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Abstract

Bicuspid aortic valve (BAV) affects approximately 1% of the general population
and its etiology remains unknown. Based on literature reports, we hypothesized that
congenital BAV (cBAV) was a developmental defect inherited as an autosomal dominant
trait with variable penetrance. We evaluated the NOS3 candidate gene based on the
reported phenotype of a mouse mutant, and the FBLN2 and TIMP4 genes based on their
role in heart development. DNA sequencing of these genes in our BAV families did not
reveal the presence of any potential disease-causing mutations. We also examined the
3p25 region, which showed suggestive linkage at the D3S1259 marker locus in a
previous 20 cM genome-wide screen. Linkage analysis with additional markers in the
region suggested that the initial hit at D3S1259 had probably been obtained by chance in
most families. We are currently recruiting additional families and plan to undertake a 10
cM genome screen to uncover new loci. This work represents the first effort to

investigate the genetic nature of CBAV.
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Chapter 1. Background Information and Literature Review

1.1 The bicuspid aortic valve disorder — an overview

Bicuspid aortic valve (BAV) is the most common malformation of the heart
valves with an estimated incidence ranging from 0.4 to 2.0% in the general population [1-
4]. BAV is more prevalent in males than in females, and accounts for about one-third of
surgically excised aortic valves [5-7].

The normal tricuspid aortic heart valve has three, equal-sized, leaflets (or cusps)
and three aortic sinuses (Figure 1.1A). A bicuspid aortic valve has only two leaflets,
which can be equal or unequal in size, and two commissures (Figure 1.1B, C) [8]. A
raphe, which is a mound of fibrous tissue, can also be found at the fused commissure of
the conjoint cusp (Figure 1.1). When a raphe is absent, the two cusps are usually of
almost equal size [9].

The pathogenesis of BAV is unclear. Reports in the literature usually classify
bicuspid aortic valves into two categories, according to their presumed origin. Congenital
BAV (cBAV) probably results from early fusion of a tricuspid structure during
development in the embryo [10]. Acquired or postinflammatory BAV develops throughout
life and results from the fusion of two, adult cusps [11,12] (Figure 1.1D). It is estimated
that approximately one third of all cases of BAV are congenital [13].

To date, the cause of cBAV remains unknown and genetic linkage has not been
reported for this disorder. However, a genetic abnormality is implicated, as familial

clustering has been reported, and BAV is frequently associated with other aortic defects.



Figure 1.1. Morphology of the bicuspid aortic valve compared with the normal aortic
valve. A. Anatomy of the aortic valve and related structures. A normal aortic valve has
three of each of these components: leaflets, aortic sinuses (the expanded region of the
aortic root), interleaflet triangles and commissures (the junction between two leaflets).
The brief contact between edges of cusps during diastole is called “coaptation”. The
dotted lines indicate the level of attachment of each leaflet inside the aortic sinuses. The
two coronary arteries are not depicted. B. Bicuspid valves without a raphe have only two,
often nearly equal-sized cusps, but the number of sinuses and interleaflet triangles can
vary from two to three. C. Bicuspid valves with a raphe usually have three sinuses, and
the circumference of the conjoint cusp around the aorta is usually smaller than 240°
between the two commissures. The raphe is usually shallower and shorter compared with
the ridge of the fused commissure from an acquired bicuspid aortic valve. D. In the latter,
three sinuses and interleaflet triangles are still identifiable and the circumference around
each cusp is nearly equal, as seen in a normal valve.
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This association suggests that BAV is part of a more generalized disease of the aortic
media [14,15]. Some pedigrees are consistent with a pattern of autosomal dominant

inheritance with variable penetrance [13].

1.2 Morphological variants of the congenitally bicuspid aortic valve
Congenitally bicuspid aortic valves present morphologic variants, and several
authors have classified them into different categories according to the size and orientation
of the leaflets and the number of aortic sinuses (Figure 1.2) [2,6,10,16,17]. In BAVs
without a raphe, the two cusps can be oriented in various ways (Figure 1.2B). Similarly,
the larger cusp (conjoint cusp) in a BAV with a raphe can involve any cusp (Figure
1.2C). However, certain variants are found more frequently than others (see section
1.9.1). Bicuspid valves can also be classified according to the aspect of the raphe. This
fibrous ridge can be tall or shallow, or fenestrated, and vary in length and thickness
[5,6,8,10,11,18-20]. In reality, bicuspid valves are not always as “perfect” as depicted in
Figure 1.2. A number of intermediate phenotypes are often seen. Some anatomic variants

of the coronary arteries have also been reported [17,21].

1.3 Diagnosis

Fifteen years ago, BAV was diagnosed at autopsy or during surgery. Currently,
BAV is diagnosed by two-dimensional (2-D) transthoracic echocardiography. This non-
invasive imaging modality allows observation of the valve in motion, and has high
specificity and sensitivity in detecting bicuspid aortic valves [18,22]. The diagnosis can

remain indeterminate in a small percentage of patients because of extensive calcification



Figure 1.2. Morphological variants of the bicuspid aortic valve. A. A normal tricuspid
aortic valve is depicted. The two coronary arteries each arise from a different aortic sinus.
The cusps of the aortic valves are named after the origin of the coronary arteries, i.e. the
left, right, and posterior (or non-coronary) cusp. The dotted lines indicate the level of
attachment of each leaflet inside the aortic sinuses. CA: coronary artery. B. Bicuspid
valves without a raphe can have one coronary artery arising from each cusp, or both CAs
arising from the same cusp. L: left. R: right. A: anterior. P: posterior. C. The conjoint
cusp in bicuspid valves with a raphe can involve any two cusps.
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of the valves [8]. The clinical manifestations of cBAV are varied and cannot be used to
establish a diagnosis with precision [8,22]. Age at diagnosis varies widely since the
bicuspid valve can remain functional for a number of years before the symptoms appear
[2,23-25]. Diagnosis can be made in infancy or childhood when severe valve dysfunction
exists, but most patients only start presenting symptoms after 40 years of age [6,26].
BAYV can also be an incidental finding at autopsy in an asymptomatic patient [2,24].
During echocardiography, the major elements that help establish a diagnosis are
the position of the commissures and shape of the orifice, which has an inverted triangle
appearance in a normal valve and assumes a “fish-mouth” appearance in a bicuspid valve
during systole [18]. General asymmetry of the valve is usually an indication of BAV [27].
The difference between congenital and acquired bicuspid valves can be made by
following certain morphologic criteria that have been described. Briefly, the raphe in a
congenital bicuspid valve is usually more vestigial, and the true and fused commissures
are not spaced equally at 120° from each other, as seen in acquired BAV (see Figure 1.1)

[2,6,8,10].

1.4 Clinical significance

Bicuspid aortic valves have a higher propensity towards complications than
normal tricuspid valves. The most common complications include aortic root dilatation,
aortic stenosis due to calcification of the cusps, regurgitation (insufficiency) and infection
[2,16,24,28-30]. Over time, these changes can open the door to additional complications,
which in turn can aggravate the pre-existing condition. Indeed, dilated aortae are subject

to dissection and rupture and can lead to insufficiency, while cusp prolapse and especially



infection (infective endocarditis) are major causes of aortic regurgitation in BAV patients
[2,3,6,12,24,31]. BAV npatients tend to be affected with these cardiac problems at a
greater incidence and at a significantly younger age compared with individuals having a
tricuspid aortic valve [3,12,24]. Only about 1-30% of patients maintain normal valve
function over their lifetime [6,31]. The long-term prognosis is variable in each patient,
with consequences ranging from little effect on valve function, to severe symptoms
requiring valve replacement or causing death [24].

The nature, severity and progression of the complications are influenced by age,
sex, shape and orientation of the cusps and raphe, and the presence of an underlying
aortic medial fragility [3,6,9,16,23,24,32,33]. Other unknown genetic and environmental

factors are also likely to play a role in the nature of the degenerative changes [2].

1.5 Incidence

Congenital heart disease is found in about 6/1000 live births when moderate and
severe forms are considered. This number inflates to 19/1000 live births when bicuspid
aortic valve is included [4]. Necropsy studies disclosed an incidence of 0.40% to 2.25%
for BAV in the general population in USA and Europe, with an average of 1% [2-4]. A
lower incidence is reported in Japan and Brazil (0.023 to 0.350% and 0.650%
respectively) [9,34,35], although these figures might not be significant due to the

relatively small number of valves studied.



1.6 Congenital BAV: an inherited disorder?

The mode of inheritance of familial congenital BAV is not defined. Over 25 years
ago, poor diagnosis methods and thus lack of a confident “affected” status for each
family member made pedigree analysis difficult [23]. Moreover, the distinction between
congenital and acquired BAV was not always possible. Today, this problem has been
overcome, but the mode of inheritance is still unclear in many families [15,36,37], except
for a pattern of autosomal dominance with variable penetrance that was observed in some
families [1,13,37]. A recent study in Lebanon revealed that several congenital heart
defects, namely atrial and ventricular septal defects, aortic stenosis, insufficiency, and
bicuspid aortic valve were associated with increased consanguinity [38]. Intriguingly,
endogamy is usually associated with recessive traits. The possibility of multiple
inheritance patterns for BAV should not be excluded.

Additional support in favour of a genetic involvement in BAV also comes from
the unusually high incidence of familial clustering for this disorder. Emanuel et al [37]
and Huntington et al [13] reported that BAV occurs in more than one family member in a
minimum of 14.6% and 36.7% of the cases, respectively. They correspondingly found an
incidence of 3.7% and 9.1% for BAV in first-degree relatives of the proband, which is
well above the 1-2% figures found in the general population. “BAYV is clearly more
common in first-degree relatives of subjects with a bicuspid aortic valve than in those of
subjects with a tricuspid aortic valve” [39]. In addition, a recent study of 74 BAV patients
and relatives (total = 309 participants) revealed a heritability of 89% for BAV, supporting

a strong genetic effect for this condition [40].



BAYV appears to have reduced penetrance especially in females [36]. The affected
male:female ratio is 2:1 on average [13,37,39], yet no sex-linked inheritance has been
reported. It has been suggested that more women are asymptomatic and remain
undetected [29]. However, in several familial cases of BAV, the prevalence in males and
females was equal [13,36,37].

The small number of families available for studying congenital BAV certainly
impedes genetic analyses. In the past decade, the presence of BAV in more than one
family member was still reported to be extremely uncommon [36,39]. Nevertheless, 46
families with cBAV have been published up to this date (reviewed in [36]; see also
[13,40,41]), plus 6 additional families from the current project (see Figure 3.1, Chapter 3;
ten of our 16 families have been previously published in [13]). The increasing awareness
of clinicians about BAV and the recommendation to screen all first degree relatives of
affected individuals by echocardiography will contribute to facilitating the detection of

additional families in the future [36,42].

1.7 Other associated conditions and disorders
BAV is occasionally associated with aortic and cardiac abnormalities as well as
with known genetic disorders and syndromes, which further supports the idea that cBAV

is an inherited disorder. The most frequent associations are discussed below.

1.7.1 Aortic abnormalities

Coarctation of the aorta. Coarctation is a congenital narrowing of the aorta,

generally localized in the descending aortic arch, with consequent restricted blood flow to



organs. A bicuspid aortic valve is present in 35-85% of patients with coarctation;
therefore their association is not coincidental [11,15,28,43-46]. Coarctation affects
approximately 0.04% of the general population compared to 1-2% for BAV [4], hence
BAYV is found in patients with coarctation at least 25 times more often than what would
be expected by chance.

Aortic wall fragility and aortic aneurysm, dissection and rupture. Dissections
are tears in the inner aortic wall that can cause blood to infiltrate between the layers
composing the vessel wall. The weakened aortic wall can rupture, causing sudden death
[47]. The association of BAV with aortic dilatation (aneurysm) and aortic dissection is
well recognized [3,14,21,48-52]. BAV patients are found to have a dilated ascending
aorta 6 to 10 times more frequently than individuals with a normal tricuspid valve
[45,53,54]. Viewed from another perspective, a high prevalence of BAV (20%) was also
observed in patients with dilated aortic root [30], or dissection (up to 28%) [47]. Aortic
dissection occurs nine times more frequently in BAV patients than in normal subjects,
therefore BAV is considered to be a risk factor predisposing to intimal tears [3].

In addition, BAV is associated with degenerative changes of the aorta such as
abnormal elastic properties and cystic medial necrosis (also called cystic medial
degeneration, CMD), even in patients with a non-dilated ascending aorta [53-60]. CMD
is seen at the microscopic level by non-inflammatory smooth muscle cell and elastic fibre
loss, and an accumulation of basophilic and mucoid material. The aorta from BAV
patients shows a greater extent of smooth muscle cell apoptosis than that from individuals

with a tricuspid aortic valve, both in the presence and absence of aortic dilatation [61-63].



Whether medial weakness is inherent to the pathology of BAV or a result of
turbulent blood flow caused by the diseased valve is strongly debated [49,55,64]. In
favour of the altered hemodynamics (blood flow parameters) hypothesis, it is known that
turbulent blood flow can dilate vessels [64,65]. Also, a correlation was found between the
extent of aortic root dilatation and the grade of aortic wall CMD in patients with acquired
tricuspid aortic valve disease [66], which suggests that aortic wall abnormalities are
secondary to altered valve function. However, some have argued that the clinical
manifestations of medial weakness (i.e. aortic aneurysm and dissection) should be studied
instead of CMD, which might not be a specific medial weakness marker [34,50]. In this
regard, several investigators found a greater extent of aortic root dilatation in BAV
patients with normal valve function and hemodynamics than in controls, in clinical as
well as in community-based studies [48,50-52,67,68]. Similarly, aortic dissections are
found to occur in BAV patients with normally functioning valves [3,54]. Furthermore,
many have suggested that a neural crest-derived pathology could explain the frequent
association of aortic coarctation and aortic abnormalities with BAV [14,15,21,58,69].
The aortic arch and valve are populated in part by neural crest-derived cells, which
participate in the development of many tissues including facial structures and the aorta
[70,71]. Among coarctation patients, BAV is also a lot more prevalent in patients with
head/neck anomalies than in patients without a non-cardiac anomaly [15]. Collectively,
these results favour the increasingly accepted idea that aortic abnormalities are intrinsic
to the BAV pathology and not merely a consequence of it [21,23,42,50,52,54,60,62,63,

68,69,72].
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Aortic medial fragility is also found in patients affected with Ehlers-Danlos
syndrome (EDS) type IV [73] and Marfan syndrome (MFN) [74]. EDS and MFN are
connective tissue disorders caused by mutations in the genes encoding type III
procollagen (chr.2) and fibrillin-1 (chr.15), respectively. Recently, linkage has been
reported for familial aortic aneurysm and dissections in different families on
chromosomes 11q, 5q and 3p24-25 [75-77]. Collectively, these reports show that genetic
causes can be attributed to aortic dilatation in the presence or absence of an associated
syndrome.

