963Cys (c.2887G>T) variaat tiave
been identified in the cytoplasmic tail might distp38™~¥ signaling but not through
SMAD signaling.

In conclusion, the preliminary findings of this dyuand the study of Roberts et al.
(Roberts et al. 2004) suggest a possible assatiatiBMPR2 and CVM. However, as
no previous investigation on the occurrence of BMPRutation in CVM patients
without PAH have been performed, further investagatvill be required to differentiate
the role of BMPR2 in PAH from any role of BMPR2@VM. The mutations in

BMPR2, especially the ones located in the cytoplastomain (p.Gly963Cys
[c.2887G>T] in this study and p.Glu503Asp in Robestudy), where both patients had
ASD, might disrupt the BMP signaling involving p%8" activation rather than SMAD

signaling resulting in heart malformation.
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5.7 Possible mechanisms whereby SMADG variants idgfined in this

study affect BMP signaling and CVM
5.7.1 BMPRI1A binding

Several mechanisms have been reported for theiiohjileffect of SMAD6 on BMP
signaling. SMADG6 has been demonstrated to prefeignbind toBMPR1A through

the N-terminal lobe of the kinase domain and irtipbiosphorylation of BMP-specific
R-Smads (Receptor activated Smads: Smadl, SmadSmaad8) to repress BMP
signaling (Goto et al. 2007; Imamura et al. 199Nk residues in type | receptors that
are involved in SMADG6 binding are located arounel pfnosphate binding loop of the
BMPR1A kinase domain, not on the L45 loop (GotaleR007). The L45 loop is the
structure that protrudes from the kinase domaityjé | receptors that is responsible
for intracellular signaling (Huse et al. 1999)h#ts been shown to activate specific R-
Smad isoforms (Chen et al. 1998; Feng and DeryA8K 1L Thus, it would be
interesting to carry out studies on the mode dranttion between I-Smads (especially
the mutant SMADG6s identified in this study) and BRIFA, which would provide
insights into how these mutants might affect thedlnig of SMAD6-BMPR1A and
inhibit BMP signaling. The L3 loop is an importasttucture in the MH2 domain that
determines SMAD recognition by BMPR1A (Lo et al98). As the alteration to the
crystal structure consequent upon the SMADG6 p.C4B48 (c.1451G>T) variant was
predicted to disrupt the structure of the L3 loapd p.Pro415Leu (c.1244C>T) was
predicted to destabilize the structure locatedhensame face as the L3 loop, we
hypothesized that these variants will affect bigdsi SMAD6 to BMPR1A. Lo and
colleagues (Lo et al. 1998) have shown that muatsidues that are highly conserved
in this loop in Smad2 resulted in greatly diminidloe abolished Smad2 binding to the
TGF receptor complex. However, mutations of highlysmmed residues in other
structures, for example;helix 2 ando-helix 3 did not affect the binding of Smad2 to
the receptor complex, indicating that these otagrans are not crucial for SMAD-

receptor interaction.

The cysteine 484 residue of SMADG is highly consdrfrom human to Drosophila,
and this residue is also observed in SMAD7, anatitebitory Smad, suggesting that
this residue is important in inhibiting BMP/T@Eignals. This hypothesis is confirmed
by the luciferase assays which demonstrated th@letenloss of inhibitory effect of

this mutant. The functional analysis and analysihie crystal structure may also imply
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that the change from cysteine to phenylalaninedait inhibit BMP signaling due to
the failure of the SMADG to stably bind to BMPR1A.

Another mutant that was identified was the pro#ié residue of SMADG6. This residue
is highly conserved from human to drosophila forAM6 but differs in SMAD?7,
suggesting that this residue is specific to BMRaimg but not TGP signaling. The
functional study performed on this variant showigghiicant loss of inhibitory effect in
BMP signaling, but to a lesser extent than the 48¢Phe (c.1451G>T) variant.
Analysis of crystal structure of both mutants sajee the most probable mechanism is
due to the defective binding of the mutants to BMRRresulting in loss of inhibitory
effects. To test this mechanistic hypothesis, imoflwoiting of SMAD1/5/8 and
phospho-SMAD1/5/8 were carried out. If the SMADG6-BRILA complex were formed,
it would be expected that the intensity of the pims SMAD1/5/8 bands to be lesser
(or not visible at all) than the SMAD1/5/8 bandsl asce versa. However, the
difference was not visible as the serum in theucaltnedium and the low transfection
efficiency masked the expression of the transfecedid.

5.7.2 Diminished competition with co-Smads

Smad6 has been demonstrated to bind to phospheshy@&ahad1l, interfering with the
complex formation of phospho-Smadl and Smad4 bggeas a Smad4 decoy (Hata et
al. 1998). Using a yeast two-hybrid system thesbas showed that Smad1l-Smad6
interaction was mediated by the C-domains (MH2 dogm)af these proteins. In
addition, these authors generated a Smad6 mut&iy4y1Ser, located in the L3 loop,
and showed that the mutant did not interact withghospho-Smad1 and failed to
inhibit signaling. However, the mutant was abld®ited to BMPR1B (type | receptor).
The results of the western blot probed with SMAD3/&nd phospho-SMAD1/5/8 of

the cell lysates from the luciferase assay thatpesformed was not conclusive. Further
work to establish whether the mutant SMADGs in tigly failed to repress BMP

signaling through this mechanism would be of irgere
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5.7.3 Impaired cooperative inhibition with Smurfl

Smurfl (Smad ubiquitin regulatory factor) is a tygé=3 ubiquitin ligase that induces
the ubiquitination and degradation of the BMP-spe@mads (Smad1/5/8) independent
of signal activation (Zhu et al. 1999). Murakamdamolleagues (Murakami et al. 2003)
demonstrated that Smad6 enhanced the interactiSmaffl with BMP type | receptors
to prevent the phosphorylation of Smad1/5/8 anemnoove the receptor complex
through ubiquitin-dependent degradation. They alsmwed that Smad6 enhanced the
interaction of phophosrylated R-Smads with Smurfd promoted proteasome-
dependent degradation of this complex. These mé&aharmraise the possibility that the
functionally significant variants of SMAD6 were ratle to link BMPR1A to SMURF1
(due to the lack of interaction of SMAD6 and SMURRBhd subsequently promote
degradation of the complex. Alternatively, it isspible that the mutant SMADG6s were
not able to associate SMURF1 to phosphorylated-SMAIB and thereby repress BMP

signaling.

