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Abbreviations

AAA abdominal aortic aneurysm

AF atriaf fibrillation

Al aortic valve insufficiency

AS aortic valve stenosis

ASD atrial septal defect

ATS arterial tortuosity syndrome

AV atrioventricular

AVSD atrioventricular septal defect

BAV bicuspid aortic valve

CCA congenital contractural arachnodactyly
CFC cardio-facio-cutaneous

CHM congenital heart malformation
CoA coarctation of the aorta

DCRY double-chambered right ventricle
DCM dilated cardiomyopathy

DORV double outlet right ventricle

EDS ehlers danlos syndrome

EMT endothelial-to-mesenchymal transdifferentiation
FHF first heart field

GWAS genome wide association studies
HAA hypoplastic aortic arch

HCM hypertrophic cardiomyopathy
HLH hypoplastic left heart

HLHS hypoplastic left heart syndrome
HLV hypoplastic left ventricle

HRFC hepatorenal fibrocystic

HRV hypoplastic right ventricle

IAA interrupted aortic arch

IFT intraflagellar transport

LPM left plate mesoderm

LR left-right

LVNC teft ventricular noncompaction
LVOTO left ventricular outflow tract obstruction
Ml mitral valve insufficiency

MIiRNA microRNA

My mitral valve

MS mitral valve stenosis

MVP mitral valve profapse



NCCM
PA
PAPVR
PCD
PDA
PFO
PTA

PS

sD
SHF
SVAS
TAA
TAAD
TAPVR
TGA
TOF
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VsD
XMVD

noncompaction cardiomyopathy
puimonary atresia

partial anomalous pulmonary venous retour
primary ciliary dyskinesia

patent ductus arteriosus

patent foramen ovale

persistent truncus arteriosus

pulmonary valve stenosis

sudden death

second heart field

supravalvular aortic stenosis

thoracic acrtic aneurysm

thoracic acrtic aneurysm-dissection

total anomalous puimonary venous retour
transposition of the great arteries

tetralogy of Fallot

vertebral anomalies, cardiac defects, tracheo-esophageal fistula, radial anomalies, imb defects
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CHAPTER1

General introduction

1.1 Intreduction

Congenital heart malformations (CHM) are among the most common congenital defects, occurring in
8 out of 1000 live-births '. In the past decade significant progress has been made in the identification
of genes implicated in the signaling pathways involved in cardiovascular development. A major con-
tribution has come from the study of model systems from fruit fly to mouse. Additionally, multiple dis-
ease genes implicatad in genetic forms of human CHM have been identified, mainly through positional
genetics in multiplex farnilies. Especially human syndromes with CHM (“syndromic” CHM) have been
instrumental in the elucidation of these disease genes, but recently also a number of disease genes
implicated in "non-syndromic” CHM have been identified.

In this chapter the most important forms of syndromic CHM with the different signaling pathways
involved, and the genetic and environmental factors contributing to non-syndromic CHM are sum-

marized. Several recent reviews have addressed the progress in the identification of these genes and
pathways **,

1.1.1 Genetic pathways in cardiac development

1.1.1.1 Transciptional regulators of cardiac precursors

Heart development starts in early gestation when a crescent of mesodermal tissue originating from
the anterior lateral plate commits 1o the cardiac lineages, and differentiates into two pools of progeni-
tors known as the first heart field (FHF) and the second heart field (SHF) {see Figure 1 from ref '9. FHF
cardiomyocyte progenitors arise from the splanchnic mesoderm and are mainly involved in formation
of the heart tube and left ventricle. The right ventricle and outflow tract are derived from the SHF pro-
genitors, originating from the pharyngeal mesoderm 2 Both the development of the FHF and SHF
appear 1o be regulated by complex signaling networks involving members of the bone morphogenetic
proteins {Bmp), sonic hedgehog (Shh), fibroblast growth factor (Fgf), Wnt, and Notch proteins 21973714,
A core set of evolutionary conserved transcription factors and regulators (Nkx, Mef2, Gata, Thx and
Hand families) controls heart development from early on by determining cardiac cell fate and expres-
sion of cardiac effaector genes. These encode contractile proteins such as sarcomeric proteins and other
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unknown target genes regulating morphogenesis * (Figure 1 from ref ). Many of these transcription
factors and regulators, including Nkx2-5 and Gata4, operate in both the FHF and the SHF, whereas cth-
ers are preferentially expressed in one of these two fields: Hand1 and Thx5 in the FHF, and !sl1, Thx1,
Foxh1 and Fgfin the SHF . Two important upstream regulators in the SHF are Isl1, a LIM-homeodamain
transcription factor, and Foxh1, Several studies have indicated that Is|1 expression defines a multipotent
cardiovascular SHF progenitor that can differentiate into specific mature cardiac, pacemaker, smooth
muscie, and endothelial cell types 1517, Both Isl1 and Foxh1 are required for the proliferation and survival
of SHF cells and the regufation of many other transcription factors and signaling pathways 3. sl
regulates Mef2 expression, a myogenic transcription factor that is known to be associated with differ-
entiation of all muscle types. Foxh1 interacts with Mef2¢ and is required for right chamber formation ™.
GATA factors and Nkx2.5 are essential for Mef2¢ expression in the SHF. The latter interacts with Hand2,
and is required for proper development of the right ventricie 2, Anotherimportant cardiac transcription
factor is Tbx20, which controls expansion of FHF- and SHF-derived cells and outfiow tract development,
possibly by regulating Nkx2.5 and MefZc 2. Also several microRNAs (miRNAs) functioning as negative
regulators of target RNAs, are expressed in the developing heart, including MiR1-1, MiR1-2, MiR133a-1
and MiR133a-2. These noncoding RNAs play a role in “fine-tuning” the amount of key proteins during
cardiogenesis %

Figure 1 | Pathways regulating cardiac morphogenesis.

Transcription factors, signaling proteins, and miRNAs that play a role i different regions of the developing heart are shown. Positive effects are indicated by
arrowheads, and negative effects by hars, Physical interactions are indicated by dashed Iines. The FHF is the dark and medium gray area of the atria and left
ventricle, The SHF s the white area. The conotruncus is also partly in gray: this represents the area where the cardiac neural crast cells migrate into the outflow
tract from the neurai folds to septate the outffow tract and pattern the bilaterally symmetric aortic arch arteries (Ill, ¥, and V1)), Frem ref ™ with permission
from Dr, Deepak Srivastava,
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1.1.1.2 Left-right asymmetry and the NODAL signaling pathway

The molecular network regulating left-right (LR) asymmetry of the body plan has been studied exten-
sively, and more than 80 genes involved in this process have been identified 2%, The NODAL signaling
pathway is essential in LR patterning. Four essential proteins in this pathway are the highly conserved
proteins Nodal, Lefty1, Lefty2 and Pitx2, which are all expressed asymmetrically near the midline or
in the left lateral plate mesoderm at comparable developmental stages 52, Both the Nodai and the
sonic hedgehog ({Shh} signaling pathways converge on the transcription factor Pib. Pitx2 is initially
expressed asymmetrically along the LR axis in the linear heart tube, but this asymmetry translates into a
dorsal-ventral polarity in the looped heart tube, The precise downstream cardiac targets of the NODAL
signaling pathway remain unknown, The NODAL signaling pathway and related CHMs are further de-
scribed in paragraph 1.1.2.4 of this Chapter and in Chapter 2.

1.1.1.3 Formation of the cardiac outflow tract
Following rightward looping of the heart tube, cardiac neural crest cells migrate into the outflow tract
10 septate the outflow tract and pattern the bilaterally symmetric aortic arch arteries . Second heart

field derived myocardial cells interact with these neural crest cells via Thx1-dependent secretion of
growth factors such as Fgf§ .

1.1.1.4 Valvulogenesis

Signal transduction pathways including Wnt/3 - Catenin, Vegf, Noteh, Bmp - Tgf, and Erb, and tran-
scription factors including different Gata, Fox and Sox transcription factors have all beenimplicated in
heart cushion and valve formation in mice. These different signaling pathways exhibit extensive cross-
talking, resulting in a complex integrated process of cardiac valve morphogenaesis (for review: see ref
N3 Genetic pathways implicated in cardiac valve formation and human CHM with cardiac valve de-
fects are further described in Chapter 3.

1.1.2 Syndromic congenital heart malformations

CHM occur in many human syndromes, which reflect the multitude of genes involved in cardiovascular
development. Such syndromes might be due to chromosomal imbalances. Genomic deletions detect-
able by conventional cytogenetics are found in approximately 13% of children with CHM, and include
trisomy 21, 13 and 18, Turner syndrome and Cri-du-Chat (5p-) syndrome 3. Submicroscopic deletions,
including 22g11.2 deletion syndrome, Williams syndrome {7q11.23 deletion), Smith Magenis syndrome
{17p11.2 deletion) and Wolf-Hirschhorn syndrome {(4p- deletion} comprise a considerable subgroup of
syndromic CHM. Recent CGH array studies demonstrate a high frequency of chromosomal imbalances
in syndromic CHM %, and a lower frequency in non-syndromic CHM 3.

Positional genetics studies in humans have led to the identification of many disease genes that are
implicated in monogenic forms of syndromic CHM. Here we only review the more frequent syndromes
that led to the discovery of different pathways involved in cardiovasculary development.

15
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1.1.2.1 Transcription factorsin Holt-Oram syndrome and related disorders

The first identified single gene mutation associated with inherited CHM was identified in the T-box
transcription fator TBXS gene, and was shown to cause Holt-Oram syndrome ¥, Individuals with Holt-
Oram syndrome display great phenotypic variability with mild to severe limb defects, and various types
of CHM, including atriai septal defect (ASD), ventricular septal defect (VSDj, tetralogy of Fallot (TOF}
and atrioventricular conduction defects 38, Truncating mutations cause substantial cardiac and limb
defects, whereas missense mutations lead to either more prominent heart or more severe limb defects
depending on the specific gene domains affected ¥, Soon after the discovery of TBXS mutations in Holt-
Oram syndrome, mutations in another transcription factor gene NKX2.5 (NKX2E) were discovered in
families with inherited ASD and atrioventricular block *, Murine models have shown that Tbx5 and the
homeobox transcription factor Nkx2.5 interact physically and synergistically to induce downstream tar-
gets 42, Tbx5 and Nkx2.5 both interact with the zinc finger transcription factor Gata4, and in humans
GATA4 mutations lead to non-syndromic CHM, including septal defects, PS and TOF. This transcriptional
network was further extended by the identification of the Sall4 gene whose gene product has been
shown to interact with Thx5 in a mouse model %%, [n hurnans the SALLZ gene is implicated in Okihiro
syndrome, a malformation syndrome with cardiac septal defects and radial ray defects clinically over-
lapping Holt-Oram syndrome *~%, Recently, mutations in the T-box DNA-binding domain of TBX20 were
implicated in cardiemyopathy and septal defects in humans %, Murine Thx20 also interacts with the
Nkx2.5-Gata4-Thx5-Sall4 complex 49, Patients with mutations in afl these transcription factor genes
mainly show septal defects, providing further evidence this transcriptional network is essentiat for sep-
tal development. Other transcription factor genes that interact with this network, such as /SLT, TBX2,
GATAS, HANDZ2, MEF2¢, as well as downstream targets might be additional functional candidate genes
for human CHM 18483057

1.1.2.2 TBXT genein 22q11.2 deletion syndrome and related disorders

The 22¢11.2 deletion syndrome is one of the most common human microdeletion syndromes with an
estimated prevalence of one in 4000 live births *2. CHM in this syndrome include outflow tract anoma-
lies such as interruption of the aortic arch (JAA), persistent truncus arteriosus {PTA), transposition of the
great arteries (TGA), Tetralogy of Failot {(TOF), and double outlet right ventricle {DORV} 5. Disruption of
one or two copies of the Thx1 gene in mice results in heart defects similar to those seen in 22q11.2 de-
letion patients *55, providing evidence that TBXT haploinsufficiency is the cause of the cardiac defects
seen in 22q11.2 deletion patients. Subsequently, human TBXT mutations were demonstrated to cause
non-syndromic CHM including VSD and 1AA %7, and also most of the anomalies seen in the 22911.2
microdeletion patients 5540,

TBX1 is needed for the proliferation of SHF cells before they differentiate into cardiomyocytes, and in-
teraction of SHF ceils with neural crest cells that migrated into the outflow tract. Tbx1 is a direct target of
Foxc1 and Foxc2, two closely related Fox transcription factors 552, Mutations in the human FOXC2 gene
cause Lymphoedema-distichiasis syndrorne, which is associated with CHM, including abnormalities of
the outflow tract such as TOF, in 6 % of patients . Murine TbxT expression regulates the proliferation
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of the splanchnic mesoderm and the expression of Fgf8. Fgf8 mutations in mice resultin CHM similar to
those with neural crest interruption, including PTA, DORY, and VSD . Also mutations in other signaling
pathways affecting neural crest cell migration, including the endothelin and semaphoring pathways,
cause outflow tract anomalies {for review: see ref %),

1.1.2.3 RAS-MAPK signaling pathway in Noonan syndrome and related disorders

Noonan syndrome, LEGPARD syndrome, Cardio-facio-cutaneous (CFC) syndrome and Costello syn-
drome are clinically and genetically heterogeneous conditions with overlapping clinical features, in-
cluding dysmorphic features, short stature, and cardiac defects such as hypertrophic cardiomyopathy
(HCM} and pulmonary valve stenosis (PS) 5%, Molecular studies of these syndromes have revealed a
signaling pathway referred to as the RAS-MAPK signaling pathway, which includes the PTPNTI, SOST,
KRAST, RAFT, BRAF , MEKT and MEK2 genes. Mutations in all of these genes can lead to cardiemyocte
hypertrophy and pulmonary valve anoralies, predominantly by increased signaling leading to sup-
pression of calcineuric/NFAT transcriptional activity 5728,

Noonan syndrome is an autosomal dominant condition caused by mutations in PTPNTT in approximate-
ly 50% of patients . In a minority of patients with Noonan syndrome, mutations have been found in
the SOST (17-28%)7%7, KRAS (296) ™7 or RAF1 (3-17%) 77° genes, Mutations in SOS1 are associated with a
milder phenotype characterized by normal stature and absence of cognitive deficits. Mutations in KRAS
273 on the other hand may lead to a more severe phenotype resembling CFC syndrome.