In summary, the aorta of BAV patients has an increased propensity towards
medial degeneration, aneurysm and dissection than individuals with a normal aortic
valve. A growing body of evidence supports the idea that these findings are
manifestations of a common abnormality involving the aortic valve and aortic arch,

although the effects of turbulent blood flow are not negligible in a subset of patients.

1.7.2 Other cardiac abnormalities

Mitral valve prolapse (MVP). MVP affects ~2.4% of the general population, and
is inherited as an autosomal dominant trait with variable penetrance. Loci for this
condition have been identified on chromosomes 16p and 11p [78,79]. This condition can
coexist with BAV and aortic medial fragility [6,13].

Other heart anomalies. In one study of 1,022 hearts, BAV was found to occur in
6.7% of hearts with other congenital heart disease. In 51% of these cases, BAV was

associated with ventricular septal defect (VSD) and aortic arch obstruction [21,46].
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1.7.3 Chromosomal syndromes

Turner’s syndrome. In patients with Turner’s syndrome (45 XO), a bicuspid
aortic valve represents the most common cardiac abnormality seen and is present in 14-
19% of the cases [80]. Aortic coarctation is also very prevalent. Despite this association,
X-linked inheritance of bicuspid aortic valve has not been reported.

Trisomy 18. Trisomy 18 patients rarely survive beyond one year of age. Several
systems are affected, including the cardiovascular one. Ventricular septal defects and
heart valve malformations are the cardiovascular hallmarks of this syndrome, with BAV
being the most common malformation of the aortic valve [21,81].

3p- syndrome. The 3p- syndrome is a deletion of the 3p25-pter region, and is
characterized by growth and mental retardation and craniofacial anomalies. Molecular
analysis revealed that the exact location of the deletion breakpoint varies among affected
individuals and correlates with the severity of the disease [82]. Cardiovascular defects are
present in a subset of patients, usually the ones with the most extensive deletions [83,84].
Genetic mapping disclosed the presence of a gene involved in normal septation of the
heart on chromosome 3p25 between D3S1263 and D3S3594 [85]. No report of BAV was
made, but the occasional association of BAV with septation defects makes chromosome
3p25 aregion of interest.

In summary, BAV can be found as an isolated defect or in association with other

cardiac or non-cardiac anomalies. The prevalence of isolated BAV is unclear.
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1.8 Normal aortic valve development

Heart formation in the embryo requires complex morphogenesis of a tubular
structure into a functional four-chambered pump. The primitive heart tube is composed of
four layers; they are (from inside to outside) the endocardium, the cardiac jelly, the
myocardium and the epicardium (Figure 1.3A) [86,87]. The cardiac jelly is a thick layer
of extracellular matrix. The tube undergoes looping, remodelling and septation to give
rise to a mature, functioning heart. Septation (partitioning) of the heart and outflow tract
(OFT, the tube that will develop into the pulmonary artery and aorta) is closely associated

with the formation of heart valves.

1.8.1 The cardiac cushions

After looping, the extracellular matrix in the atrioventricular (AV) canal and
outflow tract regions of the heart begins to swell. Meanwhile, localized signals from the
myocardium induce a subpopulation of cells from the endocardium to undergo
transformation into mesenchymal cells, which migrate and invade the cardiac jelly
swellings [86-88]. These mesenchymal outgrowths are called the endocardial cushions,
the structures that will give rise to the valves and septa. The cushions expand and grow
towards each other, thus separating the heart tube into chambers with valves. AV and
OFT (or truncal) cushions give rise respectively to the atrioventricular valves (mitral and
tricuspid) and to the semilunar valves (aortic and pulmonary) (Figure 1.3B) [70,89]. The
aorticopulmonary septum divides the outflow tract into two arteries and also extends
downward to fuse with the inferior endocardial cushion, thus completely closing the

space between ventricles [90]. Since the formation of both the valves and septa is
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Figure 1.3. Formation of the human semilunar valves. A. Schematic representation of the
four layers composing the heart wall. The heart tube is composed of an inner layer of
endothelial cells (endocardium) and a layer of cardiac muscle cells (myocardium). In
between those two layers resides a thick layer of extracellular matrix called the cardiac
jelly. The outer envelope is the epicardium. Drawing not to scale. B. Location of the
endocardial cushions in the developing heart. Shown in blue are the endocardial cushions
that protrude in the outflow tract (left diagram) to form the aorticopulmonary septum and
the semilunar valves, and in the atrioventricular canals (right diagram) to give rise to the
ventricular septum and atrioventricular valves. RA: right atrium. LA: left atrium. RV:
right ventricle. LV: left ventricle. C. Septation of the outflow tract and semilunar valve
formation. Left: human heart at 30 days of gestation. The “boxed” region indicates the
area of the outflow tract (common trunk) where the semilunar valves will form. Middle:
Around the 5™ week of human gestation, mesenchymal swellings begin to protrude in the
lumen of the outflow tract. Right: By the 9" week, septation of the outflow tract is
complete, resulting in two distinct arteries (the aorta and pulmonary artery), each with its
own tricuspid semilunar valve. D. Longitudinal cut of the aorta at the level of the aortic
valve. The arterial and ventricular faces of the cusps are subject to very different blood
flow patterns; hemodynamics are a major factor involved in the development of the
semilunar valves. C and D: adapted from reference [70].
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dependent on the integrity of the endocardial cushions, it is easy to understand why heart
valve anomalies are often accompanied by ventricular septal defects. Septation of the
outflow tract involves remodelling and fusion of the two largest truncal cushions (the left
and right truncal swellings), resulting in three equal-sized mounds protruding in the
lumen of each of the two arteries (Figure 1.3C) [70,90,91]. The bulges consist of a core
of mesenchymal cells covered by endocardium. Studies of chick and mouse embryos
revealed that the excavation of these structures into cusps and sinuses involves growth of
the endocardial layer as well as mesenchymal condensation and cell death at precise
locations [92,93]. At least part of this remodelling is contributed to by blood flow
changes, which influence cell death and proliferation in the leaflets (Figure 1.3D) [94,95].
The developing cusps finally become thin and fibrous with the differentiation of
mesenchymal cells into fibroblasts.

On a molecular level, numerous genes are known to contribute to the formation of
the AV and OFT endocardial cushions in mice and avians. Several signalling pathways
act in concert to ensure that the correct number of cells invade the cardiac jelly (reviewed
in [87,88,96]). Among the molecules known to stimulate the formation of cushions are
members of the transforming growth factor B family (TGFf1, -B2, -f3) and receptors
(TBRI, -II, -IIT), as well as the bone morphogenic proteins (BMP) 2, 4, 5, 6, 7 and
receptor (Bmpr2) [97-99]. Several ALKs (activin receptor-like kinases) interact with the
TBRs and Bmpr2, and the downstream response of epithelial-to-mesenchymal
transformation is mediated by the Smadl, -2, -3, -4, -5 and -8 transcription factors [88].
On the other hand, Smad6 and -7 and vascular endothelial growth factor (VEGF) have an

inhibitory effect on cushion transformation in mice [88,100,101]. Matrix
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metalloproteinases (MMPs) and tissue inhibitors of MMPs (TIMPs) also participate in
cushion remodelling. MMPs are ECM-degrading enzymes which activity is regulated by
endogenous inhibitor proteins, the TIMPs [88,102,103].

The cardiac jelly is a functional matrix essential to the propagation of signals
between the endocardium and the myocardium. The ECM in the cardiac cushions is an
assembled mesh of proteoglycans, glycosaminoglycans and structural proteins, namely
hyaluronic acid, versican, perlecan, fibulin-1 and -2, collagens, fibronectin, and fibrillin-2
(reviewed in [86,89]). This matrix undergoes reorganization during the remodelling of
cushions into valve leaflets [89]. Hyaluronic acid (HA) is a major scaffold component of
the cardiac jelly, and also stimulates the activation or release of soluble factors [88,89].
Targeted inactivation of HA, perlecan or versican alters valvulogenesis in mice
[88,89,104]. Acting downstream of HA is the erbB signalling family of receptors (erbB1,
-2, -3) and related ligands that activate the ras/MAPK/ERK growth cascade [88,89].

Although several of the genes involved in valve development are expressed in
both the AV and the OFT cushions, distinct molecular events take place in the OFT

namely because of the presence of neural crest-derived cells.

1.8.2 The neural crest

The neural crest is the name given to a population of cells that originate in the
embryonic neural tube. The cells are responsible for the development of an array of
structures, namely the nervous system, pigment and skin cells, endocrine tissues and most
tissues from the head and face [70]. A subpopulation of neural crest cells migrate to the

cardiac outflow tract and contribute to the formation of the aorticopulmonary septum
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[71,105]. Notably, neural crest-derived cells are found in the semilunar valve cusps
[106,107]. Ablation of the cardiac neural crest in avian models is associated namely with
outflow tract and aortic arch anomalies [108]. In addition, elastogenesis (the formation of
elastic fibres) originates from cardiac neural crest cells and propagates downstream along
the great arteries [108].

A certain proportion of neural crest- and endocardially-derived cells are removed
by apoptosis during the normal course of development [88,91,109-111]. It is now known
that neural crest-derived and endocardially-derived cushion cells respond to mutual
molecular signals that influence their proliferation and fate. Although still largely
unexplored, this interaction is essential for proper formation of the aorticopulmonary
septum, and probably less important for semilunar valves [91,112].

In summary, the cardiac jelly contributes directly to the cross talk between
endocardial, mesenchymal and myocardial cells. A very large number of molecules are
implicated in valve development, and their function is tightly regulated in order to obtain
a structurally and functionally normal heart. The summary presented here is not
exhaustive; numerous other genes are known to be involved in valve formation and are

discussed in excellent reviews [86-89,96].

1.9 How do ¢cBAVs arise?

Exactly how congenital bicuspid aortic valves arise remains unknown, but the
study of human valves and rodent models has allowed us to gain a better understanding

of this malformation.
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1.9.1 Insights gained from studying human valves

Knowing that each leaflet originates from a mesenchymal bulge and is supported
by its own aortic sinus, two mechanisms have been proposed to explain the occurrence of
congenital bicuspid aortic valves in humans. According to the first idea, maldevelopment
of the cushion swellings (that is, either failure to develop or abnormal distribution of
cushion tissue) would result in BAV [33,113]. In fact, only a minority of the valves are
found to have two aortic sinuses and two interleaflet triangles (Figure 1.1A, B), which
indicates that they developed from only two cushion swellings [10]. Three sinuses and
three interleaflet triangles are found in most bicuspid aortic valves [10]. These
observations led to a second hypothesis stating that bicuspid aortic valves would result
from the early fusion of an initially tricuspid structure, as indicated by the number of
sinuses and the presence of a raphe [6,10,33,46].

The next question that arises then is: what caused this fusion of adjacent
cushions? Part of the answer may come from the observation that certain morphologic
variants of BAV are found more commonly than others. In congenital BAVs without a
raphe, the left-right variant was seen more often than the anterior-posterior type (Figure
1.2B) [2,10,21]. A genetic defect occurring in specific parts of the truncal cushions could
explain these findings since cushion regions are molecularly heterogeneous [91]. In
congenital BAVs with a raphe, the conjoint cusp involved the right and left cusps most of
the time (Figure 1.2C) [6,10,17,21,46] but this was also seen in an acquired BAV group.
This suggests that non-genetic factors may influence the fusion of cusps [17]. One such

factor could be an increased hemodynamic stress on one side of the heart [17,46].
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1.9.1.1 BAV and hemodynamics. Hemodynamics consist of studying the forces
and factors that influence blood flow. Altered fetal blood flow is directly implicated in
the pathogenesis of Fallot’s tetralogy, coarctation of the aorta, and other aortic arch and
truncus malformations ([46,114] and references therein). Chick embryos with
experimentally altered cardiac blood flow were found to develop several heart
malformations, including BAV [115-117].

The contribution of blood flow in normal and abnormal cardiac development is
twofold. First, the flowing blood itself acts as a mechanical force that is able to induce the
remodelling of structures. Endothelial cells lining blood vessels are known to orient in the
direction of blood flow and also detach towards the blood stream during valve formation
[65,94,95,117-119]. Second, blood flow has indirect effects by inducing the release of
shear stress-activated factors, which in turn affect the growth of cardiac structures [120].
Namely, TGFB1 and the eNOS enzyme are known to be expressed differently under
changing shear stress conditions [121,122]. TGFP1 is involved in cardiac cushion
formation and eNOS in endothelial cell proliferation (see sections 1.8.1 and 3.1.1
respectively). Blood flow alterations can also alter cell death patterns in the OFT
cushions [91].

In summary, congenital BAVs could form because of alterations in fetal blood
flow, which are usually the consequence of another cardiac defect. In absence of any
other cardiovascular malformation, a deficiency in the genetic program involved in

normal valvulogenesis may cause congenital BAV.
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1.9.2 Insights gained from rodent models

1.9.2.1 Syrian hamster. Sans-Coma and his team have studied the occurrence of
bicuspid aortic valves in Syrian hamsters for several years [123-125], and have found this
condition to be similar to that of humans in many ways. In a highly inbred family of
Syrian hamsters, they found a high incidence of bicuspid aortic valve (30.5%), and the
percentage of BAV was positively correlated with the inbreeding coefficient of the
specimens [124]. The male:female ratio of affected hamsters was 1.1:1.0, which is lower
than the average 2:1 ratio found in humans. The same study also disclosed a continuous
spectrum of morphological variants of the aortic valve, ranging from a tricuspid valve to
a bicuspid valve with various intermediate phenotypes of commissural fusion and aortic
sinus size and number [124]. Interestingly, a similar range of phenotypic variants is also
observed in humans (sections 1.2 and 1.9.1). In fact, rare cases of unicuspid and
quadricuspid aortic valve are also seen in humans, which suggests that the number of
cusps reflects a phenotypic continuum [42,126,127]. In Syrian hamsters, the results of
various crossing experiments led the investigators to conclude that BAV was probably
the result of a genetic predisposition influenced by unknown intrauterine environmental
factors [124]. In a subsequent study, examination of hearts from hamster embryos by
microscopy revealed that all variants of bicuspid aortic valves formed as a result of the
fusion of two valve cushions at the beginning of valvulogenesis, from a structure having
initially three cushions [125]. This also appears to be the case in humans (section 1.9.1).

1.9.2.2 Mouse. Bicuspid aortic valves had never been observed in mice until Lee
and collaborators reported this condition in mice for the first time four years ago [128].