Smad6 recruits Smurfl to degrade the Smad6-Thx@iproomplex (Chen et al. 2009b),
indicating that Smad6 and Smurfl not only coope@tegulate the Smad proteins but
also to regulate other proteins. Tbhx6 is a memb#reofamily of transcription factors
that share a common T-box domain which is highlysesved evolutionarily. The p.Pro
415Leu (€.1244C>T) and p.Cys484Phe (c.1451G>Tpmtsithat have been identified
might impair the capacity of SMADG to interact witllBX6, or possibly other cardiac
transcription factors. Further work would be neeeg$o establish the interaction
between SMADG6 and other transcription factors ddvetasn of BMP signaling. If this
could be achieved, it would be interesting to inigage whether gene-gene interaction
between SMADG6 and variants in other transcriptiactdrs was responsible for the
variable penetrance we observed with SMADG6 varianthis study.

5.7.4 Nuclear actions

In COSY7 cells and HepG2 cells, Smad6 was obsernvdteinuclei as well as in the
cytoplasm (Hanyu et al. 2001), indicating that 8mad6 mechanisms take place at the
nuclear level in mammalian cells. Smad6 has alenm lsbown to interact with

transcription factors to inhibit BMP signaling imet nucleus (Bai et al. 2000). The
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carboxyl-terminal domain (MH2 domain) of Smad6 i@snd to interact with Hoxc-8
transcription factor, thereby inhibiting Smad1-nadd transcriptional activity in the
nucleus. Therefore, the SMAD6 mutants could affi@eraction with transcription
factors to inhibit BMP signaling. Such a mechanwauld not necessarily imply that
levels of phospho-SMAD1/5/8 would differ betweendatype and mutant, as the effect
of the mutation would be downstream of co-SMAD pitamylation.

This study raises questions on how the variantstiiied in SMADG6 affect the
mechanism of SMADG repression of BMP signaling.sT$gction has discussed the
possible mechanisms of SMADG6 action and possilileéuexperiments are discussed
in section 5.12.
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5.8 This study in the context of previous resequeimg studies of

CVM
5.8.1 Other genes in the BMP signaling pathway

Based on my results, further investigation of ganeslved in BMP signaling is
indicated. During the time this work was being doBmith and colleagues (Smith et al.
2009) sequenced 32 candidate genes known to betenpa atrioventricular septum
(AVS) development in 190 patients with AVS defeatsl identified three missense
mutations inACVR1 (ALK2). ALK2 is a type | BMP receptor that transduces BMP
signaling. Loss oALK2 in the endocardium of a knockout mouse was prelyous
shown to result in hypoplastic endocardial cushi®iang et al. 2005a). The results of
Wang et al. supported the investigation of AVS desfeén the study by Smith et al. as
endocardial cushion contribute to the valves aptiasef the heart during development.
The three missense mutations discovered by Sméh efere p.Alal5Gly,

p.Arg307Leu and p.Leu343Pro. Nine of the 350 cdmtidividuals genotyped carried
the p.Alal5Gly mutation, implying that this variastcommon to the general
population. However, the p.Arg307Leu and p.Leu343Rutations were absent in the
350 controls. Pedigree analysis of these mutafmunsd the p.Arg307Leu mutation was
inherited from a phenotypically normal father. Theeu343Pro mutation was inherited
from the father who had a cardiac murmur but tielitance of the mutation with a
cardiac phenotype could not be established. Omyptheu343Pro mutation was
predicted to affect protein function when the misgemutations were analyzed with the
SIFT and PolyPhen programmes. Crystal structutbeop.Leu343Pro mutation
modeled on transforming growth facf®mreceptor | showed that when leucine is
substituted with proline, th& sheet would be disrupted, destabilizing the stmecof

the kinase domain of the receptor. Functional amsishowed that wild type ALK2 was
able to transduce signaling in a luciferase adsagiferase assay of the mutations
showed that there was no significant differencthéability of the p.Alal5Gly and
p.Arg307Leu mutants to induce BMP signaling comgdoethe wild type. However,
the p.Leu343Pro mutant resulted in significantlydo activity than the wild type. This
is compatible with the dominant-negative form of teceptor where the mutant and the
wild type constructs were co-expressed in the cilsexpression of the wild type
construct was suppressed (Visser et al. 2001). ddnisinant-negativAl K2 mutant

was further investigated in vivo in a zebrafish mloghere wild type or mutant ALK2
RNA was injected into zebrafish embryos at the Istogll stage. Mutant RNA revealed
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severe dorsalization whereas wild type ALK2 RNAwRd mild ventralization,
indicating that ALK2 is important in dorsoventraltperning of the zebrafish embryo.
The absence of tHf®MADG6 p.Pro415Leu (c.1244C>T) and p.Cys484Phe (c.145)G>T
mutant in the control population, analysis of thgstal structures and the subsequently
demonstrated functional significance in my study wimilar to the study oALK?2.
However,ALK2 was sequenced in 190 phenotypically more homogeoases of CVM,
all of whom had septal defects whereas in thisysttiee MH2 domain 08VIADG in