LEOPARD syndrome (Lentigines, ECG abnormalities, Ocular Hypertelorism, Pulmonary valve stenosis, Ab-
normalities of the genitalia, Retardation of growth, Deafness) shares several clinical features with Noonan
syndrome, including facial dysmorphism, short stature and CHM, but is characterized by pigmentary
abnormalities such as lentigines as seen in Neurofibromatosis type 1 patients. LEOPARD syndrome is
caused by heterozygous mutations in PTPNT7 in 90% of cases and RAFT mutations in a minority of
cases (3%) 777, The Leopard syndrome-associated PTPNTT mutations are distinct from PTPNTT muta-
tions found in Noonan syndrome: Leopard mutations lead to dominant-negative effects that disrupt
the growth factor activity of Ras effectors, whereas Noonan mutations are gain-of-function mutations
that lead to enhanced phosphatase activity, resulting in activation of the RAS-MAPK pathway ™.
Cardio-facio-cutaneous (CFC) syndrome is caused by an autosomal dominant mutation in the BRAF (37-
78%), KRAS (5%), MEKT or MER2 {10-15%) genes encoding additional proteins in the same RAS-MAPK
pathway "*#_ Although the clinical features of CFC syndrome overlap with Noonan and Costello syn-
drome, skin disease (eczerna, hemangioma, hyperkeratosis and keratosis pilaris), mental retardation,
seizures and optic nerve hypoplasia may be key features to discriminate CFC syndrome from Noonan
syndrome or Costello syndrome %,

Costelio syndrome phenotypically overlaps with Noonan syndrome and CFC syndrome, and is charac-
terized by failure to thrive, cognitive impairment, tumeor predisposition, foose skin, nasal papillomata,
and cardiac anomalies including HCM and atrial tachycardia ##4, Costello syndrome is caused by het-
erozygous mutations in the HRAS gene in over 80% of patients 808+%,

The main CHM seen in individuals with Noonan syndrome, LEOPARD syndrome, CFC syndrome, and

17
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Costello syndrome are PS and HCM, but also VSD and TOF can be found. PS is tess frequent in Costello
syndrome than in the other 2 syndromes. RAFT mutations in Noonan syndrome and LEOPARD syn-
drome lead to HCM in many cases 777°%, Arrhythmias are observed in over 30% of patients with Costello
syndrome %, and might be a discriminating cardiac feature with Noonan and CFC syndrome, as cardiac
rhythm abnormalities are infreqguent in the latter 2 syndromes ®. CHM seem to be less frequent in CFC
patients with a MEKT or MEK2 mutation ¥,

Although there is an unconfirmed suggestion that PTPNTT mutations may play a role in non-syndromic
PS, mutations in the RAS-MAPK pathway have not been convincingly found to cause non-syndromic
CHM 89,90 :

1.1.2.4 NOTCH signaling pathway in Alagille syndrome and related disorders

Alagille syndrome is an autosomal dominant disorder characterized by liver disease, vertebral anoma-
lies, dysmorphic features, and various types of CHM. CHMs include PS, TOF and peripheral pulmonary
arterial stenosis. In approximately 90% of patients a mutation is found in the JAGT gene encoding Jag-
ged1 %%, Jaggedi is a member of the NOTCH signaling pathway and is expressed in a specific popula-
tion of endocardial cells of the outflow tract that undergo epithelial to mesenchymal transformation.
JAGT mutations have also been found in patients with non-syrdromic forms of TOF with PS, pulmonary
atresia and absent pulmonary valve %5,

NOTCH signaling is dependent on the interaction between Notch ligands (delta-like 1,34 and Jag-
ged1,2) and receptors (Notch 1-4} enabling the transduction of signals between neighbouring ceils.
The NOTCH signaling pathway is involved in many steps in both vascular and cardiac development,
inciuding cardiomyocyte differentiation, boundary formation of the atrioventricular canal, valve de-
velopment, ventricular trabeculation, and outflow tract remodeling #%, Not surprisingly, mutations in
other components of this pathway also lead to CHM. NOTCH2 mutations have been found in a minority
of patients with Alagille syndrome with renal disease representing a differentiating feature between
patients with JAGT and NOTCHZ mutations ¥, NOTCH7 mutations have been identified in individuais
with bicuspid aortic valve (BAV) and aortic valve stenosis (AS) although the CHM spectrum included
also mitral atresia, hypoplastic left heart {HLH) and DORV %,

1.1.2.5 TGFR signaling pathway in Marfan syndrome and related disorders

Aortic aneurysms represent a common vascular malformation with life-threatening implications. Aortic
aneurysm can be part of syndromes including Marfan syndrome (FBNT gene) *'9, Loeys-Dietz syn-
dromes (TGFBR1/2 genes) ™%, Ehlers-Danlos syndromes [COL3AT gene and FLNA gene) %1% and
arterial tortuosity syndrome (SLCZA70 gene) 1% Upregulation of the TGFp signaling pathway plays
a central role in the pathogenesis of Marfan syndrome, Loeys-Dietz syndrome and arterial tortuosity
syndrome (ATS}, making this pathway the primary pharmacological target for the development of new
treatment strategies for arterial wall disorders. In transgenic mouse models Losartan, an angiotensin |l
type T receptor, inhibits TGFB signaling and results in a rescue of the aortic pathology '®. Although the
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results of human trials with Losartan have to be awaited, a preliminary report suggests that Losartan
therapy will benefit young patients with severe Marfan syndrome "',

Nen-syndromic aortic aneurysms can be due to mutations in sarcomeric protein genes such as the
MYH11 gene encoding the smooth muscle cell myosin heavy chain "' and the ACTA2 gene encoding
smooth muscle cell a-actin "2 it is currently not known whether TGFS signaling is increased in patients
with mutations in these sarcomeric protein genes, but interaction between the TGFB pathway and sar-
comeric protein genes has been reported '3,

1.1.3 Non-syndromic congenital heart maiformations

The majority of CHM with monogenic inheritance is associated with other malformations and consti-
tutes syndromic forms of CHM. In contrast, most cases of non-syndromic CHM occur sporadicatly. Fami-
lies with clear monogenic inheritance of non-syndromic CHM are scarce, thereby impairing the identi-
fication of disease genes involved in nan-syndromic CHM by a classical positional genetics approach.
The low percentage of single gene mutations with high penetrance argues against a prominent role of
these mutations in sporadic cases of CHM. However, only 2 limited number of human genes involved
in cardiogenesis are currently known. Taken into account the large number of genes that play a role in
murine cardiogenesis, many human genes are expected be identified within the coming years. Next-
generation sequencing most iikely will play an important role in identifying these genes,

Overall, the recurrence risk of non-syndromic CHM (defined as the risk of a child with CHM after a previ-
ous child with CHM) is usually in the order of 2-10 %. The traditional hypothesis to explain this relatively
low non-Mendelian recurrence risk suggests that the majority of sporadic cases with non-syndromic
CHM are due to multifactorial inheritance involving a2 multitude of susceptibility geneas with reduced-
penetrance mutations superposed on unfavorable environmental factors. The different environmental
factors, disease genes with monogenic mutations, susceptibility genes with reduced-penetrance muta-
tions and somatic mutations implicated in the development of non-syndromic congenital heart malfor-
mation are reviewed extensively in Chapter 1.2 7% and are briefly discussed below.

1.1.3.1 Environmental factors

The environmental factors inducing CHM include mainly maternal embryotoxic factors, including ma-
ternal diabetes, hyperphenylalaninemia, hyperhomocysteinemia, medication, alcohol abuse, exposure
to solvents, and nutrient deficiencies '3

Alsc a few paternal risk factors have been reported, including cannabis and cocaine use and exposure
to organic solvents.

1.1.3.2 Rare variants with high and reduced penetrance
The fetal developmental program of the heart involves many signaling pathways with ligands-recepior
interactions, secondary signal transduction pathways and transcription factors that determine the ex-
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pression of cardio-specific genes. Significant ligand-receptor promiscuity and cross-talking between
the different signal transduction pathways exists. Germline mutations contributing to non-syndromic
CHM have been identified in a multitude of genes belonging to these pathways, including genes en-
coding ligands (NODAL, LEFTYT, GDF1, JAGT), receptors (CFCT, TDGFI, ACVR2, NOTCHT), transcriptional
regulators (CITED2, FOG2, MYOCD), transcription factors (ZIC3, NKX2.5, TBX1/5/20, GATA4, FOXH1), and
down stream targets (ACTCT, MYHE). However, in anly a minority of patients with non-syndromic CHM
a mutation can be identified (for reviews: see refs 291'41%). In most CHM genes both high- and red uced-
penetrance mutations have been identified. The high-penetrance mutations result in pedigrees with
clear autesomal dominant inheritance. The reduced-penetrance mutations are not only found in the
patients with CHM, but can also be present in asymptomatic first-degree relatives, resulting in pedi-
grees with a non-Mendelian inheritance pattern, Determination of the degree of penetrance of such
rmutations is very difficult, as it requires a combination of DNA analysis and careful cardiclogic examina-
tion in many family members,

1.1.3.3 Common variants with low penetrance

A number of susceptibility genes with common variants with low penetrance of CHM have been identi-
fied, usually by association studies. Most of these genes, including the MTHFR, MTHFDT, MTRR, TCN2,
SLCT9A1, and NNMT genes, are involved in the methylation cycle through the conversion of homo-
cysteine into methionine. Some of these studies have not been replicated or have provided contra-
dictory results. Other susceptibility genes including the NPPA gene encoding atrial natriuretic peptide
{ANP) "7, the NOS3 gene encoding endothelial nitric oxide synthase (eNOS) "%, the VEGF gene encoding
vascular endothelial growth factor "2, and the NFATCT gene encoding a calcineurin-dependent tran-
scription factor ' have been described, but the exact functional significance of these remains unclear.
Genome-wide association studies (GWAS) have not yet been reported in CHM.

1.1.3.4 Somatic mutations

Somatic mutations not present in the germline may also contribute to non-syndromic CHM. This might
explain why the candidate gene approach for nan-syndromic CHM usually performed in constitutional
DNA derived from blood has had little success. Many years after Knudson's theory about somatic muta-
tions gained universal acceptance, this concept remains largely confined to tumor biology. Only recent-
ly somatic mutations confined to affected cardiovascular tissue have been reported in CHM. The group
of Reamon-Buettner and Borlak ™% has reported the majority of somatic mutations in CHM, including
mutations in the cardiac transcription factors NKX2.5, TBX5, GATA4, HEY2 and lately HAND1. The abun-
dance of somatic mutations reported by this group contrasts with the limited number of mutations in
other studies: no NKX2.5 gene mutations were found in cardiac tissue from patients with BAV and as-
sociated aortic aneurysm ', and no somatic 2211.2 deletions could be identified in heart tissue from
patients with conotruncal heart defects without germ line 22q11.2 deletion 2, Therefore, the concept
of somatic mutations in the heart feading to CHM awaits further confirmation.
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Abstract

The genetic defect in most patients with non-syndromic congenital heart malformations (CHM) is un-
known, although more than 40 different genes have already been implicated in non-syndromic CHM,
Only a minority of CHM seems to be due to monogenetic mutations, and the majority occurs sporadi-
cally. The multifactorial inheritance hypothesis of common diseases suggests that the cumulative effect
of multiple genetic and environmental risk factors ieads to disease.

We review here the different environmental factors, monogenic disease genes with high-penetrance
mutations, susceptibility genes with reduced-penetrance mutations, and somatic mutations implicat-
ed in non-syndromic CHM.

Introduction

Congenital heart malformations (CHM) are among the most common human congenital defects, oc-
curting in 6 to 8 out of 1000 live-births *. The majority of CHM with monogenic inheritance is associ-
ated with non-cardiac malformations, and thereby constitutes syndromic forms of CHM. These include

.wellknown examples such as Holt-Oram syndrome, Alagille syndrome, and Noonan syndrome, among

many others (for review: see refs %), Many of these syndromes have a monogenic mode of inheritance.
In contrast, most non-syndromic CHM occurs sporadically, and families with clear monogenic inherit-
ance of non-syndromic CHM are scarce *% This precludes the identification of human disease genes in-
volved in non-syndromic CHM by a classical positional genetics approach. The sporadic nature of most
non-syndromic CHM is traditionally explained by the multifactorial inheritance model which involves a
multitude of susceptibility genes with low-penetrance mutations (commeon variants) ot intermediate-
penetrance mutations {rare variants) superposed on unfavorable environmental factors . Although
widely accepted, this hypothesis remains difficult to proof, and only a handful of studies on accumulat-
ing and/or interacting effects in CHM have been reported '*'%,
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Here we review the different etiological factors implicated in the development of non-syndromic CHM,
including environmental factors, disease genes with high-penetrance mutations, susceptibility genes
with intermediate- or low-penetrance mutations, and somatic mutations.