They had obtained twelve Nos3-null mice, and found a BAV in five of them. Nos3
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encodes the endothelial nitric oxide synthase (eNOS) enzyme. Exactly how the
deficiency of eNOS in Nos3” mice affects valve development remains elusive, but the
orthologous gene (NOS3) obviously becomes an excellent candidate for the human
condition. We have studied this gene in our BAV families as part of this project,
therefore further information and discussion about eNOS is deferred to Chapter 3.

A bicuspid aortic valve was only reported in two other mice: the Nkx2-5 and the
Fgf8 mutants (Table 1.1). A BAV was found in 11% of Nkx2-5 (a homeobox domain
transcription factor) heterozygote mice on a C57Bl/6]J background only. However, BAV
was not reported in rare human familial cases of NKX2-5 mutation [129]. Another report
described the conditional inactivation of Fgf8 (fibroblast growth factor 8) in specific
domains of mouse embryos, which caused bicuspid aortic valve in 23% of these mice in
addition to arterial and glandular defects [130].

Other mouse mutants caused semilunar valve anomalies, but not BAV specifically
(Table 1.1). Moreover, the phenotypes were not always penetrant and other concomitant
cardiac or non-cardiac defects were frequently seen. Mice with null or hypomorphic
mutations of the Hspg2 (perlecan), Sox4, Egfr and Gata4 genes all display hyperplasia
and sometimes malposition of the truncal cushions, causing semilunar valve defects
[104,112,131-133]. Notably, in Sox4™ mice, it appears that the remodelling, rather than
the formation of the cushions, is affected [112], which also appears to be the case in
humans (section 1.9.1). On the other hand, the semilunar valves are absent in NF-Atc and
Bmpr2 mutant mice, and underdeveloped in the Bmp6/Bmp7 double mutant mice
[99,134-136]. Several other mouse mutants also resulted in hypo- or hyperplastic

semilunar valves, but the atrioventricular valves were also affected [97,137,138].
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Chapter 2: Scope of thesis

2.1 Statement of purpose
We are studying the genetics of congenital bicuspid aortic valve because it
presents the features of an inherited disorder. The ultimate goal of our laboratory is to
find the defective gene(s) responsible for congenital BAV. There is a need to define the
molecular pathology of this disorder, as very little is known about its development and
inheritance. Moreover, the identification of a causative gene(s) could help clarify the
origin of BAV (congenital vs. acquired) in a subset of patients through genetic testing in
the future.
2.2 Hypothesis and experimental approach
Based on pedigree analysis and on current literature reports, we hypothesize that
congenital BAV is a developmental defect most likely inherited as an autosomal
dominant trait with variable penetrance. Based on the high incidence of cBAV, we also
hypothesize that the disorder is genetically heterogeneous. Consequently, we used a
positional cloning approach followed by DNA sequencing of candidate genes in samples
from affected families in an effort to uncover a genetic defect.
2.3 Objectives for the current Master’s project
For the current Master’s project, two objectives were put forth:
1. To examine the NOS3 candidate gene on chromosome 7 (Chapter 3);
2. a. To screen a region on chromosome 3 around marker D3S1259, which might
be linked to BAV in certain families (Chapter 4);
b.To find and examine candidate genes in this region, or to exclude this

region in our families (Chapter 5).
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Chapter 3: Evaluation of the NOS3 Candidate Gene on Chromosome 7

by Linkage and Sequence Analysis

3.1 Introduction

The first objective for this project was to evaluate the NOS3 gene on chromosome
7 as a candidate for cBAV in our families. This gene became of interest to us following a
report by Lee et al [128], who observed bicuspid aortic valves in mice for the first time.
They found 5 of their 12 Nos3 (eNOS)-null mice to have a bicuspid aortic valve, and no
other apparent heart malformation. The authors did not speculate why the trait was not
fully penetrant. Notably, eNOS™ mice of the same strain used by Lee’s group (C57B1/6])
were described in other studies before that one, but BAV was not reported [139-142]; the
investigators probably did not look at the aortic valve at that time. The phenotypes of
these eNOS” mice included deficient angiogenesis and vascular remodelling
[139,141,143], limb abnormalities [140] and hypertension [144]. The results reported by
Lee et al are very important for defining the genetic determinants behind heart and valve
development in mice and humans: first, it constituted the first report to describe BAV in
mice; second, there was an absence of another heart anomaly; and third, BAV appeared

to be caused by a single defective gene.

3.1.1 Nitric oxide synthase (NOS) isoforms and eNOS function in
cardiovascular development

Endothelial NOS is one of three isozymes of nitric oxide (NO) synthase. Isoform I

(neuronal NOS, nNOS) is expressed in neuronal and epithelial cells. Isoform II (inducible

NOS, iNOS) is expressed in cytokine-induced cells. Isoform III (endothelial NOS, eNOS)
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is expressed in endothelial cells. All three isoforms catalyze the formation of NO from L-
arginine and oxygen and require cofactors for their activity [145].

Endothelium-derived NO is a potent vasodilator and has several important
functions, namely maintenance of vascular tone, antithrombosis, prevention of leukocyte
adhesion to vascular walls and inhibition of vascular smooth muscle cell proliferation
[145,146]. In addition, animal studies have shown it to be implicated in the formation of
limb vasculature during embryogenesis [140], in post-developmental vascular
remodelling, angiogenesis and arteriogenesis [141,143,147] and in proper endothelial cell
migration, proliferation and differentiation in the context of wound repair and
angiogenesis [139]. In mice, eNOS is also involved in correct septation of the heart [148]
and in aortic valve formation [128]. Collectively, these reports demonstrate the important
role of eNOS in normal heart and blood vessel development.

Exactly how the deficiency of eNOS in Nos3”" mice results in a bicuspid aortic
valve remains elusive. eNOS is expressed in endothelial cells of blood vessels [122,145],
including the monolayer lining the aortic valve leaflets [128]. In light of the above
discussion, we can speculate that eNOS dysfunction could affect endothelial cell
proliferation in the outflow tract and therefore influence the remodelling of valve leaflets.
Other genetic or environmental factors in the womb are likely to play a role since the
phenotype was not completely penetrant in mice [128]. Also, it is somewhat surprising
that eNOS mutant mice only show cardiovascular phenotypes, knowing that eNOS is
expressed in a variety of tissues and cell types [122]. This might be explained by the fact

that the other NOS isoforms compensate for the absence of eNOS in other tissues.
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A recent case report describes twins believed to be monozygotic that both have a
bicuspid aortic valve, with identical commissures and raphe. They also have ocular
problems that may be related to eNOS [41]. No molecular biology testing has been done
on these patients, but it is tempting to speculate that eNOS dysfunction in these twins

could be the origin of both their heart and eye problems.

3.1.2 Introducing our sixteen families affected with cBAV

The work for this thesis was performed in collaboration with Dr Kwan-Leung
Chan, a cardiologist from The University of Ottawa Heart Institute (Ottawa, ON) who
examined and recruited patients for our study. This study involves sixteen unrelated,
multiplex Canadian families in which at least two members are affected with congenital
BAV. From these families, we have collected a total of 102 DNA samples, which include

39 affected individuals (Figure 3.1). The families are Caucasian.

3.1.3 Evaluation of NOS3 in our BAYV families

We chose to investigate NOS3, the orthologous gene encoding the endothelial
nitric oxide synthase (eNOS) enzyme, as a potential cause of cBAV in humans. We
studied NOS3 in our 16 families by linkage and sequence analysis. Genetic linkage is
studied by genotyping a polymorphic DNA marker and calculating a “logarithm of the
odds ratio” (LOD score), which represents the likelihood of a specific DNA locus to be
genetically linked to (or to co-segregate with) the disease gene in a given family [149]. A
minimum LOD score of 3.0 is generally accepted as significant evidence in favour of

linkage, and —2.0 as evidence against linkage [149,150].
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Figure 3.1. Sixteen Canadian families affected with congenital BAV. Symbols:
square=male, circle=female, black=affected, white=unaffected, question mark=unknown
disease status, diagonal line=deceased. Numbers under the symbols indicate individuals
for which DNA has been collected. Arrows indicate the patients chosen for DNA
sequencing. Families 1 to 10 were previously published in another study (reference [13]).
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3.2 Material and methods

Families and DNA collection

Individuals affected with ¢cBAV and their family members were recruited by our
collaborators at The University of Ottawa Heart Institute in Ottawa (ON, Canada), where
two-dimensional echocardiography was performed with Sonos 2500, 4500 and 5500
systems (Philips Medical Systems, Andover, MA), in accordance with the
recommendations of the American Society of Echocardiography [151]. The distinction
between congenital and acquired BAV was made using the criteria described previously
[8]. Upon receiving informed consent, blood samples were drawn from participating
individuals for DNA extraction. The study was approved by the Research Ethics Board of

The Ottawa Hospital.

Genotyping and linkage analysis

Genomic DNA was isolated from whole blood using standard procedures [152]. The
D7S636 marker was amplified by polymerase chain reaction (PCR) from genomic DNA.
An M13 tail was included in the forward primer sequence (see Appendix II for primers
and conditions). M13-IRDye™-labelled DNA fragments were resolved on a 0.4
millimetre thick, 8% acrylamide gel on a Li-Cor® DNA Sequencer model 4000 (Li-Cor,
Lincoln, NE). The genotypes were analyzed using the RFLPscan Plus software (version
3.0). Two-point LOD scores were calculated with the MLINK program, and Zp,x and Opmax
values were calculated with LODSCORE; both programs are from the FASTLINK
linkage software package (version 5.20) [153-156]. Program settings were as follows: the

mode of inheritance was autosomal dominant; penetrance was 0.70 or 0.90; the disease
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allele frequency was 0.0001; marker allele frequencies were all equal; 6 values (for
MLINK) were 0.0, 0.01, 0.05, 0.1, 0.2, 0.3 and 0.4. Our exclusion criterion was a LOD

score of —2.0 or less at 90% penetrance.

DNA Sequencing

All 26 exons including flanking splice sites and untranslated regions of the NOS3 gene
were amplified by PCR from genomic DNA in one affected individual from each selected
family (see arrows in Figure 3.1) and in one unrelated control individual. This control has
also been screened by echocardiography to confirm the presence of a normal tricuspid
aortic valve. All PCR conditions were optimized for MgCl, concentration and annealing
temperature prior to sequencing. PCR products were treated with ExoSAP-IT
(Exonuclease I and shrimp alkaline phosphatase, USB; Cleveland, OH) according to the
manufacturer’s suggested protocol. Sequencing was performed with Redivue [0->*P]
dideoxyNTPs Terminators and the Thermo Sequenase Radiolabeled Terminator Cycle
Sequencing kit (Amersham Biosciences; Piscataway, NJ) according to the manufacturer’s
suggested protocol. Sequencing gels were exposed to X-ray film (Curix Ortho HT-G,
Agfa; Toronto, ON) at —80°C for three to ten days, and the sequence was read manually.
A list of primers and conditions can be found in Appendix III. All PCRs were performed
on a PTC-225 thermal cycler (MJ Research; Waltham, MA). Exons 12, 13 and 16 of the
NOS3 gene could be amplified by PCR, but could not be successfully sequenced under
the conditions described above. The PCR products were sent to the Ontario Genomics
Innovation Centre (Ottawa, ON) for automated DNA sequencing with an Applied

Biosystems 3730 DNA Analyzer and the Big Dye Terminator v3.1 Chemistry. When
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looking for alterations in the splice sites, the consensus sequences were as follows: splice
donor, (exon)AG — GT(A/G)AGT(intron); splice acceptor, (intron)(T/C),N(C/T)AG —

G(exon) [157].

Primer design

The PCR primer sequences for amplifying the D7S636 marker were found on the
UniSTS web site at NCBI (see Appendix I). All the other PCR and sequencing primers
were designed using the Primer3 online software ([158], Appendix I) or the Oligo primer
analysis software (version 4.0). All primers were synthesized by Sigma Genosys
(Oakville, ON). Lyophilized primers were resuspended in TE (10 mM TRIS, 0.1 mM

EDTA, pH 8.3), and diluted to a final 17 uM solution in ddH;0.

Restriction digest of NOS3 exon 19 with Ncol

To detect the presence of a G/A polymorphism in exon 19 of the NOS3 gene in family 1,
a region of the genomic DNA comprising NOS3 exons 17-18-19 was first amplified by
PCR in DNA samples #8134, 8089, 8088, 8100 and 8267 from family 1 and in the
unaffected control. Refer to Appendix IV for PCR conditions. PCR products were then
purified with the GFX PCR DNA and Gel Band Purification Kit (Amersham Biosciences;
Piscataway, NJ), according to the manufacturer’s suggested protocol, with a final elution
in 50 pl of ddH,0. Restriction digest of each sample was performed in 20 pl volumes
containing 16.5 pl of purified PCR product, 2.0 pl of 10X NEB Buffer #4 and 1.5 pl of
the Ncol enzyme (10 000 units/ml, New England Biolabs; Toronto, ON). Samples were

incubated at 37 °C for 1.5 hours and then loaded onto a 1.5% agarose gel.
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3.3 Results

3.3.1 Exclusion of six families by linkage analysis under an autosomal

dominant model

In order to carry out linkage analysis, we first sought a polymorphic DNA marker
located near or inside our gene of interest. The NOS3 gene on chromosome 7 has 26
exons and spans 23,528 bases of genomic DNA (NCBI LocusLink; see Appendix I for
electronic database information). Located inside intron 13 resides the highly informative
D7S636 dinucleotide repeat polymorphism (heterozygosity index: 0.93). This marker was
amplified by PCR in every individual from our sixteen families and the alleles were
scored according to the size of the PCR products obtained (data not shown). The
genotypes were used to perform two-point linkage analysis between the disorder and the
D7S636 marker with the MLINK program to determine if polymorphisms in NOS3
segregated with cBAV.

It is usually advised not to conduct linkage analysis using equal marker allele
frequencies, since they can differ from the frequencies found in the population and thus
affect linkage results [149]. We calculated LOD scores (Z) using equal and relative
marker allele frequencies. In our 16 families, a total of 15 alleles were found among 204
chromosomes for the D7S636 marker (data not shown). LOD scores were first calculated
with equal frequencies for all alleles (1/15), and then with relative frequencies for each
allele (for example: the frequency of allele 1 in our families is 10/204, allele 2 is 7/204,
etc; data not shown). The LOD scores calculated under both settings were identical in all

families (results shown in Table 3.1).

31



Table 3.1. LOD scores for the NOS3 gene at the D7S636 intragenic marker locus. The
MLINK program was used to calculate two-point LOD scores (Z(0)) under an autosomal
dominant mode of inheritance.