was sequenced in 438 patients with a broad rangbesfotypic defects. The
functionally significantALK2 mutation was present in one out of 190 patien&40)

with AVS defects. The two functionally significaBAD6 mutations were observed in
two out of 438 CVM patients (0.5%) but the prevakeonf these mutations is higher,
4.3%, in the subset of 46 patients with aortic as&nor coarctation of the aorta that
have been sequenced. Both the study of Smith ahdlmy study identified mutations
inherited from phenotypically normal fathe K2 p.Arg307Leu and&VMADG6
p.Pro415Leu), indicating that they likely interaath other variants and environmental
factors to cause CVM. The study AhK2 and my study o®MADG6 suggest that
mutations in these genes might be causative faicplar CVMs: ALK2 for AVS

defects an@VIADG for aortic stenosis or coarctation of the aortilé/the results of
Smith et al showed that down regulation of BMP algrg by a dominant negative form
of ALK2 could result in septal defects, this stuths shown that an inappropriately high
level of BMP signaling, due to loss of function mtitns in the inhibitory SMADS,
could lead to malformations of the aortic valve aodta. These results suggest a
differential sensitivity to higher or lower leved$ BMP signaling among the different
anatomical regions of the developing heart, sioeeBMP signaling did not affect the
aortic valve in the study of Smith et al., whilesoactivity of the pathway did not affect
septal structures in the patients that were idedtivith mutations in SMADG. This
observation could be of importance for future stsdif up regulation or down
regulation of particular signaling pathways onlg Isggnificant implications for
particular subgroups of CVM phenotypes, this wilbstantially complicate the

identification of robust genotype-phenotype relasioips.
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5.8.2 Genes in other signaling pathways

A subset of genes has been implicated as non-synclicauses of CVM in previous re-
sequencing studies. Large families with autosormalidant inheritance of CVM
without other organ malformations have demonstrétatCVM can result from single-
gene defects. Mutations in the homeodomain of hdwmogranscription factaNKX2.5
were found to cause non-syndromic Mendelian CVNbur large families with

multiple affected individuals (23 individuals wigecundum ASDs, 4 individuals with
secundum ASDs and other CVM and 4 individuals witier structural heart
malformations) (Schott et al. 1998). A multiplexidy with aortic valve anomalies and
severe valve calcification inherited in a Mendelfiashion was identified with
premature stop codons in tNOTCH1 gene (Garg et al. 2005). GATA4, a
p.Gly296Ser mutation was identified in a Mendeliamily with septal defects and a
frameshift mutation resulting in premature stopaoth a second family (Garg et al.
2003). These mutations segregated with the pheastgpd were not observed in
controls, indicating that they are responsibleféonilial CVM. However, the incidence
of large families with a Mendelian inheritance pattof non-syndromic CVMs is rare.
Most cases of CVM observed are sporadic cases gwtteimmediate family member is
diagnosed with CVM. A number of resequencing steithesuch non-syndromic cases
have been performed. In general they have focusadhnscription factors that are
important in cardiac development. An example isstiuglies on NKX2.5. Here,
mutations in the gene have been found, but theprasent in less than 5% of CVM
patients (Goldmuntz et al. 2001; McElhinney e8l03). Goldmuntz and colleagues
(Goldmuntz et al. 2001) sequendgidX2.5 in 114 non-syndromic sporadic TOF
patients and found 4 mutations that were not ifiedtin 100 normal chromosomes.
Mutations p.Glu21GlIn, p.Arg216Cys and p.Ala219\&dulted in substitution of
evolutionary highly conserved amino acids and tioeeewere considered to be
significant missense mutations. The p.Arg216Cys@mAth219Val mutations were
located in the functionally important NK2 domairan$e phenotypically normal family
members of p.Glu21GIn and p.Ala219Val mutationseNewever found to carry these
mutations. The fourth mutation, p.Arg25Cys, wasitdeed in 3 unrelated probands and
was inherited from affected or normal parents. Thigation is located in the coding
region outside of conserved domains. Functionalistuperformed by Kasahara and
colleagues (Kasahara et al. 2000)on this mutahowsd impaired DNA binding,
supporting a role in CVM. However, this mutationsadentified largely in African-
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American probands, and screening of this mutatiocontrols of the same ethnicity
showed that it existed in 4.7% of normal subjetiais, the notion that this variant
predisposes to CVM appears to be a false posifivis. finding demonstrated the
importance of ethnically matched cases and contirolesequencing studies. There are
other examples of false positive results due taietheterogeneity. For example, in a
mixed population of patients ti@BRILLIN-1 p.Pro1148Ala substitution was believed
to be a mutation causing Marfan syndrome as itveaseen in white or African-
American controls, but it was found to be a polypiasm in the Asian population
(Wang et al. 1997). My patients and controls ar€adicasian ancestry, therefore the
guestion of population stratification between casas$ controls should not arise.
Subsequently McElhinney et al. sequent#&X2.5 in a panel of 608 patients with a
broad range of CVM and showed tiNi{X2.5 mutations occur in a small percentage of
patients (3%) (McElhinney et al. 2003). 4% of thetations were identified in patients
with TOF (9 out of 201 TOF patients) and 4% (3 oluf1) in patients with a secundum
ASD. These proportions are similar to those ofSWE&AD6 mutations observed in this

study, which occur in 4% of patients with defectshe aorta.