Environmental factors

Environmental factors associated with an increased risk for CHM indude mainty maternal factors, there-
by suggesting that the majority of these environmental noxes are teratogenic or embryotoxic and not
mutagenic (for review: see refs '*'%). The main maternal factors include hyperhomeocysteinemia, diabe-
tes, hyperphenylalaninemia, alcohol, and medication (Table 1) %

Especially hemocysteine-methicnine metabolism has been studied in CHM - in parallef to studies in
neural tube defects - in view of the observations that: i} both maternal deficiency of folic acid * and
vitB12 ¥ are associated with an increased risk for CHM, ii) folic acid antagonists, including medication
such as trimethoprim, triamterene, carbamazepine, phenytoin, phenobarbital, and primidone, increase
the risk for CHM ', jil} maternal hyperhomocysteinemia is associated with an increased risk for CHM ',
iv) the risk of CHM can be reduced by supplementation during pregnarcy with folic acid or multivita-
mins containing folic acid and vitB12 {for review: see ref ), and v} animal studies have implicated ma-
ternal folate deficiency in CHM 222, Different enzymes including SCL19A1, MTHFR, MTHFD1, MTRR, and
NNMT are active in the“methylation cycle”through the conversion of homocysteine into methionine by
a 1-carbon (methyl) transfer. This cycle is essential in the methylation of deoxyuridine monophosphate
(dUMP) to generate the thymidylate (dTMP) needed for DNA synthesis. Some common genetic variants
in the genes encoding these enzymes represent low-risk factors for CHM., Folic acid antagonists might
increase the risk of CHM by interfering with the action of dihydrofolate reductase (DHFR), thereby in-
hibiting the synthesis of tetrahydrofolic acid (THF} ', As the methylation cycle is both determined by
maternal and fetal genetic factors on one hand, and environmental factors on the other hand, both the
maternal and the patient’s genotype combined with maternal intake of nutrients such as folic acid and
VitB12 might influence the CHM risk. This makes the “methylation cycle” to a true muttifactorial model
for CHM. Periconceptional folic acid supplements have led 1o the prevention of more than 50% of cases
neural tube defects . Similarly, a number of studies suggest that the risk for CHM can be decreased
by the use of folic acid (alone or In multivitamin supplements) during gestation (for review: see ref ).
Maternal pregestational diabetes is associated with specific types of CHM, such as conotruncal defects
2 and heterotaxy 2. Heterotaxy is also seen in progeny of the NOD mouse, a model of insufin-de-
pendent diabetes mellitus 2. The pathogenic mechanisms leading to these specific CHM are unclear.
The prevention of diabetic embryopathy by antioxidants in diabetic pregnancy in mice suggests that
oxidative stress might play a role in this process *2.

Maternal hyperphenylalaninemia is associated with an increased risk of CHM 33, Although different
types of CHM are seen, coarctation of the aorta (CoA) and hypoplastic left heart syndrome (HLHS) are
overrepresented in children with CHM born after exposure to high levels of phenylalanine during preg-
nancy *. Implementation of a strict diet before conception and in early pregnancy reduces the risk of
CHM **_ The mechanism of hyperphenylalanine-related CHM is still unclear.



Table 1. Environmental factors contributing to CHM
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Maternal

Diabetes
Hyperphenylaianiremia
Hyperthermia
Hyperhomocysteinemia
Alcehol abuse

Drug abuse

Medication

Chemical exposures
Nutrient exposures

Nutrient deficiencies

Viral infections
Paternal
Age

Drug abuse

Chemical exposure

Hyperglycemia
Hyperphenylalzrinemia
High temperature
Hyperhomecysteinemia
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Cocaine

ACE inhibitors
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PDA
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Various
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VSD, PDA, pulmonary valve anomalies
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ASD, atrial septal defect; AVSD, atrioventricular septal defect; BAY, bicuspid aortic valve; CHM, congenital heart malformation; CoA, coarctation of the
aorta; PS, pulmonary valve stenosis; VSP, ventricuiar septal defect; HLHS, hypoplastic left heart syndrome; |AA, interrupted aortic arch; PDA, patent ductus
arteriosus; TA, tricuspid atresia; TAPVR, total anomalous pulmonary venous retour; TGA, transposition of the great arteries; TOF, tetralegy of Falot

The teratogenetic effect of alcohel on the developing heart is well established, as necnates with fetal
alcohol syndrome have a high risk of CHM, mainly atrial septal defects (ASD) %%, Also mice exposed to
ethanol exhibit CHM, particularly ASD 3839,
Medication known to be associated with an increased risk of CHM in offspring includes

thalidomide 4, retinoids 2%, lithium *, aspirin “**, indomethacine ¥, ibuprofen “, ACE inhibitors *

and folic acid antagonists 8.

Only a few paternal factors have been reported to be risk factors for CHM in offspring: the use of can-
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nabis and cocaine by older fathers increases the risk for a child with a VSD *, and also paternal age on
itself is a risk factor for CHM *'. Fathers exposed to organic solvents have an unexplained increased risk
of children with left-sided heart malformations %. It has been postulated that this teratogenic effect is
due te dominant mutations in spermatozoa 2

Disease genes with high-penetrance mutations

Many syndromic forms of CHM exist, and for many the primary gene defect has been identified. In re-
cent years an increasing number of families with monogenic forms of non-syndromic CHM have been
reported, which has facilitated the positional cloning of several disease genes, including ZIC3, GATA4,
NKX2.5, NKX2.6, JAGT, TBXS, FLNA, MYHs, ACTC1, NOTCH1, and ELN. Other disease genes were found
through a candidate gene approach: these include TBXT, TBX20, CFCT, CITED2, CRELD1, FOG2, LEFTY2,
NODAL, GDF1, FOXH1, TDGF, MYOCD, TLLT, THRAPZ and ANKRD1T (Table 2). The majority of monogenic
forms of non-syndromic CHM are caused by a single high-penetrance autosomal dominant mutation,
Nevertheless, the majority of mutations reported in many of the human HCM genes are missense muta-
tions of which the pathogenic, iet alone the monogenic nature, has not been formaily demonstrated,
and some of these mutations have reduced (intermediate or low) penetrance (Table 3).

Many of the genes implicated in non-syndromic CHM are transcriptional regulators of heart morpho-
genesis. The fetal developmental program of the heart involves multiple pathways with extensive
cross-talking and promiscuous ligand-receptor interactions, secondary signal transduction pathways
and a network of transcription factors that determines the expression of cardig-specific effector genes
(Figure 1). Various ligands in the circulation or the extracellular space of the heart, including hormones,
cytokines, and growth factors, stimulate receptors in the cell membrane of cardiac ceils. These ligand-
receptor complexes include JAGGED/NCOTCH, TGFB-BMP/TGFBR, VEGF/FLT1-FLK1, NODAL/ACVYRA-
ACVRB, and RTK/RAS. These membrane complexes (in}-activate different signal transduction pathways
converging on a network of transcriptional factors and regulators. Phosphorylation / dephosphoryiation
by kinases such as mitogen-activated protein kinase {MAPK), extracellular signal-regulated kinase 1/2
(ERK1/2), cJUN, GSK, and calcineurin further controls these transcriptional networks, The transcriptional
regulators of heart morphogenesis include several T-BOX transcription factors {TBX1, TBXS and TBX20},
various GATA transcription factors (GATA4, FOG2), myocyte enhancer factor 2 (MEF2), nuclear factor of
activated T cells {NFAT), serum response factor (SRF}, hormeobox transcription factors (NKX2.5, NKX2.6),
basic helix-loop-helix {bHLH) transcription factors (HAND1, HAND?2), and various SMAD transcription
factors. These transcription factors regulate the expression of numerous cardiac effector genes, includ-
ing atrial natriuretic factor (ANF), b-type natriuretic peptide (BNP), myosins including a-myosin heavy
chain (a-MHC) encoded by the MYH6 gene, and cardiac actin encoded by the ACTCT gene.

Most high-risk mutations occur in 2 different groups of genes eqg. transcription factors-regulators and
cardiac effector genes. Several transcriptional regulators, including GATA4, FOG2, NKX2.5, NKX2.6, ZIC3,
CITED2, TBX1, and TBX20, have been impiicated in non-syndromic CHM. Recently, also mutations in sar-
comeric protein genes MYHG *, ACTCT * and MYH7 % have been shown to cause various CHM %, A simi-
lar signal transduction pathway, referred to as the NODAL signal transduction pathway, is involved in
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the establishment of left-right asymmetry: NODAL, LEFTY1 / LEFTY2 and GDF1 are ligands for a recep-
tor compilex consisting of CFC1, TDGF1, ACVR2A /ACYR2B and ACVR1B. This complex determines the
activity of transcription factors including FOXH1 that have cardiac-specific downstream targets such as
PITX2 (Figure 1}. Mutations in the NODAL pathway are not only involved in {aterality defects but also in
heterotaxy-related CHM such as tetralegy of Fallot (TOF), transposition of the great arteries (TGA) and
double outlet right ventricle (DORV) =7,

The different disease genes with high-penetrance mutations implicated in non-syndromic CHM are
discussed below (Tables 2 and 6).

LEFTYT NODAL BMP
LEFTY2 GDF TGFE JAGGED VEGF Extracellular ligands

CRET:H

1TOGR1: i

| acvriE

ar membrane

CITED2 FOG2 WMYOCD
é E E g Regulators
NKX2.5-2.6 GATA4 HEYZ
g E E E Transcription factors
ZIc3 FOXH1 NFAT T8X1-5-20 HAND1

Sarcomeric proteins; ACTCI, myosing Downstream cardlac
Vascactlve proteins: ANF [NPPA), NOS3 cffector genes

Figure 1 | Signaling pathways in heart morphogenesis invoived in non-syndromic CHM

The fetal developmental program of the heart invalves many pathways with ligand-receptor interactions, signal transduction pathways and interacting
transcription factors that determine the expression of cargio-specific effector genes. The figure is simplified to focus on genes implicated in nen-syrdromic
CHM. The disease genes encode members of all compartments of the pathway, including ligands (LEFTY2, NODAL, VEGF, GDF1, JAGGEDY), receptars (CFCY,
TDGF1, ACVR2B, NOTCHY), transcription factors-regulators (CITED2, TRAP2B, ZIG3, FOXH1, FOG2, MYOCD, NKXZ.5-2.6, TBX1-5-20, GATA4, HEVZ), and
downstream effectortargets including sarcomeric proteins (ACTCY, Myosins) and vasoactive proteins (ANF, NOS3), Significant ligand-receptor promiscuity and
cross-talking hetween the different signal transduction pathways exists.
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Ligands and receptors

NOTCH1T

Bicuspid aortic valve (BAV) +/- severe valve calcification, the most common CHM, can be caused by
autosomal dominant mutations in the NOTCHT gene in a minority of patients *8. BAV may be part of left
ventricular outflow tract chstruction (LVOTO} that can also be caused by NOTCHT mutations %< {Tables
2 and 6). NOTCH proteins are single-pass transmembrane receptors that regulate many developmental
pathways (Figure 1). Mutations in the genes encoding NOTCH2 and its ligand JAGGED1 lead to Alagille
syndrome, a syndromic CHM characterized by peripheral pulmonary artery stenosis and septal defects.
Mouse embryos that are double mutant for the Notch1 and Notch2 receptors exhibit defects in left-
right (LR) asymmetry, indicating that the Notch signaling pathway plays a primary role in the estab-
lishment of LR asymmetry, this by directly regulating expression of the Nodal gene 2. Up to now no
NOTCHT mutations have been reported in patients with laterality defects.

NODAL

Five % of patients affected with either heterotaxy or heterotaxy-related HCM such as looping defects
inciuding TGA and DORV have a mutation in the NODAL gene ¥ (Tables 2 and 6). In mice Nodal is asym-
metrically expressed in the left lateral plate mesoderm, and Nodal signaling specifies left-sidedness by
activation of Pitx2. Nodal-deficient mice die prior to the establishment of the LR axis, lack the primitive
streak and do not form mesoderm 5. NODAL, a member of TGF(3 superfamily of developmental regu-
lators, is part of the NODAL signal transduction pathway, which regulates the establishment of the LR
axis. Mutations have also been found in other components of the NODAL signal transduction pathway,
including the GDF7 %, LEFTY2 %, ACVR2B %, CFC1 %8 FOXHT ™ and TDGFT ' genes (Figure 1),

GDF1

Mutations in the GDFT gene have been found in 2% of a large group of patients with a wide spectrum
of CHM, including TGA, DORY, TOF and interrupted aortic arch (IAA) % (Tables 2 and ). Mice lacking
Gdf1 exhibit a spectrum of defects related to LR axis formation, including visceral situs inversus, right
pulmonary isomerism and looping defects such as TGA and DORV 7°. GDF1 is a growth differentiation
factor that belongs to the transforming growth factor-beta (TGFB} superfamily. It is a ligand of ACVR2,
and part of the NODAL signal transduction pathway 7 (Figure 1).

LEFTY2

In two patients with heterotaxy and left isomerism mutations in LEFTY2 have been described, but over-
ali LEFTY2 mutations are uncommon in heterotaxy % (Tables 2 and 6}, Mice with targeted deletion of the
Lefty2 asymmetric enhancer (which regulates LR expression of Lefty2) show left isomerism 72, LEFTY2
and the very homologous LEFTYT encode TGFB-like proteins that are ligands in the NODAL signal trans-
duction pathway (Figure 1).

ACVR2B
In 3 patients with heterotaxy mutations in the ACYR2E gene have been reported 9 {Tables 2 and 6).
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Acvr2b -/- knockout mice show abnormal LR axis development, ASD and ventricular septal defects
(vSD), right-sided morphology of the left atrium and left lung, and spleen hypoplasia ™. Pitx2 -/~ knock-
out mice have cardiac defects similar to Acvr2b knockout mice 7, supporting the evidence that Pitx2
is a downstream target of the Acvr2b signal transduction pathway. ACVR2B belongs to the family of
Activins, transforming growth factor-beta-related proteins that act as receptors for ligands such as
LEFTY1, LEFTY2, GDF1 and NODAL in the NODAL signaling pathway (Figure 1).