70%

90% penetrance
penetrance
1 0.37 0.52 0.52 0.0010
2 -4.55 -6.10 -0.00 0.5010
3 -3.56 -3.96 -0.00 0.5000
4 0.49 0.56 0.56 0.0010
5 -0.03 -0.44 0.09 0.3070
6 -0.34 -0.74 -0.00 0.4990
7 0.03 -0.24 0.01 0.7210
8 0.37 0.52 0.52 0.0010
9 -0.15 -0.48 -0.00 0.5000
10 -0.34 -0.74 -0.00 0.4990
11 0.45 0.30 0.35 0.0710
12 -3.47 -3.78 -0.00 0.5050
13 -3.86 -4.21 -0.00 0.5010
14 -0.52 -1.66 -0.00 0.4980
15 -1.32 -2.34 0.00 0.5180
16 -4.20 -4.95 0.16 0.8590
Total: -20.62 -27.74
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BAYV may have incomplete penetrance in a number of families [13]; therefore we
chose to calculate LOD scores at 70% and 90% penetrance to allow for the presence of
potential carrier individuals in our pedigrees (Table 3.1). We arbitrarily chose to set the
locus exclusion cut-off (Z =-2.0) at 90% penetrance.

We calculated LOD scores with the MLINK program at various 0 values (data
shown for 0 = 0.0 only, Table 3.1). The LODSCORE program calculates the peak of the
LOD score (Zmax) and also returns the 0 value at which Zy,x was attained (Omax). Zmax Will
occur at B, = 0.0 when there is no recombination between the disease locus and the
marker locus (families 1, 4, 8), and at another © value (except 0.5) when some
recombinations are detected (families 5, 7, 11, 16). When Omax = 0.5, Znax always equals
zero because it represents a random number of recombinants. This is what would be
expected by chance for two unlinked loci and therefore is consistent with the negative
LOD scores obtained (families 2, 3, 6, 9, 10, 12, 13, 14, 15).

Results in Table 3.1 show that the highest Z values at 6 = 0 (denoted by Z(0))
obtained in our families for this locus were 0.49 and 0.56 for family 4 at 70% and 90%
penetrance respectively. The next highest were families 1, 8 and 11 with LOD scores of
0.52, 0.52 and 0.30 at 90% penetrance. All the other families yielded LOD scores below
zero. Families 2, 3, 12, 13, 15 and 16 had Z(0) values lower than our threshold of —2.0 at
90% penetrance, hence linkage for these six families was excluded at this locus under an

autosomal dominant model of inheritance.
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3.3.2 Evaluation of the NOS3 gene by DNA sequencing in ten families

Ten families could not be formally excluded at this locus because they had LOD
scores greater than —2.0 at 90% penetrance (families 1, 4, 5, 6, 7, §, 9, 10, 11, 14). In
these families, the NOS3 gene was evaluated by DNA sequencing of the 26 exons,
flanking splice sites, 3’- and 5’-UTRs (untranslated regions) in the proband (Figure 3.1,
arrows). Several polymorphisms were detected in the sequence, all of which were present
in the NCBI single nucleotide polymorphism (SNP) database (Table 3.2). Intronic
polymorphisms did not create or alter splice site sequences. Four exonic polymorphisms
were found, two of which are silent and do not create new splice sites. The other two
polymorphisms, in exons 7 and 19 of NOS3, were non-synonymous and were not present
in the unaffected control’s DNA sequence. However, we have determined below that
these polymorphisms are not implicated in the BAV disorder in our patients.

According to the NCBI SNP database, the mutant T allele of SNP #1799983 in
exon 7 has an average frequency of 0.308, which is far more common than the BAV
prevalence of 1-2% (and even less for congenital BAV) in the general population. SNP
#3918232 in exon 19 was only present in one individual (#8088, from family 1) out of
the ten patients that were sequenced, and the mutant A allele has a very low reported
frequency of 0.013, similar to that of BAV. To determine whether or not this
polymorphism segregated with the affected status in family 1, we screened all members
of this family by restriction digest with the Ncol enzyme, which discriminates between
the two alleles (Figure 3.2). The results demonstrated that the other affected individual in

this family (#8134) did not carry the polymorphism as shown by the uncut DNA band.
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Figure 3.2. Ncol digest of NOS3 exon 19 in BAV family 1. Ncol cuts the CCATGG
sequence, but not the wild-type CCGTGG sequence. The PCR product comprising NOS3
exons 17-18-19 is 838 bp long. Ncol cuts in exon 19 between bases #709 and #710 of the
PCR product. Fragments to be expected are 709 bp long (bases 1 to 709) and 129 bp long
(bases 710 to 838). Patient #8088 (G/A) and the unaffected control (G/G) serve as the cut
and uncut controls respectively, since their genotypes have been confirmed by DNA
sequencing.
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In summary, six families were excluded for linkage at the NOS3 locus under an
autosomal dominant model by linkage analysis with the D7S636 polymorphic marker. In
the remaining ten families, we have excluded the presence of mutations in the entire

transcribed region and flanking splice sites of NOS3 as a cause for cBAV.

3.4 Discussion

3.4.1 Interpretation of the linkage results

None of the families reached LLOD scores that were significantly high enough to
consider the D7S636 locus to be linked to BAV under an autosomal dominant model. Six
families were excluded, but the absence of significant LOD scores in the remaining ten
families does not preclude the presence of disease-causing mutations in our gene of
interest. Several of our pedigrees include individuals from two generations only, which
means that the genotypes are phase unknown and therefore less informative.
Nevertheless, genetic linkage analysis is not restricted to large families as LOD scores are
additive across pedigrees. The combined LOD score of a group of pedigrees represents
the likelihood that all those families are linked to the locus [159]. Adding up the LOD
scores of several small pedigrees can thus allow linkage detection at a locus that would
otherwise be overlooked based on individual LOD scores.

In our sixteen families, the combined LOD score at D75636 (see “Total” in Table
3.1) was much too low to consider this locus responsible for cBAV. However, if cBAV
were a genetically heterogeneous disorder, we would expect only certain families to be

linked to a particular locus. In such a case, the combined LOD score might be driven
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down by the unlinked families, but until we can show the presence of heterogeneity, we

are obligated to keep all the families together when performing linkage analysis.

3.4.2 Interpretation of the sequencing results

Although we did not find any disease-causing mutations in the coding, UTR and
splice site sequence of NOS3 in ten families, it is possible that other mutations in the
promoter region or deeper inside introns are present and affect the gene’s expression or
mRNA splicing. Splice site sequences may also vary from the consensus sequence
considered here (section 3.2). However, approximately §9% of mutations underlying
disease phenotypes are found in the coding region of genes, compared with
approximately 10% and 1% for splice site and regulatory mutations, respectively [160].
Therefore, sequencing the entire transcribed region (coding and UTRs) and flanking
splice sites of NOS3 constitutes a good starting point when searching for disease-causing
mutations. To study the presence of regulatory and splicing mutations, it would be
interesting to assess NOS3 mRNA expression and stability in BAV patients as compared
with controls, but these experiments would require tissue biopsies from patients and are

beyond the scope of this thesis.

3.4.3 Regulation of NOS3 gene and protein expression

Across species, the amino acid sequence of eNOS is well conserved (~94%
identity with mouse, rat, cow and pig) [122], which allows one to think that the protein
serves similar functions in humans and mice. The apparent exclusion of NOS3 reported

here in ten families suggests that congenital bicuspid aortic valve in these families results
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from mutations in gene(s) other than NOS3, or possibly that the regulation of NOS3
expression is disrupted. In this regard, a number of factors influence NOS3 gene and
protein expression. Endothelial NOS is a constitutive enzyme, but several factors
upregulate its expression at the gene and/or protein level, namely shear stress from
flowing blood, cell proliferation, growth factors (TGF-3, FGF, VEGF, PDGF) and certain
hormones. On the other hand, TNF-at downregulates eNOS expression, and NO itself
also acts on eNOS through a negative feedback mechanism in the systemic circulation
[122,145]. A disruption in the expression or function of any of these compounds could

possibly affect valve development indirectly.

3.4.4 eNOS polymorphisms and their role in susceptibility to ischemic heart

disease

Many studies have associated certain eNOS polymorphisms to different forms of
ischemic heart or blood vessel disease such as coronary spasm, ruptured intracranial
aneurysms, coronary atherosclerosis and giant cell arteritis [161-163]. A recent meta-
analysis of 26 studies revealed the importance of two eNOS polymorphisms: the
Glu298Asp polymorphism in exon 7 and the “a/b” VNTR (variable number of tandem
repeats) in intron 4. Homozygosity for the Asp298 allele or the intron 4 “a” allele is
strongly associated with an increased risk of ischemic heart disease [164]. A direct effect
of the polymorphisms on the pathology of ischemic heart disease remains to be
demonstrated.

The region of NOS3 containing the intron 4 polymorphism was not sequenced in

our patients, but we have identified the Glu298 Asp polymorphism in six out of ten BAV
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patients (Table 3.2). Two of the six patients are homozygous for aspartic acid (families 4
and 6) and four are heterozygous. The unaffected control is homozygous for glutamic
acid. We have excluded this polymorphism as a cause for BAV based on its high
frequency in the general population (section 3.3.2), but it is nonetheless interesting to
note that it can be associated with ischemic heart disease, especially since
ischemic/hypoxic episodes during embryonic development can lead to cardiac
malformations such as septation defects, semilunar valve anomalies and artery

malformations in animal models [116,165].
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Chapter 4: Genetic Screening of the Chromosome 3p Region in 16 BAYV

Families
4.1 Introduction

The positional cloning approach has been successful in identifying numerous
genes responsible for hereditary diseases in the past when functional candidates could not
be directly identified [166,167]. The efficiency of this method has increased
tremendously today with the availability of highly accurate transcript maps in public
databases, which allowed replacing the time-consuming cloning and mapping procedures
with rapid in silico searches for candidate genes having a role related to the
pathophysiology of the disease [167]. This version of the method has been dubbed the
“positional candidate” approach [166].

The first step of this approach is to perform genome-wide linkage analysis on
affected families with a set of polymorphic DNA markers distributed throughout the
genome. These microsatellite DNA sequences are of known chromosomal location and
are multiallelic, short tandem repeat polymorphisms (STRPs) [168,169]. The alleles vary
in length and their segregation can be compared to that of the disease status in each
family, yielding information about the location of a potential disease gene. Each
individual is genotyped, and then a LOD score can be calculated for each marker in each
family using linkage software [149,150]. Following the identification of linked markers,
one should define a critical region that is flanked by recombinant (non-linked) markers.
Candidate genes located in this critical interval can next be selected and screened for

mutations.
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4.1.1 Genome-wide screen in 11 BAYV families

A genome-wide genetic screen with autosomal markers was performed on
families 1 to 11 by this laboratory prior to the beginning of the present Master’s project
(Bulman et al, unpublished data). Families 12 to 16 were recruited after the completion of
the genome screen. A total of 196 markers spaced ~20 centimorgans (cM) apart were
genotyped. When the mode of inheritance is not known, “model-free” linkage analysis
should be performed to prevent false-positive and false-negative results due to model
misspecification [170]. For a genome scan of a complex disorder, LOD scores between
2.2 and 3.5 are considered to be suggestive of linkage and further screening of the region
is recommended [171,172]. We have used the MFLINK model-free linkage software,
which tests a number of Mendelian disease transmission models varying from recessive
to dominant [170,172,173]. The program returns the combined LOD score for a group of
pedigrees at the best transmission model and also assumes heterogeneity by maximizing
the LOD score over “a”, the proportion of families linked (maximized admixture LOD
score, MALOD) [173].

MALOQOD scores of 1.0 or higher were obtained for six markers on different
chromosomes (Table 4.1). The highest score was obtained at the D3S1259 marker locus
on chromosome 3p25 with a score of ~2.54. This score was obtained under a purely

dominant model with the proportion of families linked a = 0.8.

Marker MALOD

* Table 4.1. Partial results of a 20 cM genome
D351259 2.5442 screen in BAV families 1 to 11. The
D6S1021 1.1805 combined model-free scores assuming
D8S1106 1.2348 heterogeneity (MALOD) were obtained with
D9S910 1.7280 the MFLINK program at 70% penetrance.
D14S606 1.1412 * p=0.00145.
D225420 1.1814
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We decided to look further into the region surrounding chromosome 3p25 in our

16 BAV families in order to confirm or dispute these results.

4.2 Material and Methods

Genotyping

Genotyping procedures were as described in Chapter 3 (section 3.2). Primer sequences
for amplifying DNA markers were found at the NCBI UniSTS web site (Appendix I). An
M13 tail sequence was added to the forward primer sequences. Primers were synthesized
and diluted as described in Chapter 3 (section 3.2). Refer to Appendix V for primer

sequences and PCR conditions.

Linkage analysis

Linkage analysis with MLINK for chromosome 3 was performed as described in Chapter
3 (section 3.2), except that the penetrance values were set to 70%, 90% and 99%. Model-
free linkage assuming admixture (MALOD) was performed on our 16 families with the
MFLINK software (MFMAP, version 5.1) [170,172,173] using a penetrance of 70% and

relative marker allele frequencies. The disease allele frequency was set to 0.01.

P values

MALOD can be viewed as a one-tailed statistical test having two degrees of freedom.
The MALOD score can be multiplied by 2In(10) = 4.6 to obtain an equivalent chi-
squared statistic (MFMAP documentation and [170,172]). P values were calculated with

the GraphPad QuickCalcs online calculator (Appendix I), which calculates the two-tailed
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p value. This value is divided by 2 to obtain the one-tailed p value. Only the p value for
marker D3S1259 is shown, but the MALOD scores in Table 4.1 were all statistically

significant. P < 0.05 was considered to be statistically significant.

4.3 Results

4.3.1 Two-point linkage analysis in the 3p25 region

The highest LOD score from the genome screen performed on BAV families 1 to
11 was obtained with marker D3S1259 on chromosome 3p25. The 3p region surrounding
D3S1259 was saturated with 18 additional polymorphic markers that were genotyped in
all 16 families (Figure 4.1). The markers are di- or tetranucleotide repeats, and have a
heterozygosity range of 0.63 to 0.85 (average: 0.77). They are spaced 3-5 cM apart, with
less spacing around D3S1259 (Table 4.2). The genotypes (data not shown) were used to
calculate two-point LOD scores for each marker in each family under an autosomal
dominant model with the MLINK program. This mode of inheritance was chosen based
on the structure of our pedigrees, on reports from the literature and on the MALOD
results from the genome screen (section 4.1.1).