Another study that investigated non-syndromic spiocr&VM population with a broad
range of defects for mutations in a single gemailar to my study, was performed by
Sperling and colleagues (Sperling et al. 2005)oAcct of 392 patients with various
sporadic non-syndromic CVM was sequencedfiarED2 mutations (Sperling et al.
2005). CITED?2 is a ubiquitously expressed transicmal cofactor that coactivates
TFAP2 and interacts with the histone acetylases BBHZEP300 through the C-
terminus (Bhattacharya et al. 1999). This comphax loe detected at tiRétx2c

promoter in embryonic mouse heart, suggestingGhBED?2 plays a role in left-right
patterning of the heart through Nodal-PITX2C pativBamforth et al. 2004). The
high affinity binding of CITED2 with CREBBP/EP308sulted in competitive
inhibition of the interaction of EP300 and the samption factor HIFLA. Seven novel
variants inCITED2 from 8 patients were identified; they were abserit92 control
individuals. Of these, three variants resultedetetion or insertion of amino acids,
namely p.Serl70_Gly178del, p.Gly178_Serl179ins9pa8dr198 Gly199del, each in a
patient with perimembranous ventricular septal ciefeecundum atrial septal defect and
sinus venosus atrial septal defect with abnormhlthpnary venous return to the right
atria. These mutations were located in the serip@sge rich junction but not in the
EP300 binding domain. Analysis of these mutatiosiagiluciferase assays showed a
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significant loss of ability to repress HIF1A trariptional activity, suggesting that the
variations in the serine-glycine rich junction migitter the activity of CITEDZ,
affecting the EP300 binding domain to interact vidREBBP and EP300 or other
cofactors. One shortcoming of this study is thatpghrents’ DNA were not available for
investigation. This study showed that 3 out of 832M patients carried functionally
significant variants (0.77%), which is similar teetfunctionally significant variants
identified in SMADG. This study also revealed tRATED2 is associated with CVM, in

particularly septal defects and malrotations ofgreat arteries.

No studies have been performed systematically trgagsig a particular signaling
pathway in a cohort of patients with a broad raoiggefects. In common with my work,
previous resequencing studies that have had pai2N# available have consistently
shown inheritance of potentially significant vatiefrom unaffected parents. This
observation highlights the difficulty of moving froMendelian inheritance of rare
variants with very strong variant-phenotype coneo#, to the study of variants
anticipated to have only intermediate penetransidlthe Sanger sequencing
methodology available to me for this study, it wbabt have been possible to sequence
sufficient cases and controls to arrive at a stedity significant result comparing
mutation frequency between case and control grdodsed, even with next-generation
sequencing technology, this is anticipated to presignificant challenges in data
interpretation. Assuming that these functionalyngicant mutations in genes
important for heart development are accepted aseptibility factors, these
observations show that gene-gene and gene-envirdgaheteraction are likely to be
important in determining whether individuals whargasuch mutations develop CVM.

This is in keeping with the ‘complex disease’ mooieCVM causation.
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5.9 Common polymorphism and CVM

My work has focused on the impact of rare variatironandidate genes on CVM.
However, during the work, several new common polgghsms with potential
relationships to CVM risk were discovered in bdth tases and the controls. It is
therefore appropriate to consider the potentiatrdaution of such variants to CVM risk

in greater detail.

5.9.1 Effect sizes of rare and common variants

Definition of linkage disequilibrium relationshipisroughout the human genome in the
HapMap project enabled the search for common viarttiat may cause susceptibility
to CVM to study haplotype tagging SNPs in candidggrees. With the advent of array
genotyping technology, the characterization of stminmon variants throughout the
human genome using SNP arrays in large numbersescand controls to foster our
understanding on the contribution of common vasdatdisease risk has been realized
for many conditions e.g. coronary heart diseasedsaobtes. However, the architecture
of the genetic component, i.e. the number of tfeced and their sizes, that define
disease susceptibility remains unclear in any dardiPopulation genetic theory
suggests that alleles that are common in the ptpalahould have small biological
effects, whereas large effects will be restrictedare alleles. Figure 5.3 (adapted from
Cunnington and Keavney, 2009) (Cunnington and Keg@®09) shows the concept.
The prediction has been demonstrated to be truleuiman and animal studies, apart

from a few exceptional cases.

In Mendelian families (such as those with mutationiKX2.5, GATA4 andNOTCH),
rare variants with substantially large effects loa function of a particular gene have
been shown to be sufficient alone to confer inadassk for CVM. This type of variant
is located in the upper left-hand portion of theveun Figure 5.3. However, this type of
variant is very hard to locate, as there are oigradful of families found with this type
of phenotype. Also the contribution of such varsatat the population attributing to risk
of disease is low. Gene identification in Mendeliamilies is, however, an important
avenue to pursue if suitable families are availalbl@ddition to the new

pathophysiological insight obtained, it is possithiat rare non-private variants with
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lesser effects on the gene in question may subadyule found to contribute to

disease risk in sporadic cases (as, for examptagicase oNKX2.5).

Common variants, on the contrary, would contritgigmificantly to the impact of CVM
in the population but will have small effects osahise risk (lower right-hand portion of
the curve). A study to characterize common varianisneed large number of cases
and controls in order to yield a better understagdif the contribution of these

common variants to CVM risk.