CFC1

A minority of patients with heterotaxy ®, TGA and DORV 7 or TOF ™ show mutations in the CFCT gen
{Tables 2 and 6). Mutant Cfc7 mice have heterotaxy 8. The CFCT gene encodes Cryptic, which belongs to
the EGF (epidermal growth factor) - CFC family of proteins (consisting of Cripto, Frl1, and Cryptic). These
proteins are membrane-associated NODAL coreceptors in the NODAL pathway (Figure 1),

TDGFT

Only 2 patients with CHM (TQF) *® have been reported to have a TDGFT mutation (Tables 2 and 6). Tar-
geted disruption of the TdgfT gene is lethal. TDGF1 (CRIPTO) is an EGF-CFC family member like CFC1. It
acts as a co-receptor in the NODAL signaling pathway (Figure 1),

FOXH1

Several patients with CHM (mainly TOF, few with heterotaxy) have been reported to have a FOXHT mu-
tation '° {Tables 2 and 6). Foxh1-/- mutant mouse embryos fail to form the outflow tract and right ven-
tricle 7. FOXH1 is a forkhead DNA-binding transcription factor in the NODAL signaling pathway. [t is
essential in the development of the second heart field {SHF) and derivatives (the right ventricle and
outflow tract), during looping morphogenesis of the heart (Figure 1),

Transcription factors and regulators

GATA4

Mutations in the GATA4 gene have been reported in familial cases of ASD +/_ pulmonary stenosis
(PS)87%%, and in a minority {1-4 %) of sporadic patients with septal defects or conotruncal anomalies 3-8
(Tables 2 and 6). Homozygous Gata4 knockout mice die in utero and develop two symmetric promyo-
cardial primordia that fail to migrate ventrally and form two independent heart tubes %4, Mice with
heterozygous Gata4 mutations exhibit septal defects and endocardial cushion defects ®. The different
members of the GATA zinc-finger transcription factor family (GATA1-6) recognize the consensus target
sequence (T/A)JGATAA/G) in downstrearn targets, and play critical roles in various developmental proc-
esses, including cardiacand coronary vasculature development, The transcriptional activity of the GATA
transcription factors is modulated through interaction with multiple nuclear proteins, including other
zing finger proteins such as the FOG family, the NKX2 family, the NFAT family, and coactivators such as
p300 and CBP 2 (Figure 1).
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NOTCHT
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LEFTY2
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Table2 | Germiine mutations contributing to non-syndromic CHM
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TBXS
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Sarcomeric proteins
MYHT1

ACTCT

MYHE

MYH7
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Miscellaneous
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Tit

THRAPZ

ASD, CoA
VsD
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MS, HLY
¥sD

ASD

TOF

CHM
Heterataxy
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ASD, PS
ASD, VSD, AVSD
VsD

1AA

TAPVR

PDA, aorts aneurysm
ASD,VSD

ASD

ASD, Ebstein
ASD,VSD

XMVD
SVAS
ASD
TaA

1152M, Q195X

[152M

[152M

(195X

(195X

S170_G178del
G178_5179del, $198_G199del
V112M, D350G, P336L, 53396, 51137/9346G
S16L, G267R, T2421, D328E
Various mutations

W255G, K467X, K405E

AZ17P

G80R

A379_G381del
Ade6_A476dup

T116M

L1456_N1526del, R1241_L1264del
MI23V, 215_231del7, E101K, G99l
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R281T, F2305

Various mutations

G288R, V711D, P637Q, deletion axons 16-19
Various mutations

M182L, A238Y, Le27V

R1872H, D2023G
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* Mutations in the open reading frame are described at the protein level,
AS, aortic valve stenosis; ASD, atrial septal defect; AV, atrioventricular; AVSD, atrioventricular septal defect; BAY, bicuspid aortic valve; CHM, congenital
heart malformation; CoA, coarctation of the aorta; DORY, deuble outles right vantricle; HLHS, hypaplastic left heart syndrome; HLY, hypoplastic left
ventricle; HRY, hypoplastic zight ventricle; 1AA, interrupted aortic arch; MS, mitral valve stenosis; NS, not specified; PA, putmonary atresia; PAPYR, partial
anomalous pulmonary venous retour; PDA, patent ductus arteriesus; PS, pulmonary vaive stenosis; PTA, persistent fruncus arteriosus; RY, right ventricle;

SVAS, supravalvular aortic stenosis; TAPVR, total anomalous pulmonary verous retour; TGA, transposition of the great arteries; TOF, tetralogy of Fallot; VSD,

ventricular septal defect; XMVD, X-inked myxomatous valvular dystrophy
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FOG2

A minority of patients with TOF have a mutation in the FOG2 gene ¥, whereas patients with chromo-
somal breakpoints at 8g22, possibly involving FOG2, often show TOF * (Tables 2 and 6). Also Fog2
knockout mouse embryos exhibit TOF %2, FOG2 (Friend Of GATA) is a multi-zinc-finger transcription
factor modufating the transcriptional activity of GATA4 (Figure 1).

NKX2.5

Mutations in the NKX2.5 (NKX2E, C5X) gene cause various CHM, including ASD and VSD, atrioventricular
conduction defects, TOF, subvalvular aortic stenosis (AS), pulmonary atresia, Ebstein anomaly, ventricu-
lar hypertrophy, cardiomyopathy and ventricular noncompaction >#%% (Tables 2 and 6). Most NKX2.5
mutations are found in familial atrioventricular block with ASD *#%%° and TOF %1% |n other CHM NKX2.5
mutations are uncommon %, Nkx2.5 knockeout mice lack the primordium of the AV node %2, whereas
ventricular-restricted Nkx2.5 knockouts display complete heart block and massive trabecular muscle
03, NKX2.5 is a homeobox transcription factor contributing to diverse cardiac developmental pathways
through interaction with the network of transcriptional regutators of heart morphogenesis (Figure 1).

NKX2.6

Only a single mutation in the NKX2.6 gene has been associated with CHM, in a consanguineous family
with persistent truncus arteriosus (PTA) '* (Tables 2 and 6). Targeted disruption of Nkx2.6 in mice did
not result in an abnormal cardiac phenotype %, NKX2.6 is a homeobox transcription factor with great
homology to NKX2.5, but its transcriptional targets are unknown (Figure T).

TBX20

Mutations in the TBX20 gene have been found in a minority {< 1 %) of CHM patients 7. A missense mu-
tation has been found in a family with autosomal dominant inheritance of septal defects 7. A truncat-
ing mutation was present in a family with autosomal dominant inheritance of septal defects, LVOTO
anomalies including mild CoA, mitral valve stenosis, hypoplastic left ventricle (HLV} and cardiomyopa-
thy 7 {Tables 2 and 6). Meterozygous Thx20 knockout mice show atrial septal abnormalities and dilated
cardiomyopathy, whereas homozygous mutants show a rudimentary heart that lacks chamber myocar-
dium . TBX20 is a cardiac T-box factor that interacts with other cardiac transcription factors, including
NKX2.5, GATA4, and TBX5 "7 (Figure 1).

CITED2

Mutations in the CITED2 gene have been identified in about 1 % of sporadic patients with various CHM,
including ASD and V5D, and anomalous pulmonary vencus return ' (Tables 2 and 6). Cited2 -/- embry-
os die with ASD and VSD, overriding aorta, DORV, PTA, and right-sided aortic arches . These mutant
mice lack expression of Pitx2c that is a target gene in the Nodal pathway. CITED2 (CBP/p300-interacting
transactivator with E/D-rich c-terminal domain, type 2) is a member of the CITED family of cofactors that
are involved in regulating a wide variety of CBP/p300-dependent transcriptional responses, CITED2 is
a transcriptional co-activator of TFAP2 (Figure 1). One of the TFAP2 transcription factor genes TFAP2B is
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involved in Char syndrome, which is a syndromic CHM characterized by patent ductus arteriosus (PDA)
{Figure 1).

ANKRD1

In a patient with total anomalous pulmonary venous return (TAPVR) showing a de nove 10;21 balanced
translocation, the ANKRDT gene was found disrupted "% An ANKRDT missense mutation has been
found in another sporadic patient with TAPVR, suggesting that ANKRD1 gene possibly plays a role in
TAPVR ''°, The ANKRD1 gene, encodes a transcriptional regulator that belongs to the muscle ankyrin
repeat protein (MARP) family.

Sarcomeric protein genes

MYH11

Mutations in the MYHTT gene encoding the myosin heavy chain 11 are responsible for a specific form of
familial thoracic aortic aneurysm and/or dissection (TAAD) with PDA ™ (Tables 2 and 6). Patients with a
MYH11 mutation exhibit a severe decrease in the elasticity of the aortic wall. This is consistent with the
role of myosin heavy chain 11 in smooth muscle cells in maintaining the mechanical properties of the
thoracic aorta, The perinatal changes of the ductus arteriosus require smooth muscle cells to migrate,
proliferate, differentiate, and contract 2. As evidenced by the presence of PDA in these patients and
in Myh11 -/- mice ™3, myosin heavy chain 11 is also involved in the perinatal closure of the ductus ar-
teriosus. Myosin heavy chain 11 is a sarcomeric protein that is expressed in smooth muscle cells of the
ductus arteriosus and arterial walls {Figure 1).

MYH6

A single missense mutation in the MYH6 gene has been found in an autosomal dominant family with
ASD * (Table 2 and 6). Knockdown expression of Myh6 in chicken prevents atrial septum formation 5.
Myhé cardiac expression is regulated by the transcription factor Thx5 in physical interaction with Mef2c
. Mutations in TBX5 reduce activation of the MYH6 promotor and lead to ASD in Holt-Oram syndrome.
Similarly, GATA4 mutations associated with ASD also affect MYH6 promotor activation ® (Figure 1). in
heterozygous mice, ablation of the Myh6 gene leads to focal fibrotic lesions and cardiac myocyte disar-
ray with impairment of both contractility and relaxation, but no septal defects . MYH6 encodes the
alpha-myosin heavy chain, a cardiac sarcomaeric protein that is part of the contractile unit of cardiovas-
cular muscle and expressed at high levels in the developing atria.

MYHZ

Recently, mutations in the MYH7 have been shown to cause CHM including Ebstein anomaly and septal
defects  (Tables 2 and 6). MYH7 is a cardiac sarcomeric protein gena frequently involved in different
forms of cardiomyopathy. Homozygous mutant mice die within a week after birth, while heterozygous
mice display hypertrophic cardiomyopathy (HCM), but no CHM '8, MYH7 encodes the beta-myosin heavy
chain, a cardiac sarcomeric protein that is part of the myosin thick filament of cardiovascular muscle.



38

CHAFTER |

MYBPC3

Whereas heterozygous mutations in the MYBPC3 gene are a frequent cause of HCM, compound hetero-
zygosity or homozygosity for truncating mutations in the MYBPC3 gene not only causes lethal forms
of cardiomyopathy, but also septal defects. Several Old Order Amish with lethal HCM, PDA and septal
defects (apical muscular VSD, and ASD) have a homozygous truncating mutation in MYBPC3 171, Sep-
tal defects were also present in neonates with severe HCM due to compound heterozygous truncating
mutations 1'% {Tables 2 and 6}. Transgenic mice with mutant Mybpc3 exhibit mild ventricular hyper-
trophy, but no septal defects or other CHM " MYBP(3 encodes a cardiac sarcorneric protein cardiac
myosin-binding protein C that modulates myosin, assembly actin-myosin interaction in sarcomeres
and stabilizes thick filaments .

ACTCT

ACTC1 is another sarcomeric protein gene implicated in HCM, dilated cardiomyopathy {DCM), and non-
compaction cardiomyopathy {NCCM}. A founder mutation E101K in Spanish families with apical HCM/
NCCM also causes secundum ASD or atrial septum aneurysm in multiple patients, and VSD in one pa-
tient *% In another family with apica! HCM due to a ACTCT missense mutation (G99K) one patient also
had ASD "2, In two large Swedish families with autosomal dominant inheritance of ASD without car-
diomyopathy a founder mutation M123V was identified '3 (Table 2}. However, the frequency of ACTC?
mutations in ASD overall is low (1-2 %), and no ACTCT mutations were found in various other types
of CHM "%, Actin knockdown in chick embryos produces less developed atrial septa '2. Mice lacking
cardiac actin do not show gross cardiac anomalies, but increased apoptosis in the atrial and ventricular
septa '*, Also in the pathogenesis of hurman secundum ASD apoptosis may play an important role ',
The ACTCT gene encodes the cardiac actin protein that is an essential structural component of the thin
fitaments of sarcomeres. One end of the actin filament forms cross bridges with myosin to generate
force, whereas the other end is immobilized and anchored to a-actinin in the Z disc. ACTCT mutations in
patients with ASD seem to reduce affinity of actin for myosin 2.

Miscellaneous genes

GJAT

Mutations in GJAT have been reported in various forms of CHM by the group of Britz-Cunningharn '%.
However, several other groups were unable to find Cx43 mutations in CHM patients '#%, and it has
been suggested that the mutations identified by the Britz-Cunningham group were not located in
GJAT, butin the highly homologous GJAT pseudogene. Complex mutations indicative of illicit recom-
bination between G/AT and the GJAT pseudogene have been found in heart tissue from patients with
RLHS '3, Cx43-null mice show delayed looping ™. GJAT encodes a gap junction protein connexin 43
(Cx43), which facilitates cell-to-cell adhesion and intercellular communication.

FLNA

Four different mutations within the same region (repeat 1 to 7} of the X-linked FLNA gene encoding



introdugtion

Filamin A have been identified in families affected by valvular dystrophy '3 (Table 2). Loss-of-function
FLNA mutations are lethal in males, while in females they result in periventricular nodular heteroto-
pia associated with aortic aneurysms, valve regurgitation and overlapping features of Ehlers-Danlos
syndrome '8'%7, Mutations that conserve the reading frame lead to a broad range of syndromes, in-
cluding frontometaphyseal dysplasia, Melnick-Needles syndrome, and otopalatodigital syndrome type
1 {OPD1) and type 2 (OPD2}. Fina-null mice die at midgestation with widespread hemorrhage from
abnormal vessels, PTA, and septal defects '3, The FLNA gene encodes filamin A, a large cytoplasmatic
protein that crosslinks actin filaments and participates in the anchoring of the actin cytoskeleton to
membrane proteins.

Elastin

A common microdeletion within chromosomal band 7q11.2 encompassing the ELN gene causes Wil-
liams syndrome, a syndromic CHM with supravalvular aortic stenosis, poststenofic aortic aneurysms,
sometimes associated with arterial stenosis, mainly of pulmonary arteries. Intragenic ELN mutations re-
sultin the same spectrum of CHM 1394 (Table 2). Some patients with ELN mutations also show bilateral
inguinal hernias, cutis laxa, pulmonary disease, and aortic aneurysm and dissection . Transgenic mice
hemizygous for the elastin gene show a compensatory increase in the number of elastic lamellae and
smooth muscle in their arteries, resulting in arterial stenosis . The £LN gene encodes elastin that forms
the amorphous component of elastic fibers that are abundantly present in arteries.