We calculated LOD scores with equal and relative marker allele frequencies to
assess the effects of this parameter in our families. The LOD scores were essentially
identical under both settings (data not shown). The results presented below were obtained

with equal marker allele frequencies.

44



"¢ SWOSOWOIYO JO WiIe JI0YS 3y} JO %0 Ae1ewnxoidde syuosardar umoys uoidor oy, "N
orurous3 jo seseqeSout 9¢ Afojewxordde o) spuodsorioo yorym ‘(dewr proYYSIEIA) AL 9§ INOqe sueds UMOYS JoNIRUI ISe] pue 1s1y
oY) ueem)aq pastduIod ¢ SWOSOWON[d JO UOIZAL Y, ‘6STISEQ PUNOIR JAO 7- 18 PIdeds SIONIBW M3J B UM “ISYI0 YoBd WoL Aeme
NP § 98e10A® U0 Paoeds d1e SIONIEL SSAY, 'SOHIUES ] JO USSIOS SWOUST Mo Ul 01008 (JO' SIXIWUPE JSoYSIY ) 9ALS YOTyM “IosIeur
6STISEQ oy ST uId Ur UMOyS *$8°() 0} £9°() WoL SOFURI SIOWIRUIL SY) JO XopuT AJIS0FAZ010)0Y Y, *SIONIBUW 9SOY) JO [OBS 0] SOI[IUIE]
U93IXIS MO Ul paure}qo a1om sadAjouss) “dg SWOSOWOoNn]d U0 Pajedo] SIONIeUl J¥ .S USSJOULU JO UOonejuasadal Jrewoyos *p oandig



SUBSIOWIIUID ¢

saseqe3awt ¢

TUMOUS UOISY

8e0eSed
9cecSed
£8C1Sed
ceresed
89L1S¢d

¢861S¢ed
€19e5¢d

¢pde

10L£SEd
019¢5ed sez1SEa

089¢S¢ed

685¢5¢d

119€S€d
SPSvSed
roeIsed

09615¢d

050€£Sed
0€9¢Sed

L8ETSEA

zseds z9zde .-

QIdWOP I,

45



Table 4.2. Location and features of 19 polymorphic microsatellite markers in the 3p
region. The heterozygosity index and position in cM are according to the Marshfield sex-
averaged map (NCBI Map Viewer). The chromosomal bands and genomic distance in
kilobases are according to the UCSC Genome Browser (Human May 2004 Assembly).
All data is accurate in date of August 2004. Abbreviations: di: dinucleotide repeat.
Tetra: tetranucleotide repeat. cM: centimorgan.



Distance | Distance

Chromosomal | Position | Repeat | Heterozygosity from from

Marker . . .

band (M) type index previous | previous

(kilobases) | (cM)
D3S2387 3p26.3 5.54 tetra 0.85 - -—-
D3S3630 3p26.3 10.70 di 0.81 1,664 5.16
D3S3050 3p26.2 14.46 tetra 0.76 596 3.76
D3S1560 3p26.1 18.97 di 0.81 3,697 4.51
D3S1304 3p26.1 22.33 di 0.80 2,870 3.36
D3S4545 3p25.3 26.25 tetra 0.82 1,665 3.92
D3S3611 3p25.3 31.13 di 0.82 1,969 4.88
D3S3589 3p25.3 32.36 di 0.72 295 1.23
D3S3680 3p25.3 36.10 di 0.76 876 3.74
D3S1259 3p25.2 36.65 di 0.83 372 0.55
D3S3701 3p25.2 36.65 di 0.68 519 0.00
D3S3610 3p25.2 37.20 di 0.70 388 0.55
D3S1585 3p25.1 38.83 di 0.63 936 1.63
D3S3613 3p25.1 41.56 di 0.85 1,420 2.73
D3S3038 3p24.3 44.81 tetra 0.77 6,587 3.25
D3S2336 3p24.2 49.18 di 0.79 2,975 4.37
D3S1283 3p24.1 52.60 di 0.71 3,802 3.42
D352432 3p24.1 57.92 tetra 0.84 3,438 5.32
D3S1768 3p23 61.52 tetra 0.77 2,459 3.60
Total: 36,528 55.98
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We arbitrarily chose to calculate LOD scores at 70%, 90% and 99% penetrance
to allow for the presence of potential carrier individuals (data not shown for 90%). Two-
point LOD scores at 6 = 0.0 are presented in Tables 4.3 and 4.4, and the same results
were also plotted against the genomic position of each marker (Figures 4.2, 4.3). For the
purpose of clarity, the graphs were split into three panels for each figure. In general,
changing the penetrance from 70% to 99% made the positive LOD scores increase and
the negative LOD scores decrease even further. This was true for every family except for
families 15 and 16, which saw their positive LOD scores decrease when the penetrance
was increased. Among all the markers screened, the highest LOD score obtained was
1.78 for family 2 at 99% penetrance, and 1.24 for family 15 at 70% penetrance (Tables
4.3 and 4.4). Only two other families yielded LOD scores above 1.0; they were families
11 and 15 at 99% penetrance with scores of 1.19 and 1.05 respectively.

The LOD score curves were quite different for each family, but most of them
could be roughly grouped into categories based on the major pattern of each curve
(Figures 4.2 and 4.3). At 70% penetrance, four families (families 2, 4, 13, 15) had
positive LOD scores over at least two consecutive markers, as seen by a plateau in the
LOD score curve (Figure 4.2). The plateau seemed to disappear for family 15 when the
penetrance was changed to 99%, but not for the other three families (Figure 4.3). This
plateau covers a distance ranging from at least 2 megabases (family 4) to possibly over
15 megabases (family 2). Notably, the plateau did not always overlap the same marker
loci in these four families. At all penetrance values tested, families 3, 5, 7, 12 and 14
appeared unlinked to chromosome 3p with LOD scores below —2.0 at several marker loci,

while families 6 and 10 were mostly uninformative with LOD scores of zero or very
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Figure 4.2, Two-point LOD scores at 19 microsatellite marker loci on chromosome 3p in
16 BAV families at 70% penetrance. For the purpose of clarity, the graph was split into
three panels (each panel uses the same scale). Families with positive LOD scores are
shown in the top panel, families with mostly negative LOD scores are shown in the
middle panel and families with mostly uninformative LOD scores are shown in the
bottom panel. The genetic markers are spaced 1-5 cM apart and are plotted on the X axis
according to their genomic position in base pairs (UCSC Genome Browser). Each LOD
score is represented on the graph by a datapoint label (see figure legend) and the
datapoints are linked together by a line. Two-point LOD scores (Z(8)) were calculated
with the MLINK program under an autosomal dominant model. Mb: Megabases.



Two-point LOD score — 70% penetrance

Das2387

Chromosome 3 markers

- B R om =R o &

b= = E%W‘D @D 5 o

o - eten oo 5 &

m m W2 s o o0

] & Llan ® @ ©
L2 faca o

m] o oopgoomo O [m]

milty 10 —a— Fanily 1

i

D3s1283

D3s17e8

| | L | |
7 85 105 1213 15 22

Genomic distance (Mb)

50



Figure 4.3. Two-point LOD scores at 19 microsatellite marker loci on chromosome 3p in
16 BAV families at 99% penetrance. For the purpose of clarity, the graph was split into
three panels (each panel uses the same scale). Families with positive LOD scores are
shown in the top panel, families with mostly negative LOD scores are shown in the
middle panel and families with mostly uninformative LOD scores are shown in the
bottom panel. The genetic markers are spaced 1-5 cM apart and are plotted on the X axis
according to their genomic position in base pairs (UCSC Genome Browser). Each LOD
score is represented on the graph by a datapoint label (see figure legend) and the
datapoints are linked together by a line. Two-point LOD scores (Z(8)) were calculated
with the MLINK program under an autosomal dominant model. Mb: Megabases.
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close to zero across the entire region. Families 8 and 9 appear unlinked to chromosome
3p although the LOD scores did not always descend below the —2.0 threshold. Families 1,
11 and 16 show a less simple pattern with a mix of positive, negative and uninformative
LOD scores at different marker loci. No single family is considered to be formally linked
to any marker locus since LOD scores of 3.0 were not attained. In addition, the combined
LOD score for all 16 families was below —2.0 at every marker locus (Tables 4.3 and 4.4,

“Total”).

4,3.2 Calculation of the maximum theoretical LOD scores under an

autosomal dominant model

Since our pedigrees are small and some are phase unknown, we suspected that
high LOD scores would be hard to obtain in our individual families. To get a general idea
of the LOD scores that would be obtained if a marker locus was truly linked to the
affected status, we simulated linkage under an autosomal dominant model by manually
distributing the genotypes in such a way that only one allele segregates perfectly with the
affected status in each family. These maximum theoretical LOD scores are presented in
the “Simul” row of Tables 4.3 and 4.4. These scores are quite low in most families with
only four families yielding maximum theoretical LOD scores above 1.0 at 99%
penetrance (families 2, 11, 14, 16) and one family reaching a LOD score above 2.0
(family 15; Zgmu = 2.38). When comparing the Zgny scores with Z(0) obtained at the
chromosome 3 marker loci, we notice that some markers gave scores equal to the

simulated LOD scores. Indeed, 5 families reached their maximum potential LOD scores
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for at least one marker in the region (families 2, 4, 6, 10, 13), and for several consecutive

markers in families 2 and 4 (Tables 4.3 and 4.4).

4.3.3 Model-free linkage analysis at the D351259 marker locus

Since BAV families 12 to 16 were not originally included in the genome screen,
we wanted to determine the effect of adding those families to the genome screen data at
the D3S1259 marker locus. We performed model-free linkage analysis with MFLINK to
obtain the combined maximized admixture LOD score (MALOD) for families 1 to 16 at
the D3S1259 locus. A MALOD score of ~1.94 was obtained under a mainly dominant

transmission model (Table 4.5).

Table 4.5. Model-free linkage analysis at the
D3S1259 locus in BAV families 1 to 16. The

Marker MALOD combined model-free score  assuming
heterogeneity (MALOD) was obtained with
D3S1259 1.9453" the MFLINK program at 70% penetrance.
*p=0.0057.

This MALOD score is lower than the previous score obtained with families 1 to
11 only (Table 4.1, MALOD = ~2.54). The proportion of families linked (a) also
decreased from 0.8 to 0.6. It seems therefore that BAV families 12 to 16 do not support

the preliminary evidence of suggestive linkage at this locus.
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4.4 Discussion

4.4.1 Interpretation of the two-point linkage results for chromosome 3

markers

The second objective for this project was to look further into the genome screen
results for chromosome 3 in order to determine whether the “hit” at marker D3S1259 had
been obtained by chance or not. The region was saturated with additional markers and
two-point model-based LOD scores were calculated at three different penetrance values.
Changing the penetrance did not considerably affect the positive LOD scores in most
families except for families 15 and 16, which suggests that unaffected carriers might be
present in these two families.

We also calculated the maximum theoretical LOD scores as a guide
demonstrating the ability of our families to attain a certain LOD score in the presence of
linkage. An important observation that was made is that a LOD score of 3.0 would not be
attained in any of our families even in the presence of linkage with fully informative
marker genotypes. Hence we saw the importance of relying on combined LOD scores
from multiple pedigrees in order to detect linkage in our families. Unfortunately, the
combined LOD scores suggested exclusion across the entire 3p region (Tables 4.3 and
4.4, “Total”). With the possibility of genetic heterogeneity for cBAV in mind, we looked
at individual linkage data from each family to see the different linkage patterns in the
region (Figures 4.2 and 4.3).

Of the 11 families that were part of the original genome screen, only families 2
and 4 yielded positive LOD scores over a small region of consecutive markers in the

vicinity of D3S1259 (Figures 4.2 and 4.3). This suggests that, in the other nine families,
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the genome screen hit was spurious, i.e. did not represent real linkage for the region.
Moreover, families 2 and 4 alone were probably making the largest contribution to the
~2.54 score from the genome screen according to our results in Tables 4.3 and 4.4.

Families 12 to 16 were recruited after the completion of the genome screen. Our
analysis with chromosome 3 markers revealed LOD scores close to- or above 1.0 in the
3p region in two families (13 and 15) that were not included in the original genome
screen. Families 12, 14 and 16 do not appear linked to chromosome 3p under an
autosomal dominant model at 99% penetrance although it is less clear for family 16 at
70% penetrance.

In short, families 3, 5, 7, 12 and 14 can most likely be excluded from the region
surrounding 3p25 under an autosomal dominant model. To clarify the involvement of this
region in the remaining families, expansion of the families or recruitment of additional

families would be required.

4.4.2 Interpretation of the model-free linkage analysis in 16 families

The fact that the MALOD score at D3S1259 decreased when adding the newest
BAV families (families 12 to 16) to the data set indicates that these new families
augmented the level of heterogeneity at that locus, and this was confirmed by the
decrease of the a value of from 0.8 to 0.6. The addition of these new families reduced the
confidence of finding linkage in this region of chromosome 3p. Nonetheless, it appears
that the hit at D3S1259 was not a false-positive, since we have in fact found two families
from the original genome screen (families 2 and 4) that show a potentially linked region

over a minimum distance of 2 megabases. Since our results favour admixture in our BAV
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families, an important future challenge will be to clearly separate the families based on
locus or etiologic heterogeneity when performing linkage analysis. This will only become
possible once a defective gene is identified as the cause of cBAV in certain families and
not in others, or once it can be shown that subgroups of phenotypic variants have a
different etiology.

In conclusion, our results do not clearly confirm or infirm linkage in the 3p25 area
in our BAV families, but rather suggest that if linkage is truly present, it is restricted to a

small number of families, most likely including families 2 and 4.
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Chapter 5: Identification and Mutation Screening of Functional

Candidates on Chromosome 3p25

5.1 Introduction

The genome screen results at marker D3S1259 prompted us to search the NCBI
database for candidate genes in the 3p25 region. Since this work was done concomitantly
to the chromosome 3 marker genotyping, we arbitrarily chose a large search region
corresponding to the entire 3p25 chromosomal band, which encompasses marker
D3S1259 (3p25.2). The region spans ~16 cM, corresponding to 8.2 megabase pairs of
physical map, and extends a little beyond the D3S4545 and D3S3613 markers (Figure
4.1) (UCSC genome browser, NCBI Map Viewer). 109 known genes (confirmed and
predicted genes) are located in the 3p25 band (NCBI Map Viewer), 48 of which are
known to be expressed in heart tissue (UniGene at NCBI). Our search prioritized genes
encoding proteins with high expression in embryonic cardiac tissue that were known or
thought to contribute to the development or remodelling of the truncal endocardial
cushions. Two genes fulfilled these criteria: FBLN2 (3p25.1) and TIMP4 (3p25.2).
FBLN? is flanked by the D3S3610 and D3S1585 markers, and TIMP4 is flanked by the
D3S1259 and D3S3701 markers (Figure 5.1) (UCSC Genome Browser). These genes
were deemed excellent functional candidates because of their strong expression in heart
tissue and their role in the extracellular matrix, which is important during valve
development (Chapter 1, section 1.8.1). We have screened those genes for mutations by

DNA sequencing in our 16 families.
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5.1.1 The FBLN2 candidate gene

The FBLN2 gene encodes fibulin-2, a multi-domain extracellular matrix (ECM)
protein expressed abundantly in human heart, placenta and ovary, with lower expression
in a variety of other tissues [174]. The mouse ortholog is highly conserved and is
expressed in the endocardial cushions during heart development, and more specifically in
the truncal cushions, the aorticopulmonary septum, and the aortic wall and valve
[174,175]. Fibulin-2 is considered to be a very specific marker of the developing cardiac
cushions [175]. Notably, fibulin-2 remains expressed in the adult valve tissue [175].