The model of low frequency intermediate-penetrgh&éP) variants (middle of the
curve) was utilized in my work. The genome wideoagation studies could not capture
these variants as they are not ‘tagged’ by comnidiAsSepresented in genotyping
chips, and the resequencing method is requiredtectthem. Common-SNP studies
have failed to find variants that explain more tiassmall fraction of the heritability in
many complex diseases. The search for the “missenigability” is now largely focused

as LFIP variants.
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Figure 5.3  The relationship between genetic effestze and allele frequency
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5.9.2 Previous studies of common genetic varianteaé CVM

The most well known study of a common genetic vdaraad CVM is the association of
the C677T SNP iMTHFR with CVM. The 5,10-methylenetetrahydrofolate retdise
(MTHFR) plays a pivotal role in folate metabolisithis enzyme is necessary for
metabolizing homocysteine into methionine by catialg the conversion of 5.10-
methylenetetrahydrofolate to 5-methyltetrahydra®igbMeTHF), which in turn
donates a methyl group to the intermediary metebblbmocysteine. The substitution
of a cysteine (C) to thymidine (T) at position @¥as been shown to result in a
reduction in the activity of the MTHFR enzyme, heghevels of homocysteine and
lower levels of folate. The heterozygotes have adog6% of the wildtype enzyme
activity but the homozygotes T allele have arou#h3Frosst et al. 1995). The effect
of the C677T SNP on plasma levels of folate anddeysteine appears to be non-
additive. Homozygous TT individuals have signifitgmigher homocysteine and
lower folate than those with CC genotype. Homozyglu individuals have levels that
are similar to the CC genotype. The relationshigvben genotype and the plasma
levels of folate and homocysteine is influenceddigte intake, such that the effect of
the polymorphism is much more marked in conditiohfolate deficiency. Folic acid
has been strongly suspected to reduce the risk/&f @ offspring, but the evidence
remains inconclusive. Multiple retrospective stgdmave suggested that folate
supplementation reduces the risk of CVM, but suadiss have substantial risk of
confounding and/or recall bias. A Hungarian randmditrial on birth defects suggested
a substantial effect of a multivitamin supplemeorttaining 0.8mg of folic acid on

CVM (OR 0.42, 95% CI 0.19-0.98) (Czeizel et al. 899t is not possible to
definitively infer a causal role for folate, as @gpd to other vitamins, from that study.
Morevover, further randomized trials of folic acaprevent CVM are not viable now
as it is ethically unacceptable given the establishssociation of neural tube defect and
folate. In this context, genetic studies examirtiigyassociation between the C677T
SNP and the risk of CVM might shed light on whetbenot plasma folate levels affect
CVM risk. Such a study would use the “Mendeliand@mization” approach which
examines the congruence between associations ofygenwith a hypothesized
intermediate risk factor and with disease riskdsess causality of the risk factor
(Keavney et al. 2006). Unfortunately, there areyaalatively few studies published to
date, and these are in quite small numbers of ithdials. Two previous meta-analysis of
this question have been negative, however, owiriggemall numbers studied so far,
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this remains an open question. Genotyping of the7C&NP in large numbers of cases
and controls, together with an updated meta-arsbfsall data in the literature thus far,

may yield a more conclusive result.

The work performed by Lambrechts and colleaguemfisxechts et al. 2005) on the
VEGF promoter haplotype using transmission disdgpiim testing in a cohort of
approximately 250 patients identified a 1.8 foldremsed risk for sporadic TOF. This
promoter haplotype decreased the expression of VEGWever, re-examination of
this association in a larger number of cases anttas by Griffin et al. (Griffin et al.
2009), suggested no significant effect of the higple. This far, investigation of
common genetic variation has been restricted t@tiadysis of one or a few candidate
polymorphisms. However, the majority of the sucessa other complex diseases that
have been investigated for association with comgearetic variants have come from

genome wide association study, discussed in thawiwlg section.

5.9.3 GWAS studies of complex diseases

Up till now, no genome-wide association studies @&y on CVM have been
performed. GWAS have been conducted in large nusnifeunrelated cases of a wide
variety of diseases and controls. The analysis emegthe frequency of each of the
genotypes at common SNPs throughout the genomesbetthie cases and the controls.
Among the best examples of GWAS of complex disessttst of coronary heart
disease (CHD). Four GWAS of CHD published in 20@¥ehshown association
between common SNPs in chromosome 9p21 region kb)@hd risk of CHD
(Consortium 2007; Helgadottir et al. 2007; McPharsbal. 2007; Samani et al. 2007).
These studies typed 100,000 or more SNPs in mare1800 cases and more than 1000
controls. The positive results were confirmed fargher large number of cases and
controls. Collectively, they found SNPs across X0id the 9p21 region associated
with CHD with p values approximately 1x2@nd odds ratio of 1.2-2.0. Therefore,
using the rationale of previous studies on othenglex diseases for investigation of
CVM, one might hope to discover association of samr@mon variants across the
genome with CVM. The few variants that have beemiiied in this work, in

particularlyBMP4 c.-171C>G, which was significantly different beemecases and
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controls with a p value of 0.00007, warrant furthesestigation by typing in replication

cohorts of cases and controls.

5.9.4 LFIP variants and complex diseases

The work of Cohen, Hobbs and colleagues, takemiext with the results of recent
GWAS studies of coronary heart disease, powerfliligtrates the fact that the genetic
architecture of complex diseases can include batineon and rare variants in the same
genes (Cohen et al. 2006). It has invariably bdxeived that the rare variants have
higher effects on diseases risk than do the comrmaants. Systematic sequencing of
candidate genes in approximately 1000 cases cdsksand an equal number of controls
would give adequate power to identify (gene wigd)jvidually rare variants which

when taken together conferred odds ratios of less 2. The recent developments in
sequencing technology render these experimentsfoate within reach, although they
remain very expensive to perform and there ardandeng complex issues regarding
analysis, particularly if whole-exome sequencingdgsd. Technical constraints did not
permit such large scale sequencing of this progecthe technology to conduct these
experiments has only recently become available.é¥vew the results of the present
study strongly suggest that the candidate genés#ve been examined in this study

would warrant further sequencing in larger numbgasticularlySVIADG.
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5.10 Copy Number Variants (CNVs) and CVM

Another potential genetic mechanism that might jsramke to CVM is copy number
variation (CNV). CNV is defined as a DNA segmerdttls 1kb or longer with variable
copy number in comparison with a reference genofigs submicroscopic copy
number variation of DNA could range from kilobasesnegabases involving tandem
duplication or complex gains or losses of chunksezfuences in the genome. CNVs
have been demonstrated to affect gene expressienpfypic variation and adaptation
(Feuk et al. 2006). CNVs contribute to human geretid phenotypic diversity. Two
models of CNV-phenotype associations have beenested; one model involves
common copy number polymorphisms (CNPs) whereasttier model involves rare
CNVs that delete or duplicate larger genomic sedgsnand appear in hemizygous or
trisomic state. For example higher copy numbeC@E3L1 has been associated with
lower HIV acquisition and progression (GonzalealeR005) (the first model), whereas
3 denovo CNV deletions were significantly associated withigophrenia when
checked in large numbers of cases and controlperdiently (Stefansson et al. 2008)
(the latter model).