THRAP2

Mutations in the THRAPZ gene are present in 3% of patents with non-syndromic TGA ¥ (Table 2). The
THRAPZ gene encodes a TRAP240-like protein, which belongs to the TRAP complex of proteins associ-
ated with the thyroid hormone receptor.

TLLY

Missense mutations in TLLT have been described in patients with ASD, although the significance of
these mutations is not clear as only a limited group of 15 healthy control were screened, no family
members were screened for these mutations and no functional analysis of these mutations was per-
formed ", Mice with a disrupted TIIT gene display incomplete formation of the muscular interventricu-
lar septum and abnormal positioning of the heart and aorta . The TLLT gene encodes Tolloid-like-1,
an astacin-like metalloprotease that is highly similar to the morphogenetically bone morphogenetic
protein-1 (BMP1).

Genes implicated in syndromic CHM

Some genes implicated in syndromic forms of CHM have also been found to cause non-syndrormic CHM
with no or subtle non-cardiac features, These genes include JAGT (Alagille syndrome), ZIC3 {(X-linked het-
erotaxy), TBXT {22q11.2 deletion syndrome), TBX5 (Holt-Oram syndrome} and TFAP2S (Char syndrome).
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JAG?

JAGT (JAGGED1) mutations have not only been found in patients with Alagille syndrome, but also in
non-syndromic right-sided heart defects such as PS and TOF "% {Tables 2 and 6). Jagged 11s a ligand
for the NOTCH receptors {Figure 1). Also NOTCHZ mutations have been shown to cause Alagille syn-
drome, but not non-syndromic CHM.

ZIC3

ZIC3 mutations typically result in X-linked heterotaxy, a combination of left-right asymmetry defects,
including complex cardiac anomalies, altered lung lobation, splenic and hepatobiliary abnormalities,
and gut malposition. ZIC3 mutations have also been found in non-syndromic CHM such as TGA, ASD
and PS %15 (Tables 2 and 6). Zic3 mutant mice, exhibit heterotaxy, neural tube defects, and vertebral
and rib anomalies ''. ZIC3 is a Zinc finger transcription factor that acts as an enhancer of the NODAL
signaling pathway (Figure 1).

TBX1

A commort microdeletion within chromosomal band 22¢11.2 encompassing the TBXT gene causes the
velocardiofacial syndrome (22¢11.2 syndrome), which is a major cause of CHM. Although intragenic
TBX1 mutations have later been shown to cause most of the anomalies of the microdeletion patients
15215, they can also be associated with non-syndromic CHM, including VSD and IAA 755755, TBX1 encodes
a T-box transcription factor which is expressed in neural crest cells (Figure 1).

TBX5

Whereas TBXS nuili alleles usually lead to classical Holt-Oram syndrome, some patients with a TBXS mis-
sense mutation (eg. the G80R mutation) have non-syndromic CHM with very limited limb anomalies,
but severe cardiac defects 7% (Table 2). TBX5 belongs to the Brachyury (T) family, which encodes
transcription factors sharing a common DNA-binding motif, the T-box. The TBX5 protein associates with
other cardiac transcription factors including GATA4 and NKX2.5, and synergistically activates different
cardiac effector target genes (Figure 1).

TFAP2£

Char syndrome is caused by mutations in the TFAP28 gene. Although most TFAP2E mutations lead to
PDA associated with typical facial dysmorphism, patients with the P62R mutation show PDA with only
miid facial features 1> (Table 2). TFAP2B is a transcription factor expressed in neural crest cells {Figure 1),

Reduced-penetrance mutations in susceptibility genes

The hypothesis of the multifactorial inheritance of commeon diseases suggests that multiple genetic
risk factors with reduced penetrance (intermediate or low) superposed on unfavorable environmental
factors |lead to disease. These risk factors can be rare variants with intermediate penetrance (Table 3) or
common gene variants with low penetrance (Table 4).
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Rare variants with intermediate penetrance

Rare variznts with intermediate penetrance have been associated with CHM, but for most of them there
is only limited evidence that they contribute to CHM {Table 3). Most of these mutations are missense
mutations in sporadic patients with CHM whose unaffected family members {usually one of the par-
ents) also show this DNA variation; in other cases the mutation is also present in the control population,
atbeit with a lower frequency. The latter is then considered circumstantial evidence of iow penetrance.
However, in many cases the functional significance of such missense mutations is unknown, and they
could be either nonfunctional polymorphisms or disease mutations with reduced penetrance. Addi-
tionally, multiple rare variants sometimes can be found in a single patient, implying a cumulative effect
and consequently a reduced penetrance for the individual mutations, as shown for the NODAL path-
way 1%, Most studies invalve mutation analysis of the open reading frame of genes already implicated
in CHM by the presence of high-penetrance monogenic mutations leading to the respective CHM. As
variations can also be located in gene control regions the mutations described below might underrep-
resent the overall amount of intermediate-penetrance mutations.

The different rare variants with intermediate penetrance implicated in non-syndromic CHM are dis-
cussed below (Table 3).

CRELD1

Several CRELD1 missense mutations have been reported in patients with isolated atrioventricular septal
defect (AVSD) '¥1%2 and in 2 patients with Down syndrome, which is the main cause of AVSD 1% These
missense mutations were also found in unaffected parents or other family members, indicating incom-
plete penetrance of these mutations '8''¢Z {Table 3). The CRELDT gene located on chromosome 3pisalso
deleted in patients with the 3p- syndrome, which is often associated with CHM, typically AVSD 162764,
The CRELD family of genes encodes for cell adhesion molecules containing cysteine-rich epidermal
growth factor (EGF)-ike domains, which mediate interactions between proteins of diverse function.

NKX2.5

The identification of NKX2.5 missense mutations in normal parents of children affected with CHM (and
in some cases also in healthy controls) indicates that some of these mutations might have reduced
penetrance "% (Table 3).

NOTCHT

In a large series of patients with BAV and/or LVOTO a NOTCH1 missense mutation with functional signifi-
cance was demonstrated in almost 7% of patients. Some of these mutations were also present in unaf-
fected parents although echocardiography was only performed in approximately one third of cases.
These mutations could therefore represent rare variants with reduced penetrance % {Table 3).
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GATA4

GATA4 missense mutations in patients with ASD ¥, or AVSD # were also found in some of their non-
affected parents or family members, indicating that some of these mutations might have reduced pen-
etrance (Table 3).

NODAL

In 10 % of Hispanic patients with heterotaxy a G260R mutation in the NODAL gene was found, which
was shown to exhibit significant impairment of NODAL signaling. As this mutation was also pres-
ent in one unaffected parent and a control, it must be considered as a rare variant with reduced
penetrance ¥ (Table 3). Mutations in different genes involved in the NODAL signaling pathway (NODAL,
FOXH1, CFCT and GDFT % co-occur, suggesting a cumulative effect of mutations leading to reduced
NODAL signaling.

CFC1

The R78W mutation inthe CFCT gene, whichis common in African-American patients with heterptaxy %7,
significantly impairs NODAL signaling, but is also found in controls, and must therefore be considered
as a rare variant. Also other CFCT variants with reduced penetrance have been reported %721 (Table 3).
Patients with a CFCT mutation may show a second mutation in other NODAL pathway components, in-
cluding the GDFT and FOXH1 genes ', Altogether these findings suggest that rare variants in CFCT may
represent genetic factors with reduced penetrance for heterotaxy and other CHM.

FOXH1

FOXHT mutations are among the most common mutations found in CHM {mainly TOF}, but several of
these patients show a second mutation in the CFC? gene, another component of the NODAL pathway,
indicating a cumulative effect of mutations feading to reduced NODAL signaling ™ (Table 3).

GDF1
A single patient with undefined CHM has been reported to have both a missense mutation R68H in
the GDF1 gene and a missense mutation F162L in the CFCT gene ' (Table 3). Assuming functionat sig-

nificance of both mutations, this further indicates a cumulative effect of different mutations leading to
reduced NODAL signaling.

MYOCD

A single MYOCD missense mutation has been found in a patient with PS. This functionally important
variant was also present in 0.5% of Hispanic controles (Table 3). Selectively ablation of the Myocd gene
in neural crest-derived smooth muscle cefls in mice resulted in PDA 6. MYOCD encodes for Myocardin,
& transcriptional coactivator of serum response factor (SRF) that plays a role in myocardial and vascutar
smooth muscle cell differentiation.
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THRAPZ

The missense mutation reported in a patient with TGA was also present in the healthy mother of this
parent, indicating reduced penetrance ",

Common variants with low penetrance

Susceptibiiity genas with low-penetrance mutations (commen variants) are being identified at high
speed for various common disorders using genome-wide association studies (GWAS). In these studies
hundred thousands of SNPs (Single Nucleotide Polymorphisms) are analyze simultaneously in large
numbers of patients and controls using high-technological platforms. GWAS studies have not yet been
performed in CHM. However, smail-scale case-control studies have identified common variants con-
tributing to CHM. As the numbers of individuals (both patients and controis) included in most of these
studies are limited the conclusions are often tentative; furthermore, many studies are contradictory
and have not been replicated. The different common variants with low penetrance implicated in non-
syndromic CHM are discussed below (Table 4).

Table 3 | Rare variants with intermediate penetrance contributing to non-syndromic CHM

A

CRELDT Matricellular protein AYSD R329C, 7311, P162A, F4144 116348

AVSD, dextracardia R107H it
NKX2.5 Transcription factor TOF R23C, E21G, A219Y 100,101,245
ASD-AV biock K15l o
DORY N291de e
NOTCHT Transcription factor LT ABB3T, G661S “
GATA4 Transcription factor ASD D425N, GS3A u
AVSD P163S, A346Y 8
NODAL Ligand Heterotaxy-CHM G260R 7
THRAP2 Receptor associated TGA £251G 3
protein
MYQcD Regulator PS K259R B
CFCT Receptor TGA R78W 7585
TOF R78W, G174fs 1
1AA R78W 10
DORY G174f5, N21H, R47Q R

*Mutations in the open reading frame are described at the protein level,

ASD, atrial septal defect; AV, atrioventricutar; AVSD, atrioventricular septal defect; CHM, congenital heart maiformation; DORY, double outlet ight ventricle;
IA4, interrupted aortic arch; LYOTO, teft ventricular outflow tract obstruction; PS, pulmonary valve stenasis; ToA, transposition of the great arteries; TOF,
tetralogy of Fallot
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Figure 2 | Methylation cycle with different
environmental and genetic risk factors for
CHM Nutritionat factors such as reduced folate
and vitB12 intake, and cemmen variants in the
SLC19A1, MTHFD1, MTHFR, MTRR,
NNMT, and TCNZ genes might lead to
decreased availability of methionine necessary for
ONA synthesis, Folic adid antagonists, including
medication such as trimethoprim, triamierene,
carbamazepine, pherytoin, phenobarbital, and
primifone, may increase the risk for CHM by
inhibiting Dihydrofolate reductase (DHFR),

Different enzymes including MTHFR, MTHFD1, MTRR, SLC19A1 and NNMT are implicated in the meth-
ylation cycle through the conversion of homoceysteine into methionine {Figure 2). 5,10-Methylenetetra-
hydrofolate reductase (MTHFR) is an enzyme that converts methylene THF into 5-methyl THF, The latter
is a cofactor for methionine synthase (MTR) and MTR reductase (MTRR), two enzymes that convert ho-
mocysteing into methionine. Several studies have reported inconsistent associations between MTHER
variants and CHM, but a meta-analysis of published studies concluded that the common MTHFR vari-
ants A222V {c.677C>T) and E429A (¢.1298A-C} on patient or maternal genotypes were not significantly

associated with CHM %
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MTHFD1

The MTHFDT gene encedes a trifunctional protein involved in the interconversion of folate to methy-
lene tetrahydrofolate (THF). The latter is converted to 5-methyl THF by MTHFR (Figure 2). The ¢,1958G>A
variant, leading to the missense mutation R653Q in MTHFD], decreases MTHFD1 enzyme stability and
activity. Homozygosity for this variant (present in approximately 20 % of the European population) is
associated with an increased risk for CHM, particularly TOF and AS ™. This effect could only be demon-
strated for the R653Q mutation on the patient’s genotype, but not on the maternal genotype (Table 4).

MTRR

The MTRR gene encodes the MTR activator methicnine synthase reductase enzyme. MTRR restores the
activity of methionine synthase (MTR), the enzyme that converts homocysteine into methionine using
5-methyl THF as a cofactor {Figure 2). Homozygosity for the [22M variant (¢.66A>G) in the mother ' in
combination with low maternal serum vitB12 '? is associated with an increased risk for different types
of CHM in offspring (Table 4).

SLCT8AT (RFCT)

Transport of folate compounds inte mammalian cells can occur via receptor-mediated or carrier-medi-
ated mechanisms., One of the genes involved in carrier-mediated transport is the SLCT9A T gene encod-
ing the reduced folate carrier-1 (Figure 2). Offspring carrying the G allele for the ¢.80A>G variation have
been reported to show an increased risk for CHM ' (Table 4).

NNMT

Apart from the MTHFR, MTHFD1, MTRR and SLCT9AT genes that are involved in folate metabaolism, also
the nicotinamide N-methyltransferase (NNMT} gene may be a genetic determinant of plasma homo-
cysteine levels. Nicotinamide N-methyltransferase catalyses the methylation of nicotinamide and other
pyridines using methyl groups generated in the methylation ¢ycle of homocysteine-methionine (Fig-
ure 2). A G>A variant in intron 1 in both the maternal and fetal NNMT gene are associated with an

increased CHM risk, but only on a background of periconceptional exposure to medicines and/or 2 low
dietary nicotinamide intake 1! (Table 4},

TCNZ2

The TCNZ2 gene encodes transcobalamin 2, which is the main transparter of vitB12 (cobalamin), an es-
sential vitamine in the synthesis of methionine (Figure 2). Maternal and fetal homozygosity for the
P259R variant (c.776C>G) in cormbination with low maternal serum vitB12 have been reported to cause
an increased risk for different types of CHM in offspring ™2 (Table 4).