Human FBLN2 encodes an 1184 amino acid (a.a.) precursor protein with a 27 a.a.
signal peptide [174]. The amino acid sequence of fibulin-2 is cysteine-rich and contains
N-linked oligosaccharide acceptor sites. The protein also has anaphylatoxin-related
motifs and several epidermal growth factor (EGF)-like repeats, most of which possess a
consensus sequence for calcium binding [174,176]. Of particular interest, exon 9 of the
human gene is alternatively spliced in certain tissues; the longer isoform (comprising
exon 9) is abundantly expressed in heart, with lower expression in skeletal muscle and
pancreas (mRNA: AY130459) [177]. The corresponding domain in the mouse protein,
which represents one of the calcium-binding EGF-like motifs, also shows alternative
splicing [176]. The restricted expression of this fibulin-2 isoform suggests a tissue-
specific function for the longer protein.

Fibulin-1 (FBLNI, chr. 22) is another protein of the fibulin family that is also
expressed in the developing heart. The fibulin-1 and -2 proteins have a similar domain
organization, although fibulin-1 is much shorter and has fewer domains [176]. Both

fibulins are expressed in the cardiac jelly in areas of epithelial-to-mesenchymal
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transformation, except that fibulin-1 is also expressed in the myocardium at certain stages
of heart development [175,178]. Moreover, fibulin-1 and -2 are found in adult valve
tissue, although fibulin-2 has a stronger expression and is also found in the walls of the
coronary arteries [175,179].

The fibulins are thought to have a structural role in the maintenance of the tensile
strength in the valves and septum, which have to resist mechanical forces from the
beating heart and blood flow [175]. They interact and bind with a number of ECM
proteins, which contributes to creating a highly ordered matrix that will facilitate cell
migration and cushion remodelling during valve development [89]. In the ECM, fibulins
bind to versican, which in turn is associated with hyaluronic acid [89]. Fibulin-2 also
binds with fibrillin-1 and elastin [179]. Notably, in vitro studies revealed little to no
interaction between fibulin-1 and -2. On the other hand, mouse and human fibulin-2 bind
strongly with fibronectin in a calcium-dependent manner [180]. Weaker interactions were
also detected with perlecan and collagen IV.

Another study also found fibulin-2 to be expressed in the aortic arch vessel walls
and coronary arteries, both during development and adult life [179]. Fibulin-2 in these
regions is synthesized from smooth muscle precursor cells, neural crest- and epicardium-
derived cells, and not from endocardially-derived cells of the cardiac cushions. Fibulin-2
is thought to have an anchoring role to support aortic wall assembly during development
[179].

In summary, FBLN?Z is a good candidate gene for cBAV because it is expressed in
the truncal cushions and aortic wall during and after the development of the aortic valve,

and is directly implicated in maintenance of the cardiac jelly and development of the
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aorta. These functions may potentially be accomplished by the heart-specific isoform of

fibulin-2.

5.1.2 The TIMP4 candidate gene

TIMP4 encodes the TIMP-4 ’enzyme, the tissue inhibitor of metalloproteinase 4
[181-183]. TIMP-4 is expressed abundantly in human heart, and is a member of the
TIMP family. The TIMP proteins are natural, endogenous inhibitors of the matrix
metalloproteinases (MMPs). MMPs are a family of proteases that degrade ECM proteins.
There are at least 23 known human MMPs with different substrate specificity (NCBI
LocusLink) [102]. MMPs mediate ECM remodelling as well as disruption of cell-cell and
cell-ECM interactions, all of which are important in numerous physiological processes
such as organ development, pregnancy, wound healing, angiogenesis and apoptosis
[102,103]. Matrix metalloproteinases are also activated in pathological processes such as
arthritis, cancer, cardiovascular disease and ulcers [103,184,185]. The proteolytic activity
of MMPs also serves functions other than ECM turnover; for example, the cleavage of a
specific domain in a substrate protein can expose binding sites for ligands or release an
active peptide [102,103]. Of particular interest is the role of MMPs in cardiac cushion
remodelling and blood vessel wall integrity. ECM degradation by MMPs in the cardiac
cushions facilitates cell migration and tissue remodelling [88], while deficient MMP
activity is associated with aortic dilatation [186]. To achieve their inhibitory activity,
TIMP proteins physically bind to MMPs and block their active site [103]. In short, MMPs
and TIMPs together maintain ECM homeostasis in various tissues, including the

developing heart and aorta.
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Currently, four TIMP genes are known (TIMPI to 4), and they are each located on
a different chromosome. TIMP4 encodes a 224 a.a. precursor protein, and like fibulin-2,
has a 29 a.a. signal peptide sequence and conserved cysteine residues. Notably, the
VIRAK amino acid sequence near the N-terminal end is a hallmark of the TIMP family
of proteins [181]. TIMP-4 is distinguished from the other TIMPs by its very limited
tissue distribution. TIMP-1 to -3 are widely expressed, whereas TIMP-4 mRNA is found
in cardiac muscle cells of the embryonic and adult mouse, as well as in ovary and brain
[183]. In contrast, human TIMP-4 mRNA was not found in brain, but was strongly
expressed in heart tissue, and to a much lesser extent in kidney, pancreas, colon and testes
[181]. The expression of TIMP-4 in the myocardium and not in the cardiac jelly does not
make it a less significant candidate for BAV, as the integrity of the myocardium is
essential for correct epithelial-to-mesenchymal transformation and cushion remodelling.

The proposed function for TIMP-4 is tissue remodelling in the heart [181,183].
Interestingly, it appears that tissue remodelling in the murine heart is not restricted to the
embryonic period, as TIMP-4 expression is strongest soon after birth [187]. In addition,
TIMP4 has a TATA-less promoter with potential GATA and Ets binding elements. The
activity of these transcription factors is associated with tissue-specific expression of
genes, and they are upregulated in heart tissue at the correct time to influence TIMP4
expression [187]. The biological function of the TIMPs is not restricted to inhibition of
the MMPs; they also have effects on cell growth [103]. Notably, in vitro experiments on
transformed cardiac fibroblasts revealed that TIMP-4 could inhibit cell invasion and

migration and induce apoptosis [185].
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TIMP-4 is also found to be active in the context of cardiovascular disease.
Namely, TIMP-4 is overexpressed in the endothelium after induced injury to large
vessels in rats, and controls smooth muscle cell migration and collagen accumulation in
the injured arterial wall [188]. In contrast, downregulation of the expression of TIMP-4
and other TIMP proteins is found in the heart of patients with ischemic heart disease
[185,189]. Also, certain MMPs and TIMPs are active in the context of degenerative
valvular disease [190]. A disruption of the MMP/TIMP activity in general is also widely
recognized in aortic aneurysm disease. Aneurysmal tissue is found to express a multitude
of proteases as compared with normal aortic tissue [186]. Currently, aortic expansion in
aneurysm disease is thought to be caused by excessive extracellular matrix breakdown by
MMPs derived from inflammatory cells [186,191]. A genetic disorder involving MMP or
TIMP genes could potentially mimic this pathological process in familial cases of aortic
aneurysms and dissections.

Interestingly, an altered extracellular matrix is emerging as being part of the
pathology of BAV. It appears that the structural weakness of the aortic wall could be
explained by a disruption of the ECM in BAV patients [42,49,55,56,59,63]. Particularly,
in BAV patients with thoracic aortic aneurysm, vascular smooth muscle cells had a
reduced extracellular distribution of the ECM proteins fibrillin, fibronectin, and tenascin
[63]. A disruption in the expression or function of TIMP-4 would result in increased
MMP activity in the ECM, and thus could quite conceivably be responsible for the loss of
matrix components in the aortic wall. Similarly, a disturbance in the balance of the
TIMP/MMP activity in the ECM during development could result in abnormal

remodelling of the cardiac cushions and cause cBAV.

63



In summary, TIMP4 is a good candidate gene for cBAV because of its strong
expression in heart tissue and its role in the regulation of extracellular matrix remodelling
and cell death, two processes known to be essential for the correct development of the

aortic arch and valve.

5.2 Material and methods

DNA sequencing of FBLN2 and TIMP4

The sequencing procedures were as described in Chapter 3 (section 3.2). The FBLN2 and
TIMP4 genes contain 18 and 5 exons, respectively. One individual from each of the 16
families (Figure 3.1, arrows) plus one unaffected, unrelated control were sequenced. The
3’UTR of both FBLN2 and TIMP4 was amplified by PCR and sent to the Ontario
Genomics Innovation Centre (Ottawa, ON) for sequencing. PCR and sequencing primers
were designed and diluted as described in Chapter 3 (section 3.2). Refer to Appendix VI

for primers and conditions.

5.3 Results

5.3.1 DNA sequencing of FBLN2

We have screened the FBLN2 gene for mutations by DNA sequencing of the
proband in our 16 BAV families (Figure 3.1, arrows). Patients from families apparently
unlinked to 3p (Chapter 4) serve as controls. All 18 exons of FBLN2 (corresponding to
the longest isoform), flanking splice sites and untranslated regions (UTRs) were
sequenced. Several polymorphisms were detected in the sequence, some of which were

unreported in the NCBI SNP database (Table 5.1). All the intronic polymorphisms did
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not create or alter splice site sequences. We found a mistake in the reported sequence of
exon 2 at the alanine 313 position. According to the NT 022517 genomic contig
sequence, two cytosines should be present at this position whereas we only found one C
in all of the individuals that were sequenced (Table 5.1). This variation was given the
dbSNP #11365766. If this C were really present, it would be spliced out during mRNA
maturation based on its absence from every reported mRNA sequence (NCBI mRNA
accession numbers: BC051690, NM_ 001998, AY130456, AH011811, AY130459). In
fact, we believe that this extra nucleotide represents a mistake in the sequence; it appears
rather unusual, if not impossible, for the splicing machinery to splice out only one base
from the sequence. We have therefore confirmed a mistake in the genomic contig
sequence (NT 022517) that was also previously pointed out by others (see for example
BC051690); the correct sequence has only one cytosine at this position.

We found eight exonic polymorphisms in the coding sequence, six of which are
silent (Table 5.1). The silent G/A SNP at threonine 1160 in exon 18 is not carried by the
unaffected control and creates a new splice acceptor site by changing the
CCTTCACGGG sequence into the consensus CCTTCACAGG acceptor sequence [157].
However, the population frequency of the A allele is approximately 0.15 (NCBI dbSNP),
which is ~10 times more frequent than the BAV prevalence and thus makes it unlikely to
be a disease-causing mutation.

Two other exonic polymorphisms were non-synonymous. The G/A transition in
exon 2 (dbSNP #3732666) was found in nine patients and creates a serine-to-glycine
change, but this SNP was also found in one allele of the unaffected control’s DNA

sequence, and the reported frequencies for the G/A alleles are approximately 0.6/0.4 in
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the population (NCBI dbSNP). Another A/G transition in exon 12 (dbSNP #9843344)
was identified in BAV patients, but not in the unaffected control’s DNA sequence. This
SNP changes threonine 901 for an alanine, and the allele frequencies are not available.
However, the G/G genotype was found in nine patients, G/A in six patients, and A/A in
one patient plus in the control’s DNA sequence. The presence of many homozygote G
individuals indicates that the G allele is very frequent, which makes it unlikely to be a
disease-causing mutation.

We found what appears to be a 1-2 bp STRP (short tandem repeat polymorphism)
at the end of the 3’UTR of FBLN2 (Table 5.1). This sequence variation is not reported in
dbSNP. Some individuals had two adenosines (AA) positioned 442 and 443 bases
downstream of the stop codon, whereas others had only one A (indicated by A-), or none
(--). The unaffected control was heterozygous AA/--, and this sequence variation does not
create a new splice site. The genomic contig sequence indicates AA at this position, but
according to our results, the AA and -- alleles are approximately equally frequent.
Therefore it appears that this variation in the number of adenosines at this position should
probably be regarded as a STRP instead of an insertion/deletion polymorphism,

especially because of the occurrence of the A- allele.

5.3.2 DNA sequencing of TIMP4

We have screened the TIMP4 gene for mutations by DNA sequencing of the 5
exons, flanking splice sites and UTRs in the proband of our sixteen families (Figure 3.1,
arrows). Only one polymorphism was detected in all the sequence obtained from our

reactions, and it is located in the 3’UTR of exon 5 (Table 5.2). This G/A transition is not

67



"Y00T ;1€ ABIALJO sB IN'SAP IHON Ut paptodarjou YN wsiydiow[od :wk[oq ‘wsmydiowAod
opuos[onu [Suls NS :SUOHRIAAIGQY "uopod dois oyl Jo Weonsumop saseq 98¢ Poredo] St NS 9y 1ey) sojeorpur , dojs Ioye
98¢+, UWM[OD UONISO,, AU} U] "[o1Ju0d pajodfyeun auo snfd syuoned Avd ueaixis ur pautoyiad sem p /L JO SUoISal peje[suenun
pue say1s 9o1[ds Jurjuepy ‘Surpoo dyy yo Surousnbas YN "oues gL oy ur poynuspt wsrydiowA[od aprosponu o[3uIS *7°S dqel



v/ V/O ‘D/D "ON dojs 1oye 98¢+ AN v/ | Gino g uoxy
foxnuoo syuaryed
Ppajoofyeun : {Pareard ayis | o3ueyod . # UOXd
ur puno : UONISO wATo,
1 ifonary | 92ds MaN | uopo) med L RANSAP RO |

odAyouan)

68



reported in NCBI’s dbSNP, but it does not create a new splice site and the unaffected
control is heterozygous for this SNP.
In summary, no potential disease-causing mutations were found in the FBLN2 and

TIMP4 DNA sequence in our sixteen BAV patients.