Before the SNP array technology to interrogate GiAg¢ developed, comparative
genomic hybridization (CGH) technology was utilizeccharacterize chromosomal
abnormalities and subtle genomic aberrations (Bagtel. 2004; Drazinic et al. 2005).
De-Stefano and colleagues (De Stefano et al. 2008%tigated monozygotic twins
with pulmonary atresia with intact ventricular sgpt(PA-IVS). PA-IVS is a rare CVM
characterized by atretic pulmonary valve with tigltventricle varying in size and
morphology among the patients. Using CGH technglbgyerozygous 55-kb deletion
on chromosome 20g13.12, which involW&EDC8 andWFDC9 genes, was identified
in a pair of monozygotic twins. Further investigatin the family members revealed a
WFDCS8 deletion in the mother andVeFDC9 deletion in the father and an unaffected
sibling. Thus, the twins possessed the maternadbtyge with awFDCS8 deletion and
the paternal haplotype withvaFDC9 deletion. WFDC8 and WFDC9 genes encode a
member of the WAP-type four-disulfide core (WFD®@nakin family, which acts as
protease inhibitors closely related to inherent imity and inflammation (Clauss et al.
2005). De-Stefano et al. hypothesized that douaggddnsufficiency of both genes in
combination with environmental factors might bepassible for the CVM.
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In another study, 5218 individuals with mental région, autism, or congenital
anomalies were screened with CGH array and readtirmith custom oligonucleotide
arrays for changes in CNVs (Mefford et al. 2008gffdrd and colleagues identified 25
individuals with recurrent 1.35Mb deletion in 1gR1Six of these individuals were
diagnosed with CVMs. The microdeletion was de niov® patients, inherited from a
mildly affected parent in 3 patients, inheritednfranaffected parent in 6 patients and of
unknown inheritance in 9 patients. This deletiors@bsent in the controls, suggesting a
degree of causative effect in the patient. Howether phenotypes observed in the
patients showed considerable variability: mild todarate mental retardation,
microcephaly, cardiac abnormalities and catarddts.wide range of phenotypic
severity observed in these patients is similah&o22ql1 deletion, which is the most
common microdeletion syndrome in humans, with dimesged prevalence of one in
4000 (Goodship et al. 1998; Kobrynski and Sullizé@@7). One of the features
associated with the deletion is CVM. More than 7@Phe affected individuals (but not
all) diagnosed with the microdeletion had varioddM3 (McDonald-McGinn et al.

1999). Phenotypic variability might arise due toiagon in genetic background,
epigenetic phenomena and environmental factorusk,sno concrete evidence could

associate the 1g21.1 microdeletion to a specifenplypic defect, in this case, CVM.

Recently, genome-wide CNV-detection was enabledguSNP chips (e.g. the
Affymetrix Human Genome-Wide SNP Array 6.0) anddBeye algorithm (Korn et al.
2008). A recent survey of 114 trios, consisting@roband with non-syndromic
Tetralogy of Fallot (TOF) and unaffected parerdgniified 11de novo CNVs at 10
unique loci that were absent or very rare in 2,@6%rols (Greenway et al. 2009).
Multiplex ligation-dependent probe amplification (MA) was used to validate the
CNVs and to assess another second cohort of sporadhi-syndromic TOF cases, in
order to reaffirm the findings were replicable short, a total of 17 CNVs at 10 loci in
512 individuals with TOF that were absent or exegnmare in the controls were
identified. Some of the loci encoded genes thaetmeen previously implicated in
cardiogenesis, such aBX1, NOTCH1 andJAG1, suggesting the need to assess gene
dosage in mutation analyses of CVM associated gétmsever, my study was unable
to detect CNVs in my list of candidate genes agai designed to investigate the
sequence of the genes and not the dosage of tles.gemerefore, it would be

interesting to carry out studies on CNVs in gerfeb® BMP signaling pathway. This
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would provide fascinating insights into how CNVslns pathway might influence the

susceptibility to CVM.
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5.11 Strengths and limitations of this work

Due to the time constraint and also the availabdfttechnology at the start of my study,
only five genes involved in BMP signaling were istigated in this thesis. Despite this
limitation, the five genes were chosen with greakcligands at the extracellular level
(BMP2 andBMP4), receptors at the membrargMPR1A andBMPR2) and SMADs at
the intracellular level§MADG6), encompassing each level of the pathway. Thesesge
were also selected based on their functions iBME signaling pathway and defects
exhibited in animal models in previous literatUsereening for genetic variants in the
candidate genes was carried out on the exonicamttiatron boundary regions,
including the different isoforms of the genes. Tinsasure had enabled a thorough
interrogation of the coding regions for rare vatsai here is the possibility that
susceptibility factors for CVM might be within tipeomoter, intronic or downstream
3’regulatory regions of the candidate genes. Howexagiants in the coding region are
hypothesized to have the greatest functional effentphenotypes (Kryukov et al.
2007).