NPPA

The NPPA gene encodes atrial natriuretic peptide (ANP) that has natriuretic-diuretic activity important
in the control of extracellular fluid volume and electrolyte homeostasis. ANP is a cardiac effector hor-
mone secreted from the cardiac atria to decrease blood pressure and cardiac hypertrophy by interac-
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tion with different transcription factors and sarcometric proteins (Figure 1). The G664A variant in the
NPPA gene is reported to cause an increased risk for conotruncal defects '7° {Table 4).

NOS3

Endothelial nitric oxide synthase (eNOS) encoded by the NOS3 gene converts l-arginine into nitric ox-
ide, which plays a role in vasodilatation and in the regulation of cell growth and apoptosis (Figure 1.
Homozygozity for the common ¢.894G>T (E298D) variation in combination with maternal smoking
causes an increased risk of CHM '3 (Table 4).

VEGF

VEGF (vascutar endothelial growth factor) is a mitogen that specifically acts on endothelial celis and
belongs to a family of regulatory peptides controling blood vessel formation by interacting as a ligand
with the endothelial tyrosine kinase receptors FLT1 and KDR/FLK1 (Figure 1), The AAG haplotype of
three variants -2578A, -1154A, and -634G located in the promoter and leader sequence of VEGF are
known to tower VEGF [evels. These common VEGF variants confer an increased risk for TOF, both in non-
syndromic cases of TOF and syndromic cases with 22q11.2 deletions "™ (Table 4}, Newborn mice lacking
Veyf die of anomalies reminiscent of 22411 deletion syndrome with typical cardiac malformations such
as TOF 72.TBX1, the gene implicated in 22g11 deletion syndrome, is most likely a down stream target of
the VEGF pathway as Tbx1 expression is downregulated in these mice.

NFATCT

NFATC1 (Nuclear Factor of Activated T cells, cytoplasmic, Calcineurin-dependent 1) is a calcineurin-de-
pendert transcription factor belonging to the NFAT family of transcription factors. Nfatc1 is involved in
remodeling of endocardial cushions into mature heart valve leaflets by repression of Vegf expression in
the myocardium underlying the site of prospective valve formation (Figure 1}. Two of 21 patients with
VSD were found to have a homozygous duplication of 44 nucteotides in intron 7 of the NFATCT gene,
whereas homozygosity for this deletion was not observed in the control population, suggesting that
NFATCT is a low penetrance susceptibility gene for VSD 17 (Table 4).



Table 4 | Commeon variants with low penetrance contributing to non-syndromic CHM

Introduction

MTHER Methylation cycle Various AZ20V, B429A o
MTHFDT Methylation cycle TOF AS Re53Q w
MIRR Methylation cycle Various 122M e
SICT9AT Methylation cycle Various 804G b
NaMT Methylation cycle Various G=Ainintron 1** "
TNz Methylation cycle Various P2Z59R 1
NPPA Vasoactive protein Conotruncal defects G6O4A e
NOS3 Vascactive protein Conotruncat defects E208D K
VEGF Palypeptide mitogen VSD, PTA, 1AA, TOF 257804, <1154G>A, -634G>C i
NFATCT Transcription factor vSD Duplication of 44 bp inintron 7 n

* Mutations in the open reading frame are described at the protein level.

** Increased risk for CHM when exposed to periconceptional medicines and/or 2 low dietary nicotinamide intake.

*** Increased risk for CHM in combination with maternal smoking.

AS, aortic valve stenosis; [AA, interrupted aortic arch; PTA, persistent truncus arteriosus; TOF, tetralogy of Fallot; VD, ventricular septal defect

Chromosomal aberrations

Chromosomal aberrations are well-known causes of syndromic CHM and are detected in 8-13% of chil-
dren with CHM by conventional cytogenetics alone ', After the introduction of fluorescence in situ
hybridization (FISH) additional deletions in patients with CHM were identified, with the 22q11.2 dele-
tion syndrome as the prime example of a frequent cause of CHM that escaped detection before the in-
troduction of FISH '3, With the recent introduction of array-based comparative gencmic hybridization
(array CGH) as a routine tool in diagnostics, many more chromosomal regions associated with CHM are
being found. A high frequency of chromosomal imbalances was demonstrated in a selected group of
patients with syndromic CHM 7%, Newly recognized microdeletion/duplication syndromes associated
with CHM are the 22g11.1 duplication syndrome ', the 934 deletion syndrome '™, the 17p11.2 dele-
tion syndrome ', the 16p11.2 deletion syndrome *#%% and the 1g21.1 deletion syndrome % These
microdeletions/duplications associated with CHM are good candidate regions to identify CHM genes.
Some of the known microdetetion syndromes, such as the 22q11.2 deletion syndrome, can present
with CHM without obvious dysmorphic features and/or mental deficit. The recently recognized 1g21.1
microdeletion syndreme has an even more variable phenotype with incomplete penetrance 7% ina
large series of 1621.1 deletion patients, 25% presented with CHM, including PDA, TA, CoA and BAV %,
This deletion was also found in 3 out of 505 patients with non-syndromic CHM ™. Overall a high fre-
quency of chromosomal deletions, duplications and copy number variations (CNV) was recently found
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in a series of non-syndromic patients with CHM '®, These studies indicate that arrayCGH should be
included in the diagnostic workup of patients with non-syndremic CHM.

Somatic mutations

Knudson has elegantly demonstrated how somatic mutations not present in the germline can contrib-
ute to genetic disease with his two-hit hypothesis "%, There has been much interest in somatic muta-
tions underlying cancer and this has been the subject of many reviews . These somatic mutations
not only include mutations affecting nuclear DNA leading to activation of oncogenes or inactivation
of tumor suppressor genes, but also epigenetic alterations of DNA, and mitochondrial DNA mutations.
The concept of somatic mosaicism has also been dermonstrated in many different skin disorders, and
saveral other diseases™. Surprisingly, many years after Knudson’s theory gained universal acceptance,
the concept of somatic mutations remained largely confined to tumor biology and skin disease. This
might explain why the candidate gene approach for many non-syndromic maiformations, including
CHM, has had little success: mutation analysis in most cases still is usually performed in constitutionat
DNA, whereas the mutations might be somatic and limited to the affected tissue.

Over the last past years, the first somatic mutations confined to affected cardiovascular tissue have
been reported in CHM. The genes in which somatic mutations have been found include GJAT, NKX2.5,
TBX5, GATA4, HEY2 and HANDT '¥1%(Table 5), The group of Reamon-Buettner and Borlak has report-
ed the majority of somatic mutations in CHM, including mutations in NKX2.5, TBX5, GATA4, HEY2 and
HAND?1. Interestingly, in several patients different mutations in the same gene with cumulative down-
regutation of transcription were reported '8, Although only a limited number of studies have been
performed, most likely due to the scarceness of affected cardiac tissue, the abundance of somatic
mutations reported by the group of Reamon-Buettner and Borlak contrasts with the limited number of
mutations in other studies. No NKX2.5 gene mutations could be found in cardiac tissue from patients
with BAY and associated aneurysm %, and no somatic 22q11.2 deletions could be identified in heart
tissue from patients with conotruncal heart defects without germ line 22q11.2 deletion ¥, Recently,
no evidence for somatic NKX2.5 mutations was found in a large series of fresh- frozen cardiac tissue
taken near the septal defect of patients with ASD, VSD and AVSD %%, The latter authors suggested that
the poor DNA quality from the formalin-fixed tissue used by the group of Reamon-Buettner and Borlak
may account for the high amount of somatic mutations in their study ', although differences in the
focation of tissue sampling might also be impartant. Evidently, the role of somatic mutations in CHM
awaits further confirmation.



latroduction 49

Table 5 | Somaticmutations contributing to non-syndromic CHM

&A1 Gap junction protein HLHS Gene conversion ks
NEX2.5 Transcription factor ¥SD, ASD, AVSD Various missense mutations 192153
GATA4 Transcription factor VSD, AVSD Various missense mutations =01
TBXS Transcription factor ASD, AVSD Various missense mutations L
HEY2 Transcription factor AYSD T964, D9BA, L1005 w
HANDT Transcription factor HLY, HRV A126fs Ll

*Mutatiens in the open reading frame are described at the protein level,
ASD, atrial septa! defect; AYSD, atrioventricular septal defect; HLHS, hypoplastic left heart syndrome; HLY, hypoplastic left vertride; HRY, hypoplastic right
veniricle; VSO, ventricular saptal defect

Table 6 | Genes involved in non-syndromic CHM

.7 0.4 03 0.2 0.2 0.16 0.1

Incidence** 14/08 4 1.0

Genes NOTCHT  NKX2.57 NRXZS™ GATA4  NKX2.S  GATA4  NKX2.S  MKX2ZS NS 20
GATA4  GATA4  MYOCD  GATA4  (RELDT  THRAPZ NOTCHT  GDFI GDF1
TBX20 TBX20  JAGT TBX1 e28) Vi&) HANDT*  CFCT )

TBXT MyHe Fo62 GDF7 FC1 GiAT* LEFTY2
ACTCT ACTCT (FCT MEX2.5%  GDFT ACYR28
MYBFC3  MYH7 NOTCHT  1BX3*  THRAP2 NODAL
T8XS MYBPC3 GOF1 HEYZ® NKX2.5
arep? - 78KS0 6r1 - PIPNTT CRELDT
aren2 1AGT
T FOXHT

AS, aortic valve stenosis; ASD, atrial septal defect; AVSD, atrioventricular septal defect; BAY, bicuspid aortic valve; CHM, congenital heart malformation;
BORY, double outiet right ventricle; HLHS, hypoplastic left heart syndrome; PS, pulmonary vaive stenosis; Ta#, transposition of the great arteries; TOF,
tetralogy of Fallot; VSD, ventricular septal defect

* somatic mutations, (*} both germline and somatic mutations

**per 1000 live-births
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The “multifactorial inheritance” hypothesis

The overall recurrence risk of non-syndromic CHM (defined as the risk of a child with CHM after a previ-
ous child with CHM) is usually in the order of 2-10 % 2%, Empirical risk studies have revealed higher
recurrence risks for specific subsets of CHM, indicating that genetic factors may play a more prominent
role in CHM such as ASD, AVSD, and LYOTO. Several studies have indicated a higher risk for offspring of
a mother with CHM than for the children of a father with CHM 2272%_Theoretically, this could be due
to maternal inheritance, imprinting, maternal environmental factors, but no exact data to explain this
discrepancy have been reported.

The “multifactorial inhertance” hypothesis of common diseases suggests that the interaction and cu-
mulative effect of multiple genetic and environmental risk factors leads to disease. One of the argu-
ments underlying the multifactorial hypothesis is the observation that the overall recurrence risk of
non-syndromic CHM is 2-10 %; as this is intermediate between the high risk presentin monogenic cases
and the negligible risk in case of non-genetic CHM, the existence of reduced-penetrance mutations in
susceptibility genes has been suggested. However, only a limited number of commeon gene variants
with low penetrance or rare variants with intermediate penetrance have been reported to date (Ta-
bles 2-4). Furthermore, few interactions of risk factors for CHM have been reported up to now. MTHFR
polymorphisms might have an effect on heart development when prasent with other risk factors such
as smoking, hyperhomoysteinaemie ** or nutrient deficiencies ¥% Some evidence of an increased risk
of conotruncal defects in infants of mothers who smoked cigarettes perfconceptional and who had a
NQS3 gene variant has been reported 0. Maternal and fetal variants in the MTRR gene (¢.66A>G) and in
the transcobalamin Il gene (c.776C>G) have been reported to be associated with an increased risk for
different types of CHM in offspring only in combination with low maternal serum vitamin 812 2. The
A zllele in intron 1 of the NWMT gene causes an increased CHM risk only on a2 maternal background of
low dietary nicotinamide intake and periconceptional use of certain drugs ''. VEGF common variants
associated with lower VEGF level confer an increased risk for TOF in patients with 22q11 deletions 77,
possibly due to the fact that TBX7, the gene implicated in 22g11 deletion syndrome, is a downstream
target of VEGF {Figure 1). Another example of gene-environment interaction is the increase in risk of
ASD reported in offspring of women with low-activity variants of Glutathione-S-transferase when ex-
posed to specific solvents metabolized by Glutathione-S-transferase 21",

The NODAL signaling pathway is a paradigm for multifactorial inheritance of CHM. A minority of pa-
tients with heterotaxy ® or heterotaxy-related HCM such as looping defects (TGA, DORV) 7 or CHM
including TOF show several mutations in genes belonging to the NODAL signaling pathway, including
the NODAL, CFC1, FOXHT and GDFT genes "9, As the functionat significance of each of these mutations
could be demonstrated, the cumulative effects of multiple mutations may lead to reduced NODAL sig-
naling eventually resulting in CHM.
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Conclusions

The genetics of non-syndromic CHM remains unctear to a large extent: the low percentage of single
gene mutations with high or intermediate penetrance argues against a prominent role of such muta-
tions in non-syndromic CHM, the existence of somatic mutations in CHM heart tissue is still a matter
of debate, and common variants seem to have a limited contribution. Although more than 40 different
genes have already been shown to be implicated in non-syndromic CHM, many human genes are ex-
pected be identified within the coming years taking into account the large number of genes that have
been shown to play a role in mice cardiogenesis. It is expected that the massive sequencing power of
next-generation sequencers will be instrumental in the identification of additicnal genes implicated in
CHM. Furthermore, such studies might shed lights on the interaction of different genetic factors, and
finally prove or refute the multifactorial model.
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1.3 Aim and outline of the thesis

This thesis presents clinical and molecular studies of patients and families with different congenital
heart malformations (CHM) during a 10-years period between 1998 and 2008. Patients were examined
in the Division of Obstetrics and Prenatal Medicine of the Department of Obstetrics and Gynaecology of
the ErasmusMC {fetuses), in the outclinic of the Department of Pediatric Cardiology of the Sophia Chil-
dren’s Hospital {children}, in the outclinic of the Department of Cardiology at the Thorax Center of the
ErasmusMC (adults), and in the Department of Clinical Genetics of the ErasmusMC {children and adults).
The variety of cardiac phenotypes described in this thasis reflects the daily practice of the clinical ge-
neticist involved in genetic counseling of patients affected with CHM., Working at different departments
{first as ultrasonographist practising fetal echocardiology, and later as a clinical geneticist) 1 had the
opportunity to study CHM in patients at different ages (fetuses, children, and adults) and observe the
‘genetic link’ between the different phenotypes present in family members sometimes known as ‘iso-
lated’ cases in the different departments.