5.4 Discussion

We have excluded the presence of mutations in the entire transcribed sequence
and flanking splice sites of FBLN2 and TIMP4 as a cause for ‘cBAV in sixteen families.
As discussed earlier for NOS3 (section 3.4.2), the possibility of intronic and regulatory
mutations remains, but this possibility was not studied here. To date, no mutations in the
FBLN2 and TIMP4 genes are known to cause any disease, however their expression is
altered in a number of pathological processes (sections 5.1.1 and 5.1.2).

Other genes in the 3p region could also be considered acceptable candidate genes
for BAV. The CRELDI gene (Cysteine-Rich with EGF-Like Domains 1, 3p25.3) is
ubiquitously expressed with stronger expression in certain developing tissues including
the heart [192]. This gene encodes a putative cell adhesion protein and is deleted in
patients with the 3p- syndrome (section 1.7.3) [192]. CRELDI is thought to be an
atrioventricular septal defect (AVSD)-susceptibility gene since missense mutations have
been associated with a low proportion of sporadic AVSD patients [193]. However, the
development of the aortic valve is not affected in 3p- or in AVSD patients despite the
deletion or mutation of CRELDI, which raises doubts about the involvement of this gene

in the pathogenesis of BAV.
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The RARB gene (retinoic acid receptor-beta, 3p24) is a reasonable candidate
expressed in heart (unclear for fetal heart), although it is also expressed in a wide variety
of other tissues (AceView). Proteins from the RAR family are known to be involved in
embryonic morphogenesis (NCBI LocusLink). Particularly, retinoid X receptor o (RXR-
a)-null mice have endocardial cushion defects (RXRA: human chr. 9) [88]. Mapping
slightly outside of the area that we have studied, the TGFBR2 gene (transforming growth
factor receptor-2, 3p22) is known to have a direct role in valve development (section
1.8.1). However, it contributes to the development of all four heart valves (not just the
semilunar valves) [88], and mutations in this gene are known to cause colon cancer
(OMIM). Further downstream of the 3p arm reside the HYALI, -2, and -3 genes (3p21.3),
which are hyaluronoglucosaminidases, hyaluronic acid-degrading enzymes. Hyaluronic
acid is the major component of the cardiac jelly (section 1.8.1), although it is not clear
whether these genes are expressed in the developing fetal heart (AceView).

Although we could not clearly confirm linkage to the 3p25 region with our
genetic marker analysis (Chapter 4), it is still possible that a defective gene causing
cBAYV is located in this area. We have excluded the involvement of the transcribed
sequence and flanking splice sites in the best two candidate genes, although regulatory
mutations could still be present. On the other hand, other genes in this region may have
yet unidentified functions in semilunar valve development. This is quite conceivable
considering the vast amount of knowledge left to be discovered in the field of cardiac
development. Additionally, one of the predicted genes in the region may in the future be

confirmed as a bona fide gene with a role in valve development.
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In conclusion, the sequencing of FBLN2 and TIMP4 in our BAV families did not
allow confirming linkage to the 3p25 region, which would have required the
identification of a disease-causing mutation. Therefore, the issue of linkage in the 3p
region remains an open-ended story, at least for four BAV families with potential linkage

in this region (families 2, 4, 13, 15).
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Chapter 6: General Discussion and Conclusions

6.1 Summary of our findings

Our initial hypothesis stated that congenital BAV was inherited as an autosomal
dominant disorder, with possible genetic heterogeneity. Our results did not allow
confirming the mode of inheritance of cBAV nor the presence of heterogeneity. This will
await the identification of disease-causing mutations.

The first objective of this project was to study the NOS3 candidate gene based on
the reported phenotype of a mouse model. We have excluded linkage at this locus in six
families and subsequently excluded the presence of mutations in the transcribed region
and flanking splice sites of the gene in ten other families. A mouse model with a greater
penetrance of the BAV phenotype and an absence of other anomalies is yet to be
generated. Notably, the effects of gene knockouts in mouse models may represent severe
phenotypes as compared with point mutations, which account for most disease-causing
mutations in humans [160]. Mouse mutants resulting in truncal cushion malformations
(Table 1.1) may show a less severe phenotype upon mutation of a single amino acid or
domain.

The second objective was to screen the chromosome 3p region with genetic
markers to clarify the involvement of this region in our 16 BAV families. Our two-point
linkage results did not allow finding significant linkage in this region, although we have
excluded a minimum of five families under an autosomal dominant transmission model.
In addition, our results suggested that the LOD score of ~2.54 obtained from the genome
screen had been most likely obtained by chance in most families. Further analysis will be

necessary to clarify the involvement of this region in the remaining families.
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We concomitantly studied two genes located on chromosome 3p, FBLN2 and
TIMP4, in our 16 families based on their known function in cardiac development. We
have ruled out the presence of mutations in the transcribed region and flanking splice

sites of these genes.

6.1.1 The question of genetic heterogeneity

The high incidence of BAV and its occurrence at low penetrance in certain
syndromes strongly favours heterogeneity for this disorder [129]. Locus heterogeneity
could occur when a different member of the same signalling cascade is defective in
different individuals during cardiac morphogenesis, for example.

Until it can be demonstrated that multiple loci can independently cause cBAV in
different families, we will not be able to confirm locus heterogeneity in our families.
However, we believe that the results from the model-free analysis in our 16 families

support this possibility.

6.1.2 Study limitations

The two major limitations of our study were the small size of our pedigrees and
their insufficient number, and the unknown mode of transmission for cBAV. A recent
report indicated that a larger study sample was associated with increased success in a
genome screen [194]. Because of the small number of affected individuals in most of our
pedigrees, a greater number of families would have facilitated the detection of linkage.
Additionally, since the mode of transmission for cBAV remains uncertain, we are unable

to draw clear conclusions from our linkage analyses. Model-free analysis has the
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advantage of being powerful enough to detect linkage when the mode of inheritance is
not known, however we obtain the combined results of a potentially heterogeneous group
of pedigrees. On the other hand, with model-based analysis we are forced to assume the
transmission model, which can result in failure to detect linkage. For example, we might
have excluded different families at the NOS3 locus had we performed the analysis under
a different model. We however continue to believe that cBAV is most likely inherited as
an autosomal dominant trait in several families based on the presence of affected

individuals in three generations.

6.3 Congenital bicuspid aortic valve: a complex disorder?

In this study, our hypothesis assumed that cBAV was a monogenic disorder,
although other scenarios are possible. The presence of what appears to be unaffected
carriers in some families hints at the existence of modifier genes and/or the contribution
of environmental factors and susceptibility genes (for example see families 14 and 15,
Figure 3.1). Nora and Nora proposed that as many as 90% of congenital heart defects
may have an important genetic-environmental interaction [195].

Complex disorders result from the interaction of several genes with each other
and/or with environmental factors. They are mainly characterized by variability in the
severity of symptoms and age of onset, multiple etiological mechanisms, and the
involvement of several genes each with a small overall contribution to the phenotype
[196]. In the case of cBAV, the “environmental” component could be embryonic blood
flow (section 1.9.1.1), which could cause BAV only in the presence of a genetic

predisposition. Although altered cardiac hemodynamics are sufficient to cause BAV in
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animal models (section 1.9.1.1, [115,116]), it is hard to explain how this factor alone
could be responsible for congenital BAV in multigenerational human families, unless this
perturbation was of a congenital nature itself.

Another interesting possibility to consider is that cBAV may be an oligogenic
disorder. Oligogenic disorders remain primarily genetic in etiology, but require the
synergistic action of mutant alleles at a small number of loci [197]. Indications of
oligogenicity include strain/background-dependent expression of the phenotype in animal
models, confirmation of linkage at multiple loci and the difficulty to successfully apply
Mendelian models in genetic analyses [197]. The BAV phenotype was indeed
background dependent in Syrian hamsters and mice (section 1.9.2). Substantial inter- and
intra-familial phenotypic variability is also strongly suggestive of the presence of
modifier genes [197]. Future research will hopefully clarify whether the different
subtypes of congenitally bicuspid aortic valves, and possibly the severity of the
complications, are genetically determined.

Complex disorders unquestionably represent a future challenge for linkage
studies. Genes with a low contribution to the phenotype will be hard to detect by linkage
[194]. However, modified linkage approaches that do not rely exclusively on attaining

significant LOD scores are emerging as efficient methods to detect such loci [198].

6.4 Importance of this work
This work is important because it represents the first effort to investigate the
molecular genetic component of familial congenital BAV in humans. Although our

results remain preliminary, our study constitutes a framework to lead future research.
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Moreover, we have presented six previously unpublished BAV families, raising the count
of reported families to 52.

Our work also has clinical importance. Almost every patient affected with BAV
will eventually develop symptoms that will require examination, prophylactic
medication, follow-up and potentially surgery, and thus become a regular user of the
health care system [6,12,23,42]. An early diagnosis allows for a better management of the
complications [24]. Research on cBAV aims to uncover its causes, and eventually to
allow diagnosing the condition before the appearance of symptoms. Furthermore, the
association of BAV with aortic medial weakness has implications for aortic valve surgery
and for research in the field of cardiac embryogenesis. The demonstration of a genetic

cause to this association would positively impact both domains.

6.5 Future directions

In order to increase the likelihood of success of future genetic analyses, it will be
essential to recruit many additional congenital BAV families, especially with the
possibility of genetic heterogeneity. The efforts of our laboratory and collaborators from
the Heart Institute are currently aimed in this direction.

The next important step will be to conduct a finer genome screen in all of our
BAYV families by genotyping additional STRP markers located in between the markers
from the first set to achieve 10 cM spacing. Chromosome X will also be included. This
“grid-tightening” process will be repeated until the detection of potentially linked loci,

which will be further examined. Until the true mode of inheritance of BAYV is identified,
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it will be prudent to keep to model-free or to non-parametric linkage analysis to avoid the
consequences of model misspecification.

Future challenges in the field of cardiac development will include defining the
pathology of cBAV on a molecular level, which will be of great assistance to genetic

analyses by providing additional information for the selection of candidate genes.
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Appendix I
Electronic Database Information and Accession Numbers

AceView:
http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/

GraphPad QuickCalcs (p value calculator):
http://www.graphpad.com/quickcalcs/PValuel.cfm

National Centre for Biotechnology Information (NCBI):
http://www.ncbi.nlm.nih.gov/

Nos3 genomic sequence: NT 039299 Nos3 mRNA: NM_008713

NOS3 genomic sequence: NT 007914.13 NOS3 mRNA: NM 000603

FBLN2 and TIMP4 genomic sequence: NT 022517.16

FBLN2 mRNA (longest isoform): AY 130459 TIMP4 mRNA: BC010553
NCBI LocusLink:

http://www.ncbi.nlm.nih.eov/LocusLink/
LocusID: NOS3: 4846 Nos3: 18127 FBLN2:2199 TIMP4: 7079

NCBI Map Viewer:
http://www.ncbi.nlm.nih.gov/mapview/map search.cgi?taxid=9606

NCBI Single Nucleotide Polymorphism (SNP) database:
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Snp

NCBI UniGene
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=unigene

NCBI UniSTS
http://www .ncbi.nlm.nih.gov/entrez/query.fcgi?db=unists

Online Mendelian Inheritance in Man (OMIM):
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=0OMIM
BAV: 109730

Primer3 online primer design software:
http://frodo.wi.mit.edu/cgi-bin/primer3/primer3 www.cgi

Swiss-Prot:
http://ca.expasy.org/sprot/
eNOS: P29474 Fibulin-2: P98095 TIMP-4: Q99727

University of California Santa-Cruz (UCSC) Genome Browser:
http://genome.cse.ucsc.edu/cgi-bin/hgGateway
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Appendix II
PCR conditions for genotyping at the D7S636 marker locus

PCR conditions in each sample (10 pl reactions):
- 20-100 ng of genomic DNA;
- 10 mM TRIS-HCI (pH 8.3);
- 50 mM KCI;
- 0.1 pg/ml bovine serum albumin;
- 1.5 mM of MgCly;
-0.2 mM dNTPs;
- 0.0625 pmol of M13 Forward (-29) IRD™ Dye-Labelled primer (Li-Cor, Lincoln, NE);
- 1 pmol of each primer (forward and reverse);
- 1 unit of Taq polymerase.

PCR program for genotyping:

1. 94°C for 5:00 min;

2. 10 cycles:
a. 94°C for 30 s;
b. 69 °C (minus 1°C per cycle) for 30 s;
c. 72°Cfor30s;

3. 21 cycles:
a. 94°C for 30 s;
b. 60°C for30s;
c. 72°C for30s;

4. 72°C for 5:00 min;

5. End.

PCR primers:

Primer Primer sequence (5°-3°)

Forward | CACGACGTTGTAAAACGACTGAGGAGAGACTCAGAATTGGA

Reverse GCTTGTGTGGGGTTTCAGGCT

Table Al. Oligonucleotide sequence of the PCR primers used to amplify the
D7S636 marker (underlined: the M 13 label sequence).

This primer pair yields PCR products in the range of 155-200 base pairs
(including the M13 tail).
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Appendix 111
PCR conditions for sequencing of the NOS3 gene

The PCR program and conditions described below are for the initial amplification
of the PCR products to be sequenced. The actual sequencing reaction (unidirectional
PCR) was performed under the conditions described in the kit manual (see Methods,
section 3.2).

PCR conditions in each sample (25 ul reactions):
- 20-100 ng of genomic DNA;
- 10 mM TRIS-HCI (pH 8.3);
- 50 mM KCI;
- 0.1 pg/ml bovine serum albumin;
- 1.0 to 2.0 mM of MgCl,;
- 0.26 mM dNTPs;
- 8.5 pmol of each primer (forward and reverse);
- 1 unit of Taq polymerase.

PCR program (for both the amplification and the sequencing reactions):

1. 94°C for 5:00 min;

2. 35 cycles:
a. 94°Cfor30s;
b. 1°C/sto X°C, then X °C for 30 s; *(see note below)
c. 1°C/sto 72°C, then 72°C for 30 s;

3. 72°C for 5:00 min;

4. End.

*In step 2b of this program, X represents the annealing temperature in °C, as
indicated in the third column of Table A2 below.

PCR and sequencing primers:
See Tables A2 and A3 below.