Animal models to illustrate how the SMAD6 mutatioesulted in CVMs were not
investigated. However, luciferase assay was peddrta show the functional
significance of the mutations vitro. The SMADG6 knockout mouse generated by
Galvin and colleagues (Galvin et al. 2000) demeanstt cardiac abnormalities as the
patients with the SMADG6 mutations. Integrating #hessults, we could conclude that

mutation in SMADSG is pathogenic.

The panel of 90 probands was re-sequenced forigesaetants in the exons of the five
candidate genes in the BMP signaling pathway. Btsvstudies on non-syndromic
CVM demonstrated that the detectable mutation®ireg that conferred risk factors for
CVM occurred in about 2-3% of the cases: for examjd% forCITED2 (Sperling et al.
2005) to 3% foNKX2.5 (McElhinney et al. 2003). Simple binomial probiil

suggests that if 2% of the cases with CVM wereatiseassociated mutations, re-
sequencing of 90 probands would yield approxima8éB86 power to detect at least one
such change. For this reason, sequencing morenfsvi@l have greater power to detect
small percentage of patients with mutation in teeeyof interest. However, initial
investigation of the 90 probands was both a feasinimber to start with and gave

adequate power to detect mutation in the candgienes.
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In order to reduce phenotypic heterogeneity, nordsymic CVM patients without
other malformations were selected. The reducedqilipit heterogeneity should have
increased the power to detect variants responfablegon-syndromic CVM. Available
parents of patients were collected to allow fotHar investigation of the rare variants
detected in the patients with the aim to establibther the variant might beda novo
mutation or the variant might possess reduced pamee. The collection of probands
was restricted to Caucasian individuals and thetging of the rare variants identified
were performed in Caucasian population to avoiskfglositives due to genetic

heterogeneity.

The broad phenotypic spectrum of the CVM of thegmdis collected is in tandem with
the animal models with a single-gene defect thatveld variable heart defects. Besides
that, recruitment of patients with a particularet#fwould be slow and ideal number of
patients would not be reached. The defects of #tiemts were documented in detail.
Investigation of candidate genes on diverse ph@notiefects was performed in the

hope that genotype-phenotype correlation of mutatisould be observed.

With the high recruitment rate of CVM patientsgalication cohort was available for
investigation for the rare variants that were idesd in the first panel of 90 patients.
This was especially important for the re-sequencifgMAD6 MH2 domain, as
replication of the study was able to minimize fgiesitive association and also to gain

more power for genotype-phenotype correlation.
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5.12 Future experiments

5.12.1 Characterization of SMAD6 mechanisms

The mutations identified in SMADG6 could be furthevestigated to illustrate the
mechanism of the mutations in BMP signaling. Treeeefour possibilities that might
result in inactivation of inhibition: type | receptbinding, competition with co-Smads,
cooperation inhibition with Smurfl, and nucleari@gs (as discussed in section 5.7).
This would, in general, be amenable to investigatnocellular systems using

transfection, immunoblotting, and luciferase assays

5.12.2 Sequencing SMADG in larger samples

It would be useful to recruit more patients andequenc&VIADG in these patients. A
larger cohort of patients might reveal more mutaiom the gene and so accurately
define the contribution dAVIADG in the pathogenesis of CVM. In addition, more
controls could be genotyped for the rare variasiified and the known common
variants. The increased number of patients andasnnight enable the case-control
comparisons to reach statistical significance, @gfig the common variants. It would
be particularly interesting to resequel@®&AD6 in a large cohort of patients with

malformation of the aortic valve.

5.12.3 Further candidate gene sequencing

This study did not interrogate all of the genethm BMP signaling pathway, but my
findings strongly suggest that comprehensive ingason of all genes involved in

BMP signaling be undertaken. It would be partidylarteresting to sequen&IAD?7,
another inhibitor in the signaling pathw&WAD?7 is not, however, specific to BMP
signaling as it also inhibits T@Fsignaling, and it is for that reason that it was n
included in this work. However, the demonstratiéfumctional mutation in SMADSG,
and the observation of Chen and colleagues in a BMMH2 domain knockout mouse,
that showed majority of the mutant mice dieditero due to multiple defects in heart,
exhibiting ventricular septal defect, non-compatimd outflow tract malformation,

whereas the surviving adult mice displayed impaga&dliac functions and severe
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arrhythmia (Chen et al. 2009a), published duriregériod of this work, strongly argue
in favour of SVIAD7 as a candidate gene for CVM.

As genome-wide association studies require largghkss and the common genetic
variants interrogated explained a small fractiodiséase susceptibility for any
condition studied thus far, it has been hypothekihat LFIP variants account for a
substantial proportion of the “missing heritabilityot explained by common GWAS
variants. Novel sequencing methods, collectivelgngz ‘next generation sequencing’
technology, which became available during the geoibmy study, will radically
change the conduct of genotype/ phenotype assatistiidies. Such technologies are
able to sequence a human genome now less thanklowame instrument at a fraction
of the cost of Sanger sequencing (Wheeler et &i8RMNg and colleagues developed a
method to sequence all the protein-coding regim®es’) of the genome (Ng et al.
2009). The proof-of-concept experiment showed tihiatmethod is feasible and cost
effective compared to whole-genome sequencing. @eeyonstrated that it was
possible to detect previously identified causalagernvariants in individuals with
Freeman-Sheldon syndrome (FSS), when comparedeigitih HapMap individuals
from three populations. They then applied this ept¢o search for the gene causing a
Mendelian disorder of unknown aetiology, Miller siyame, in four affected individuals
in three independent kindreds. Using a recessivdeinthey identified a single
candidate gen&HODH, that caused the syndrome (Ng et al. 2010). Atithe of
writing (Nov 2010) around 15 Mendelian conditiorassé been successfully solved
using whole-exome sequencing. However, as notedealtioe extension of this
technique to non-Mendelian conditions has yet ébdynovel definite genes, and the
challenges of interpreting whole-exome data incihretext of incomplete penetrance,

genetic heterogeneity, and phenocopy remain vdrstaatial.