The aim of the studies in this thesis was to describe cardiac phenotypes in familial CHM, and identify
disease genes involved in human CHM. A broad spectrum of syndromic and non-syndromic forms of
CHM was studied, inciuding laterality defects, left ventricular outflow tract obstruction {LVOTO) anoma-
lies, arterial malformations, and CHM in association with cardiomyopathies.

Chapter 1 reviews the genetic and environmental factors contributing to human congenital heart mal-
formations.

Chapter 2 reports clinical and molecular studies in patients with laterality defects. The prenatal phe-
notype of Kartagener syndrome is described, and molecular studies on a subtype of Kartagener syn-
drome, acilia syndrome, are presented. A new syndrome with laterality defects and VACTERL associa-
tion is reported, and this syndrome is shown to be due to a new disease mechanism (repeat amplifica-
tion) in the ZIC3 gene.

Chapter 3 describes multiple families with autosomal dominant inheritance of left ventricular outflow
tract obstruction (LVOTO) and/or cardiac valve anomalies, and discusses possible pathogenetic path-
ways and disease genes involved in these CHM.

Chapter 4 delineates the clinical features of arterial tortuosity syndrome, and reports linkage analysis in
three inbred families with this syndrome leading to the identification of the SLC2A10 gene encoding
GLUT10 as the disease gene involved in arterial tortuosity syndrome.

Chapter 5 reports different genetic associations of CHM with cardiomyopathies, A new autosomal domi-
nant syndrome with laterality defects and cardiomyopathy could be linked to chromsome 6p. A severe
type of early cardiomyopathy with septal defects is reported to be due to compound heterozygosity
for mutations in a sarcomeric protein gene MYBPC3. Finally, another sarcomeric protein gene MYH7 is
implicated in Ebstein anomaly and septal defects.

Chapter 6 discusses the significance and implications of our studies and delineates future perspectives.
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CHAPTER 2

Laterality disorders

2.1 Intreduction

Laterality defects refer to a group of disorders indicating embryonic disruption of normai left- right {LR)
patterning. The usual orientation of the heart and other organs is called "situs solitus”. A complete mir-
ror image arrangernent of all internal organs is cailed “situs inversus”. Any LR arrangement other than
situs solitus and situs inversus is called “heterotaxy” or “situs ambiguous”. Heterotaxy is frequently asso-
ciated with “isomerism’; a defect in the asymmetry of paired organs with distinct right or left anatomy.
“Left isomerism” is characterized by bilaterai left-sidedness with anomalies such as bitateral left atrial
appendages, bilateral bilobed lungs, pelysplenia, and congenital heart malformations (CHM}. “Right
isomerism” is characterized by bilateral right-sidedness with anomalies including bilateral right atrial
appendages, bilateral trilobed lungs, asplenia, and CHM. However, a wide phenotypic spectrum is seen
in heterotaxy, and patients can have a mixture of abnormalities of left or right isormerism. Over the
past years several extensive reviews on the genetics of heterotaxy have been published 5. It has been
postulated that LR patterning genes not only play a role in complex laterality disorders, but are also
implicated in isolated CHM, biliary tract anomaties, cystic renal disease and malrotation of the gut & As
the phenotypes caused by defects in the determination of LR asymmetry in mice and man are strikingly
similar, molecular studies in mice modeis can be of help to understand human disorders of LR pattern-
ing. Up till now more than 80 genes involved in the process of LR patterning have been identified in
animal studies. Several excellent reviews concerning the establishment of the LR axis in various animal
model systems have been published ™.

2.1.1 Ciliary defects

Cilia consist of a microtubule-based axoneme, a highly ordered structure of nine peripheral microtu-
bute doublets arranged around a central core that may or may not contain two central microtubules
{942 or 940 axonemes). Most 940 cilia lack dynein arms, are non-motile and also called primairy cilia,
whereas 9+2 cilia usually have dynein arms that link the microtubule doublets and are motile. The cili-
ary axoneme extends from the basal body-centrosome complex in the cytoplasm towards the tip of the
cilia. Ciliary assembly and maintenance is accomplished by intraflagellar transport (IFT), which relies on
the microtubule motor proteins kinesin 2 and cytoplasmic dynein to transport IFT protein complexes
and their associated cargo up and down the length of the cilium ™. Cifia are present at the node, a local
thickening of the blastoderm at the end of the primitive streak of the embryo (Figure 1). The leftward
movement of fluid at the ventrai node generated by the cilia, called nodal flow, is the essential proc-
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ess in symmetry breaking on the LR axis. How nodal flow leads to LR asyrmmetry is not vet clear ',
However, leftward nodal flow triggers Notch signaling, which is crucial for the asymmetric expression
of Nodal in the left perinedal region ™.

Dysfunction of ciliary proteins causes impaired functioning of nodal cilia and nodal flow, leading to
phenotypes that range from organ-specific diseases (e.g. polycystic kidney disease} to pleiotropic syn-
dromes (e.g. Meckel syndrome). Situs abnormalities are part of many of these phenotypes. Two distinct
groups of human disarders are caused by ciliary defects: primairy ciliary dyskinesia (PCD) caused by
defective 9+2 cilia, and the hepatorenal fibrocystic (MRFC) syndromes caused by defective 9+0 cilia. Ad-
ditionally, many mice models with ciliary defects have been described (for reviews: see refs 121).

2.1.1.1 Primary dliary dyskinesia

Immotile cilia syndrome (ICS), alsc called primary ciliary dyskinesia (PCD), is a specific group of laterality
disorders. PCD is typically characterised by recurrent respiratory tract infections, and infertility due to
immotile sperm. In 50% of PCD patients situs inversus is also present, in which case PCD is referred to
as Kartagener syndrome, PCD is diagnosed by electron microscopy of nasal ciliary biopsy, as itis caused
by immotile or dysmotile 9+2 (motile) cilia present on the epithelium of the respiratory tract, oviduct,
efferent ductules of the testis and ependymal lining of the brain '8 PCD is caused by defects in the
structure of the ciliary axoneme, most commonily loss of the outer dynein arms.

As the cilia are complex structures and more than 20 human genes are predicted to encode outer dy-
nein arm subunits and associated proteins possibly necessary for outer arm assembly, it is not unex-
pected that PCD is genetically heterogeneous V7., Until recently molecular defects in four genes encod-
ing dynein components have been identified: DNAHS '8, DNA/T 1922 DNA/2 = and DNAH1T %, Mutational
analysis has demonstrated that 38% of PCD patients carry mutations in DNAIT or DNAHS %, Recently
mutations in the KTU gene were identified in patients with PCD *. The Ktu protein is required in the
cytoplasm for the preassembly of dynein arm complexes before they become transferred to their fune-
tional positions in the axenoma 2. Additionally, mutations in the TXNDC3 gene, encoding a thioredoxin-
nucleoside diphosphate kinase, that was shown to bind microtubules, was recently implicated in PCD
patients with situs ambiguous and situs inversus totalis ¥, Mutations in the X-linked retinitis pigmento-
sa GTPase regutator gene (RPGR), the gene most frequently implicated in X-linked retinitis pigmentosa,
have been found in patients with retinitis pigmentosa, PCD and abnormal situs characterized by partial
dynein arm defects . About 6 % of Kartagener syndrome patients have no situs inversus but hetero-
taxy (@ambiguous situs with mainly left isocmerism), with CHM in more than half of these patients .

In this thesis genetic studies are described in three families with acilia syndrome, an infrequent form
of PCD characterized by total absence of cilia #. In one of these families heterotaxy and CHM are also
present *. We further describe mild cerebral ventriculomegaly as an early sign of PCD in fetuses *. Later
also Kosaki et al. # reported ventriculomegaly and situs abnormalities in 2 fetuses with Kartagener syn-
drome. Such ventriculomegaly is caused by impaired flow of the ependymal cilta 3. Ventriculomegaly
is not often documented in postnatal series of PCD, as most cases have no clinical symptoms, 50 this
feature escapes attention.
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2.1.1.2 Hepatorenal fibrocystic (HRFC) syndromes

The primary or sensory 9+0 (immotile) cilia are present on nearly ali cell types in mammals, including
principal cells of the nephron, rod and cone photoreceptor cells, hair cells of the inner ear, olfactory
sensory neurons and chondrocytes 6%, Defects of the 940 cilia result in malformation syndromes with
overlapping features, referred as hepatorenal fibrocystic (HRFC) syndromes . Features common to
HRFC syndromes are hepatorenal fibrocystic disease, situs abnormalities with CHM, retinitis pigmen-
tosa, postaxial polydactyly and skeletal dysplasia. Disorders included in this spectrum are the polycystic
kidney disorders, nephronophthisis, Meckel-Gruber syndrome, Joubert syndrome, Leber congenital
amaurosis, Bardet-Bied| syndrome, orofaciodigital syndrome, short rib-polydactyly syndromes, Jeune
syndrome, and Ellis van Creveld syndrome 3% Many of these syndromes show clinical overlap with each
other, and are due to mutations in the same gene.

2.1.2 Defects of the NODAL pathway

Several excellent reviews provide an overview of the molecular network regulating the establishment
of LR asymmetry through NODAL signaling *'*¥_ Four highly conserved genes Nodal, LeftyT, Lefty2 and
Pitx2 define the core of the NODAL signaling pathway (Figure 1). These 4 genes are all exprassed asym-
metrically near the midline or in the left lateral plate mesoderm at comparable developmental stages.
The first mutations in patients with laterality defects were identified in the ZIC3 gene encoding a zinc
finger transcription factor from patients with X-linked heterotaxy *. ZIC3 mutations were [ater also been
identified in males with isolated CHM (often transposition of the great arteries), isolated heterotaxy,

and a combination of heterotaxy and midline developmental anomalies such as anal and vertebral
anomalies 34,

Node LPM

Zic3

-
s

Foxh1

o

5

Figure 1 | Genetic pathway for LR patteming

The leftward movement of fluid at the ventral node generated by the cilia, called nodal
flow, is the essential process in symmetry breaking on the LR axis, An asymmetric signal
initiates Nodal-Lefty1-lefty? requlatory locps in the left lateral plate mesoderm (LPM). Woda!
activity induces Pite2 expression in the left LPM. The broken fine represents the midline.
Foxhl is a component of the Nodal-Lefty loops. Zic3 acts upstream of Nodal at the node.
Adapted from ref with permission from Dr, Hiroshi Hamada.
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Zic3 acts upstream of Nodal in the LR axis. Other human orthologs of the NODAL signaling genes have
been associated with only a small percentage of human non-syndromic laterality disorders, and overall
the specific genetic defect causing heterotaxy is known in less than 5 % of the patients ¥, A few mu-
tations have been found in several components of the NODAL signal transduction pathway, including
the ACVR28*, NODAL ®, GDF1 2, FOXHT ¥, TDGFT (CRIPTO) #, CFCT(CRYPTIC) 545, and LEFTY2 * genes.
Mutations in these genes can also give rise to CHM without laterality defects, or combinations of later-
ality defects with CHM. A limited number of families with autosomal recessive or autosomal dominant
laterality defects have been reported %,

In this thesis a mutation in the ZIC3 gene is described in a patient with heterotaxy and VACTERL associa-
tion. VACTERL is an acronym for Vertebral anomalies, Anal atresia, Cardiac malformations, Tracheo-es-
ophageal fistula, Renal anomalies, and Limb anomalies. A spectrum of developmental anomalies strik-
ingly similar to that of VACTERL association has been reported in mice with defective Gli-Shh signaling,
a pathway that interacts with Zic genes *'. This suggests that ZIC3 might be involved in the different
developmental anomalies of the VACTERL association. The ZIC3 mutation in our famity is a novel type
of ZIC3 mutation, and consists of repeat amplification [eading to elongation of the polyalanine stretch.
in this thesis a new autosomal dominant form of left isomerism characterized by left bronchial isomer-
ism, azygous continuation of the inferior vena cava, polysplenia and intestinal malrotation is reported.
The cardiac anomalies included noncompaction of the ventricular myocardium, bradycardia, puimo-
nary valvular stenosis, and secundum atrial septal defect. The disease gene could be localized to chro-
mosome 6p, but has not yet been identified 52



Laterality diserders 71

References

1. Casey B. 2001. Genetics of human situs abnormalities. Am J Med Genet 101:356-358.

2 Kosaki K, Casey B. 1998. Genetics of human left-right axis malformations. Semin Cell Dev Biol 9:89-99.

3. ZThu L, Beimant JW, Ware SM. 2006. Genetics of human heterotaxias. Eur § Hum Genet 14:17-25,

4, Beimont JW, Mohapatra B, Towbin JA, Ware SM. 2004. Molecular genetics of heterotaxy syndromes. Curr Opin Cardiol 19:216-

220,

5 Peeters H, Devriendt K. 2006. Human laterality disorders. Eur ] Med Genet 49:349-362.

6. Maclean K, Dunwoodie SL. 2004, Breaking symmetry: a clinical overview of left-right patteming. {lin Genet 65:441-457.

7. Yost HI. 2003, Left-right asymmetry: nodal cilia make and catch a wave. Curr Biol 13:R808-809.

8. Yost Hl. 2601. Establishment of left-right asymmetry. [nt Rev Cytol 203:357-381.

9, Mercola M. 1999. Embryological basis for cardiac left-right asymmetry. Semin Cell Dev Biol 10:109-116.