Table A2 (next page). Primers and conditions for amplification and sequencing of the
NOS3 gene.
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NOS3 exon # PCR primers tfgg@f;ﬂ?:lé?g) PCR ngz;wt size chr‘i‘ﬁgisng
lgc,%dTi‘I‘{g)J‘ Zgggﬁg 65.0 340 eNOSxIF
2 Nt 65.5 226 eNOSX2F
T e e | v | o
T e e e
5 oot 62.5 463 eNOSXS5-6F
6 :Sgg;‘g:gg 62.5 463 eNOSx5-6R
7 Noaaer 652 573 eNOSXTintR
8 :ﬂgg;‘;gg 65.2 573 eNOSx8intF
9 Zﬁgg;‘gg 65.5 318 ¢NOSX9F
10 :gggﬁg:llg 65.0 559 eNOSx10intR
11 :ﬁggﬁg:ﬁﬁ 65.0 559 eNOSx11intF
12 RSO 62.0 782 eNOSx1213F
13 :gggﬁggﬁ 62.0 782 eNOSx13intF
el e | v |
15 :gggﬁ ;I: 66.0 203 eNOSx15F
16 gﬁgg:; 211: 66.0 535 eNOSx16intF
17 Zﬁggﬁ;ﬁ 67.0 293 eNOSx17F
18 Noror 63.0 836 eNOSx18F
19 :ﬁggﬁgﬁ 63.0 836 eNOSx19R
s [ hem e | e | o
21 ooy 64.0 592 eNOSX2IR
2 Zﬁgggg 64.0 502 eNOSx22R
e e v o
24 Zggggig 64.0 386 eNOSX24F
25 :ﬁgggﬁg 64.0 520 eNOSx25R
T I T T
26 (3’UTR) e;%%i’;%ifR 65.0 1030 eNOSx26intF
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Table A3. DNA sequence of the NOS3 PCR and sequencing primers described in Table
A2.

Primer name

Primer sequence (5°-3°)

eNOSx1F GTGTATGGGATAGGGGCGG
eNOSxIR CACCACCCTTGTTGCCCAC
eNOSx2F CATCTGGGAAGGCTGAAAGG
eNOSx2R CCTTACCCACCCTTTCCCTG
eNOSx3F CAACTCCCATCCCACCCCT
eNOSx3R GGGTCATGGGAAGGTCGTC
eNOSx4F CACTTGCACAAAGCCTGGAG
eNOSx4R CCGCTCCCCTTTTGGTAG
eNOSx5-6F CTCTGGAGCTGATACTCAAGACC
eNOSx5-6R GCCTTCTCCCACTGGTTTC
eNOSx7-8F CAGGAGACAGTGGATGGAGG
eNOSx7-8R TTGGGGATGGAGTGAGAGC
eNOSx7intR CAGGATGTTGTAGCGGTGAGG
eNOSx8intF CCCAGGAAACGGTCGCTT
eNOSx9F CTCACCTCACTCCTTCCAGC
eNOSx9R CTGTCCAAATCCTGCCCTA
eNOSx10-11F GGAGTGGTGGAGGAAGAATG
eNOSx10-11R TAGGCCCAGAACACTGCTG

eNOSx10intR GAAAGGTTAGAGGTCCCCAGG
eNOSx11intF CCTGGGGACCTCTAACCTTTC
eNOSx1213F GCATCACCAGGAAGAAGACCT
eNOSx1213R TCACTCCAATTCTGAGTCTCTCC
eNOSx13intF TGTTCAGAGATCAAGTTGGGG
eNOSx14F GGGGTGGTCTTTGTCTTATC
eNOSx14R CCCTTTCTGTTTGTGTCTCC
eNOSx15F ACCCTGAAGCCGTCCCTG
eNOSx15R CAGGGGTCGTCAGTGGAGC
eNOSx16R TGAGGCAGGAGGAGGCATC
eNOSx16intF TTGGCGGCGGAAGAGGAAG
eNOSx17F AGCAAGACGCAGTGAAGCC
eNOSx17R CCCAGAGTGCTTTAGTCCCG
eNOSx18F GGACTAAAGCACTCTGGGGC
eNOSx19R CTGGGTCGGGTCCTGAGC
eNOSx20F AACACAAACATCAGCCCAGG
eNOSx20R CCAGCTCATCCCGTCTCTC
eNOSx21F GGGGTCAAGAAGGGAGGTTAC
eNOSx21R TCTGGGGGTGGGAAGGAG
eNOSx22R CTAATGACACCACACCCTTGAC
eNOSx23aF TCCTTGCTCCACCCACCCTGC
eNOSx23aR TGCCCTCTCTTTCCTATTTCCTGCC
eNOSx24F AAGTAATGGTGGTTTCAGCCC
eNOSx24R TGAGTGGTCGTGGGAGGC
eNOSx25F CGACCACTCAGCCACCCC
eNOSx25R TCGGAAAAGAGCACAGTGGATC
eNOSx26aF TGAGCGTGCGGGGTTCC
eNOSx26aR CTAAGAAACAGGAAGCGGGTGG
eNOSx26intF CCAGGAAGGAGCAAAACGC
eNOSx26utrR CCACCACATACCCACAACTGC
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Appendix IV
PCR conditions for amplification of NOS3 exons 17-18-19 (for Ncol restriction
digest)

PCR conditions* (in 25 ul volumes):

- 20-100 ng of genomic DNA;

- 50 mM TRIS-HCI (pH 9.2)

- 16 mM ammonium sulphate ((NH4),SO4)

- 1.75 mM of MgCly;

- 200 mM dNTPs;

- 8.5 pmol of each primer (forward and reverse);
- 1 unit of Taq polymerase.

*These conditions were used because amplification was not obtained with the
conventional conditions described in Appendix III.

PCR primers:
The eNOSx17F and eNOSx19R primers were used (see Appendix III).

PCR program:
As described in Appendix III. An annealing temperature of 63.0 °C was used.
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Appendix V
PCR conditions for genotyping BAV families

PCR conditions for genotyping (in 10 yl volumes):
As described in Appendix II.

PCR programs:

TD50:

1. 94 °C for 5:00 min;

2. 16 cycles:
a. 94°C for 30 s;
b. 66°C for 30 s, minus 1 °C per cycle;
c. 72°Cfor30s;

3. 23 cycles:
a. 94°C for 45 s;
b. 50°C for30s;
c. 72°C for30s;

4. 72°C for 5:00 min;

5. End.

TDS5: Same as TD50, except for these modifications:
- Step 2: only 11 cycles;
- Step 2b is done at 65 °C for 30 s, minus 1 °C per cycle;
- Step 3b is done at 55 °C for 30 s.

T49:

1. 94°C for 5:00 min;

2. 40cycles:
a. 94°Cfor30s;
b. 49°C for30s;
c. 72°Cfor30s;

3. 72°C for 10:00 min;

4. End.

L50: Same as T49 except for these modifications:
- Step 2: only 30 cycles;
- Step 2b is done at 50 °C.

PCR primers:
See Table A4 below.
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Marker PCR primers (5*-3) PCR Afe‘ggf;“
name (Top: forward primer; bottom: reverse primer) program (bp)

pasises | ASCACHOMAMACOICCTGIONCACACTICTO0 | 1) | 120
D3S3611 gﬁgg:ggg%g??ééggACGCTACCTCTGCTGAGCAT TD50 107-137
D3S3589 gégg:gggzgg:ééﬁgGACAAGCAATATTTTCTACCACTTTCT TD55 135.245
D353680 géggégggggg::éﬁfiﬁgﬁAGGAATTGCAAATGAAAATAGAAA TD55 126-144
possror | SACACATISAMCGICCCCCAOMCTTAOSAA | 1oss | 17119
D3S3610 géggéggg?géééégggCCCAGATTCTCTAAGGCCATGC TD55 211-263
D351585 | SACORCOITOTAAMALGACTGCACGAGCCAGAAGT TDS5 | 126-144
D3S2336 ??gngCTGG'IgGGg:’?éX’%%%ACTCCTTTAGTGGTTTTAACACA T49 89-109

Table A4. Oligonucleotide sequences and PCR programs used to amplify polymorphic
DNA markers on chromosome 3. Underlined in each forward primer is the M13 tail
sequence. The amplicon lengths are from UCSC Genome Browser and do not include the
size of the M13 tail.
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Appendix VI
PCR conditions for sequencing the FBLN2 and TIMP4 genes

PCR conditions and PCR programs:
As described in Appendix III.

PCR primers:
As described in Tables A5, A6, A7 and A8 below.
TIMP4 exon . Annealing PCR Sequencing
# PCR primers temperature product rimer
°C) size (bp) P
, TIMP45utraF TIMP45utraF
LOUTR) | TiMmP4suirar 62.0 696 | TIMP45utraR
. TIMP4x1F
1 (coding) TIMP4x1R 61.0 464 TIMP4x1R
TIMP4x2aF
2 TIMP4x24aR 56.0 234 TIMP4x2aR
TIMP4x3F
3 TIMP4x3R 62.0 330 TIMP4x3F
TIMP4x4F
4 TIMP4x4R 59.0 383 TIMP4x4F
. TIMP4x5F
5 (coding) TIMP4x5R 53.0 534 TIMP4x5R
, TIMP4x5F TIMP43utrR
SCUTR) | rpvipasusR 540 934 | TIMP43utrintF

Table AS. Primers and conditions for amplification and sequencing of the TIMP4 gene.

Table A6. DNA sequence of the TIMP4 PCR and sequencing primers described in Table
AS.

Primer name Primer sequence (5°-3)
TIMP45utraF CTGTTGCTTTGGAGCCTCAT
TIMP45utraR CAGCTGCATGCCTCACC
TIMP4x1F AGCCTCGGGTCCTGCCTC
TIMP4x1R CACCCATCAGCCTCAGCAAG
TIMP4x2aF TCCAGACCTCAGGTGTATTGC
TIMP4x2aR CCTCCCAGAACACAGACTCC
TIMP4x3F AGTAGGGACATCTGAGGACACA
TIMP4x3R CCTGGCTCCTTTCTCACTACC
TIMP4x4F CACCACTGCCACCAAAG
TIMP4x4R GACTGTATTGCTTTCTCATCC
TIMP4x5F AGGTCAGTGGTAGAGTAAGG
TIMP4x5R AAGAGGTCAGGTGGTAATG
TIMP43utrR TTAGGATGAGTTGAGACAGG
TIMP43utrintF ACCTGCCTCTCAGGAAGGAG
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P00 | oo g | gt | P | e
1 (5UTR) g:gg;‘l‘gg 65.0 231 Fibu25utrF
2 (partially) ggﬁﬁ;ﬁ 65.0 733 Fibu2x1.1R

Fibu2x 1 3F
2Gartall) | g T 650 9% | Fipuor e

Fibu2x1.3intR
3 Fibu2aoR 630 23| Eoor
4 iou2xt 62.0 300 Fibu2x3F
; Fiba2ath 620 ® | oo
6 If:&‘g:gg 58.5 377 Fibu2x5F
7 et 64.0 267 | Finoxer
g Fibvaar 590 21| ook
9 E:El‘l‘;’:gg 64.0 294 Fibu2x8F
10 ﬁiigl‘l‘;:gﬁ 58.0 396 Fibu2x9F
1 Fiba2a 10 5.0 261 | FinaxioR
o B w0 | e e
14 g:gg;‘gg 61.0 280 Fibu2x13R
15 poux1ae 58.5 438 Fibu2x 14F
t6 FibaaloR 650 il B
17 E;E;‘;:}gg 56.0 289 Fibu2x16F
18 (3'UTR) EIES;?:;:E 53.0 645 Fﬁ&%ﬁﬁ&

Fibu23utrintaF
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Table A7. Primers and conditions for amplification and sequencing of the FBLN2 gene.




Primer name Primer sequence (5°-3")
Fibu25utrF GCTGGTCCCGCCTCTCGC
Fibu25utrR GTCCGAGGGTCCGCCGAG
Fibu2x1.1F GCGTGTGAGGTGGCTGAGG
Fibu2x1.1R TCAGTGCTCCCGAAGTCCAC
Fibu2x1.2F CGCCGCTGGAGAACTGC
Fibu2x1.2R GGTCTTCGTAGTGTCGCTCGG
Fibu2x1.3F GCCTGCCACTGCCCTGAC
Fibu2x1.3R AGCCTCCTGCCCAAACCAAG

Fibu2x1.3intF AGTCAGCCACTGTCCACCAT
Fibu2x1.3intR CATCAGGCAGTGATGTGGACA
Fibu2x2F CTGCTGGACTTGGTGACTTATG
Fibu2x2R AGAAGGCAAATGGGCAGC
Fibu2x3F GCCTCACTCACTTTCCACTCT
Fibu2x3R GGACAGCCTAACTTCTTGGG
Fibu2x4F GGCAGAGGAGATAAGATAATGG
Fibu2x4R TGGGTGGTAGTTGGTGGTTA
Fibu2x5F GTTGTCTCAGCCACCTACTCT
Fibu2x5R GTAACAGGAAGTGAAGGACC
Fibu2x6F CCTGGCTGAAGACCTGAGACC
Fibu2x6R ACATACCCAGCACCAGACAGC
Fibu2x7F TAGTAGGTTAGAGCCAGGGATG
Fibu2x7R TCATCATAGCAGCCAAGACTC
Fibu2x8F CCTTGCTGGGTCTCATTCTCCTG
Fibu2x8R TGGCGTGGAGCAGAGCGG
Fibu2x9F GCTCTCTCCCTCCTGGTGGC
Fibu2x9R CCAGCAGGAAACCCAACTAAGG
Fibu2x10F GGCTGCTGAGTGTAAAGG
Fibu2x10R CCACAATGCCTCCAGTAG
Fibu2x11-12aF TGGCCCTGCAACTCTGAC
Fibu2x11-12R CCAGCAGGAGGATGAGGC

Fibu2x12intF AAGTGTGTGGGTAAGGCCAG
Fibu2x13F CTCTCCCACTTAGCCTCC
Fibu2x13R TGCCCACTACAGATACCAG
Fibu2x14F TCCCTTCCCAGTCACCAG
Fibu2x14R CAAGGTCACACAGCCAGG
Fibu2x15F GGCTCTGTGGGTGGACG
Fibu2x15R TTTCTGTGCCTGCTTGGAG
Fibu2x16F GCTATTCTCACAGGTCCG
Fibu2x16R ACAGGACCAGGACAGGC
Fibu2x17F GCTGTGCCATCTGTGTC
Fibu2x17R ACAGGAGTCAAGTCAGCAA
Fibu23utraF ACGTGGAGATGAAGCTCTGG
Fibu23utraR GCCATAGAGCCCTGTGACAT

Fibu23utrintF TTGCTGACTTGACTCCTGT

Fibu23utrintaF CTGTGGGTGAGGCTGGGT

Table A8. DNA sequence of the FBLN2 PCR and sequencing primers described in Table
A7.
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