5.12.4 Common variants

As noted above, genome-wide association studies besn successfully carried out to
identify genes involved in common human diseaske.Wellcome Trust Case-Control
Consortium (WTCCC) examined ~2,000 individuals7anajor diseases (bipolar
disorder, coronary artery disease, Crohn’s Disdageertension, rheumatoid arthritis,
type 1 diabetes and type 2 diabetes) and 3000atsri€onsortium 2007). They
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successfully identified many new genes associatédtie diseases. This study was
possible due to a few factors: the information fribva International HapMap resource
facilitated the design and analysis of associattodies, the availability of dense
genotyping chips to probe hundreds of thousan@N#ts and most importantly, the
assembly of large samples for each disease. I toderavel the common variants
predisposing to CVM using genome-wide associatiethiaod, more CVM samples
must be collected. The large sample size wouldiregollaborations with other groups
that were carrying out similar studies: well-chaeaized non-syndromic CVM patients
of homogeneous ancestry. After genotyping, the masaimber of statistical tests
performed on the SNP data that have undergonestregality control procedures
presents a high false positive rate if conventictatistical significance levels (p<0.05)
are used. As a result, the P value of the studgtistt approximately 1.0xT@r less.
Besides that, an independent replication cohath@Bame or larger size than the first
set of samples is required for the SNPs selectedritirm the association. This project
would enable us to identify the common variant®ssithe genome that might be
susceptible to CVM. The few variants that have hidentified thus far with a p<0.05
would be an interesting starting point. Probingnafre patients and controls for these

variants will disseminate whether these variaréshestatistical significance or not.

5.12.5 CNV studies

The study conducted by Greenway and colleagues(@y et al. 2009), identified de
novo CNVs in patients with isolated sporadic tetggl of Fallot. This study implies that
rare CNV might be another interesting factor toeistigate in CVM patients in the
future. The idea is further strengthened by themepublished findings that showed
common CNVs play very little role in contributing the genetic basis of common
human diseases (bipolar disorder, breast cancemary artery disease, Crohn’s
disease, hypertension, rheumatoid arthritis, tydealetes and type 2 diabetes), which
make a major impact on public health (CraddocK.€2@L0). Therefore, rare or de novo
CNV observed in CVM patients (if any) might be aigative factor, but common CNVs
are perhaps a less promising avenue for investiga@NVs could be investigated using
Affymetrix arrays and validated using multiplexdigon-dependent probe amplification
(MLPA) for the regions of interest. Here, the aahility of trio data in our collection
would be a significant strength.
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5.13 Conclusions

This study and a study &xiLK2 (ACVRL1) (Smith et al. 2009) showed that mutation in
the BMP signaling pathway plays an important paxtardiac malformation in man.
CVM patients with rare non-synonymous variants fedat important domains have
been shown to abrogate or elevate BMP signaling/stgpthat rare non-synonymous
variants in the genes of the signaling pathwayrdmute to the predisposition to CVM.
Further investigation of the genes involving in BEiBnaling using next-generation
sequencing technology is warranted.

Besides that, this study could have implicationscfmical practice. Two functionally
significant SMADG variants seen in two probandsihgyphenotypes involving the
aorta were identified out of 46 patients with ceéation or aortic stenosis defects.
Therefore, the prevalence of non-synonymous SMA&@mts in this category of

CVM was around 4%. However, the prevalence of thaseints was lower (~0.46%)
when all of the 438 CVM patients sequenced for Midthain of SMADG6 were
accounted. This percentage is quite similar tostbhdy that was carried out by Sperling
and colleagues (Sperling et al. 2005) where thuaetionally significant ins/del
mutations in serine-glycine rich junction of CITEP&tein were identified out of 392
CVM patients with a broad phenoytpe spectrum, apprately 0.77%. If this pattern of
predisposition of functionally significant variarits CVM was repeated throughout the
human genome, taking into account the incompletefpance of such variants, it
would be challenging to screen CVM patients angravide genetic counseling to them

regarding the recurrence risks to their offspring.

Cardiac development is a complex biological procegsiring intrinsic and correct
spatial temporal expression of many factors. Disompof a number of signaling
pathways, including BMP, transforming growth faefipMvnt, Notch signaling have
been implicated in cardiac developmantivo orin vitro. Studies that have
demonstrated the cross-talk between BMPs and sitpealing pathways, including
certain transcription factors further confirmed theltifunctional role of BMPs in
cardiac development (Chen et al. 2009b; Nakashtrah 2005; Schwappacher et al.
2009; Takizawa et al. 2003). Mutational investigatof candidate genes carried out by
various groups has shed some lights on cardiad@®went mechanism in man, paving

the ground for more accurate genetic counsellinreaw approaches for prevention of
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CVM in those who are susceptible. This is in kegpiith the advancement of
personalized genomic medicine, which aims to ptexhdndividual’s relative risk of
developing a disease or transmitting a diseadeetoffspring based on the person’s
genome and to offer specific treatment for eacs@edepending on how he or she
might respond to drugs. The best example is thatmouts inBRCA genes that are
associated with breast cancer risk, which havedaelp predict more accurately the risk
prediction in some patients (Robson and Offit 200he era of personalized genomics
is potentially within reach with the advent of ngeneration sequencing to sequence a
human genome in search for an individual’s risklisease susceptibility and to
personalize treatment; this project suggests @ ms and families with CVM could

be among those to benefit from this revolutiondrgrge in healthcare practice.
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