10, Mercola M. 2003. Left-right asymmetry: neda points. | Cell 5 116:3251-3257.

. Boorman CJ, Shimeld SM. 2002. The evolution of left-right asymmetry in chordates. Bioessays 24:1004-1011.

12, Bisgrove BW, Yost Hi. 2006. The roles of ¢ilia in developmental disorders and disease. Development 133:4131-4143.

13. Palmer AR. 2004. Symmetry breaking and the evolution of development. Science 306:828-833.

14. Hirokawa N, Tanaka Y, Ckada Y, Takeda S, 2006. Nodai flow and the generation of left-right asymmetry. Cell 125:33-45.

15. Raya A, Kawakami Y, Radriguez-Esteban €, Buscher D, Koth CM, Itoh T, Merita M, Raya RM, Dubova |, Bessa JG, de la Pompa
JL, Belmonte JC. 2003. Notch activity induces Nodal expression and mediates the estabiishment of left-right asymmetry in
vertebrate embryos, Genes Dev 17:1213-1218.

16. Eley L, Yates LM, Goodship SA. 2005. Cilia and disease. Curr Opin Genet Dev 15:308-314.

17. Pazour &, Agrin N, Walker BL, Witman GB. 2006. identification of pradicted human outer dynein arm genes: candidates for
primary diliary dyskinesia genes, J Med Genet 43:62-73.

18. Homef N, Otbrich H, Horvath J, Zariwala MA, Fliegauf M, Loges NT, Wildhaber 5, Noone PG, Kennedy M, Antonarakis SE, Blouin

3, Bartoloni L, Nusslein T, Ahrens P, Griese M, Kuhl H, Sudbrak R, Knowles MR, Reinhardt R, Omran H. 2006, DNAHS mutations
are a common cause of primary ciliary dyskinesia with outer dynein arm defects. Am J Respir (rit Care Med 174:120-126.

19. Guichard {, Harricane MG, Lafitte 3), Godard P, Zaegel M, Tack V, Lalau G, Bouvagnet P 2001, Axonemal dynein intermediate-
chain gene (DNAIT) mutations result in situs inversus and primary ciliary dyskinesia {Kartagener syndrome). Am J Hum Genet
68:1030-1035.

20, Pennarun G, Escudier £, Chapelin €, Brideux AM, CacheuxV, Roger G, Clement A, Goassens M, Amselern 5, Duriez B. 1999. Loss-
of-function mutations in a human gene related to Chiamydomonas reinhardtii dynein 1C78 result in primary ciliary dyskinesia.
Am J Hum Genet 65:1508-1519.

21, Zariwala M, Noone PG, Sannuti A, Minnix S, Zhou Z, Leigh MW, Hazucha M, Carson JL, Knowles MR. 2001. Germline mutations
in an intermediate chain dynein cause primary cliary dyskinesia. Am J Respir Cell Mol Bicl 25:577-583.
22, Zatiwala MA, Leigh MW, Ceppa F, Kennedy MP, Noone PG, Carsan IL, Hazucha M, Lori A, Horvath J, Obrich H, Loges NT, Bridoux

AM, Pennarun G, Duriez B, Escudier £, Mitchison HM, Chodhari R, Chung EM, Mozgan LC, de longh RU, Rutland J, Pradal U, Omran
H, Amsefem S, Knowles MR. 2006. Mutations of DNAN in primary ciliary dyskinesia: evidence of founder effect in a commeon
rutation. Am J Respir Crit Care Med 174:858-866.

3. Loges NT, Olbrich H, Fenske L, Mussaffi H, Horvath J, Fliegauf M, Kuhi H, Baktai &, Peterffy £, Chodhari R, Chung EM, Rutman A,
O'Callaghan C, Blau H, Tiszlaviez L, Voelkel K, Witt M, Zietkiewicz E, Neesen }, Reinhardt R, Mitchison EM, Omran H. 2008, DNAI2
mutations cause primary ciliary dyskinesia with defects in the outer dynein arm, Am J Hum Genet 83:547-558.

24, Barto!oni L, Blouin IL, PanY, Gehrig , Maiti AK, Scamuffa N, Rossier C, Jorissen M, Armengot M, Meeks ¢, Mitchison BM, Chung
EM, Delozier-Blanchet {D, Craigen W), Antonarakis SE. 2002. Mutations in the DNAHTY {axonemal heavy chain dynein type
11) gene cause one form of situs inversus totalis and most likely primary ciliary dyskinesia, Proc Nat! Acad Sci U S A 99:10282-

10286.
25. Zariwala MA, Knowles MR, Omran H. 2007. Genetic defects in diliary structure and function, Annu Rev Physiol 69:423-450,
28, Omran H, Kobayashi D, Olbrich H, Tsukahara 7, Loges NT, Kagiwara H, Zhang G, Leblond G, 0Teote E, Rara C, Mizuno H, Kawano

H, Fliagauf M, Yagi T, Koshida S, Miyawaki A, Zentgraf H, Seithe H, Reinhardt R, Watanabe Y, Kamiya R, Mitchell DR, Takeda H.
2008, Ktu/PF13 is required for cytoplasmic pre-assembly of axenemal dyneins, Nature 456:611-676.



72

CHAPTER 2

27.

28

29.

30.

3

32

33

34,

35.
38,

37.
38.

39,

40.

1.

42.

43.

45,

46.

47.

49.

Duriez B, Duquesnoy P, Escudier E, Bridotx AM, Escalier D, Rayet |, Marcos E, Vojtek AM, Bercher JF, Amselem 5. 2007, A common
variant in combination with a nonsense mutation in 2 member of the thioredoxin family causes primary ciliary dyskinesia. Proc
Natl Acad Sci U'S A 104:3336-3341.

Moare A, Escudier £, Roger G, Tamalet A, Pelosse B, Marlin S, {lement A, Geremek M, Delzisi B, Bridoux AM, Coste A, Witt
M, Duriez B, Amselem S. 2006, RPGR is mutated in patients with a complex X linked phenotype combiring primary dliary
dyskinesia and retinitis pigmentosa, ] Med Genet 43:326-333.

Kennedy MP, Omran K, Leigh MW, Dell S, Morgan L, Molina PL, Robinson BV, Minnix SL, Olbrick H, Severin T, Ahrens P, Lange
L, Marillas HN, Noone PG, Zariwala MA, Knowles MR. 2007. Congenital heart disease and other heterotaxic defects in a large
cohort of patients with primary ciliary dyskinesia, Greulation 175:2814-2821.

Wessals MW, Avital A, Faifly M, Munoz A, Omran H, Blouin JL, Willems PJ. 2008, Candidate gene analysis in three famities with
adlia syndrome. Am J Med Genet A 1464:1765-1767.

Wessels MW, den Hollander NS, Willems PJ. 2003. Mild fetal cerebral ventriculomegely as a prenatal sonographic marker for
Kartagener syndrome, Prenat Diagn 23:239-242.

Kosaki X, [keda K, Miyakashi K, Lieno M, Kosaki R, Takahaski D, Tanaka M, Torikata C, Yoshimura, Tekahashi T. 2004, Absent inner
dyneln arms in a fetus with familial hydrocephalus-situs abnormality. Am J Med Genet A 129:308-311,

Jabourian Z, Lublin FD, Adler A, Gonzales C, Northrup B, Zwillenberg D. 1986, Hydrocephalus in Kartagener's syndrome. Ear Nose
Throat ) 65:468-472.

Ibanez-Tallon 1, Gorokhova S, Heintz N. 2002. Loss of function of axonemat dynein MdnahS causes primary diliary dyskinesia and
hydrocephalus. Hum Mol Genet 11:715-721.

Wheatiey DN, Wang AM, Strugnell GE. 1996. Expression of primary cilia in mammalian cells. Cell Bial Int 20:73-81.

Johnson CA, Gissen P, Sergi C. 2003, Molecular pathology and genetics ef congenital hepatorenal fibrocystic syndromes. ) Med
Genet 40:311-319.

Shiratori H, Hamada H. 2006. The [eft-right axis in the mouse; from origin to morphology. Development 133:2095-2104,
Gebbia M, Ferrero GB, Pilia G, Bassi M, Aylsworth A, Penman-Splitt M, Bird LM, Bamforth JS, Burn J, Schlessinger D, Nefson DL,
Casey B. 1997. ¥-linked situs abnormalities result from mutations in ZIC3. Nat Genet 17:305-308.

Megarbane A, Salem N, Stephan £, Ashoush R, Lenoir D, DelagueV, Kassab R, Loiselet ), Bouvagnet P. 2000. X-linked transposition
of the great arteries and incomplete penetrance among males with a nonsense mutation in ZIC3. Eur J Bum Genet 8:704-708.
Ware SM, Peng J, Zhu L, Fembach S, Colicos S, Casey B, Towbin J, Belmont JW, 2004. Identification and functional analysis of 2133
mutatfons in heterotaxy and related congenital heart defects. Am J Hum Genet 74:93-105.

Roessler E, Quspenskaia MV, Karkera JD, Velez JI, Kantipong A, tacbawan F, Bowers P, Befmont JW, Towbin JA, Goldmuntz E,
Feldman B, Muenke M. 2008. Reduced NODAL Signaling Strength via Mutation of Severzl Pathway Members Including FOXH1
Is Linked to Human Heart Defects and Holoprosencephaly. Am J Hum Genet.

Karkera JD, Lee JS, Roessler E, Banerjee-Basu S, Ouspenskaia MV, Mez J, Goldmuntz E, Bowers F, Towbin J, Belmont jW,
Baxevanis AD, Schier AF, Muenke M. 2007 Loss-of~function mutations in growth differentiation factor-1 (GDF1) are associated
with congenital heart defects in humans. Am J Hum Genet §1:987-994.

Mohapatra B, Casey B, Li K, Ho-Dawson T, Smith L, Fernbach SD, Molinari [, Niesh SR, Jefferies JL, Craigen W), Towbin JA,
Belmont JW, Ware S¥. 2008. [dentification and functicnal characterization of NODAL rere variants in heterotaxy and isolated
cardiovascular malformations. Hum Mol Genet.

Kosaki R, Gebbia M, Kosaki K, Lewin M, Bowers P, Towbin JA, Casey B, 1999. Left-right axis malformations assodiated with
mutations in ACVR2B, the gene far human activin receptor type 8. Am J Med Genet §2:70-76.

Bamford RN, Roessler E, Burdine RD, Saplakoglu U, dela Cruz J, Splitt M, Goodship JA, Towbin J, Bowers P, Ferrero GB, Marine
B, Schier AF, Shen MM, Muenke M, Casey B. 2000. Loss-of-function mutations in the EGF-CFC gene CFCT are associated with
humar left-right [aterality defects. Nat Genet 26:365-369.

Ozcelik €, Bit-Avragim N, Panek A, Gaio U, Geier C, Lange PE, Dietz R, Posch MG, Perrot A, Stiller B. 2006. Mutations in the EGF-
(FC gene cryptic are an infrequent cause of congenital heart disease. Pediatr Cardiof 27:695-698.

Koszki K, Bassi MT, Kosaki R, Lewin M, Belmont J, Schauer G, Casey B. 1999. Characterization and mutztion analysis of human
LEFTY A and LEFTY B, homologues of murine genes implicated in left-right axis development, Am J Hum Genet 64:712-721.
Alonse S, Pierpont ME, Radtke W, Martinez J, Chen SC, Grant JW, Dahnert [, Taviaux 5, Romey MC, Demaille J, et al, 1995,
Heterotaxia syndrome and autosomal dominznt inheritance. Am ) Med Genet 56:12-15.

Casey B, Cuneo BF, Vitali C, van Hecke H, Barrish J, Hicks J, Ballabio A, Hoo 1), 1996. Autosomal dominant transmmission of familial
laterality defects. Am J Med Genet 61:325-326.



50.

5L
52,

Laterality disorders

Vitale E, BrancoliniV, De Rienzo A, Bird L, AlladaV, Sklansky M, Chae CU, Ferrero GB, Weber J, Devota M, Casey B. 2001, Suggestive
linkage of situs inversus and other left-right axis anomalies to chromosome 6p. | Med Genet 38:182-185.

Kim J, Kim P, Hui CC. 2001. The VACTERL. association: lessons fram the Sonic hedgehog pathway. Clin Genet 59:306-315.
Wessels MW, De Graaf BM, Cohen-Overbeek TE, Spitaels SE, de Groot-de Laat LE, Ten Cate F), Frohn-Mulder IF, de Krijger R,
Bartelings MM, Essed N, Wiadimiroff JW, Niermeijer MF, Heutink P, Oostra BA, Docijes D, Bertoli-Avella AM, Willems PJ. 2008.
A new syndrome with noncompaction cardiomyopathy, bradycardia, pulmonary stenosis, atrial septal defect and heterotaxy
with suggestive linkage to chromosome 6p. Hum Genet 122:595-603.

73






2.2

PRENATAL DIAGNOSIS
Prenat Diagn 2003; 23: 239-242.

Laterality disorders

Published oaline in Wiley InterScience (www.interscience.wiley.com), DOIL: 10.1002/pd.551

Mild fetal cerebral ventriculomegaly as a prenatal
sonographic marker for Kartagener syndrome
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Primary ciliary dyskinesia (PCD), also referred to as immotilecilia syndrome or Kartagener syndrome, is a
group of genetic disorders caused by defective cilia leading o chronie sinupulmonary infection, situs inversus
and reduced fertility. Some PCD patients also have cercbral ventriculomegaly or hydrocephalus.

We report here two fetuses and one newborn with mild cerebral ventriculomegaly and 2 suspected and/or
confirmed diagnosis of PCD. These cases demonstrate that mild fetal cerebral ventriculomegaly can be a
prenatal sonographic marker of PCI, certainly in fetuses with situs inversus or a history of a previous sib

with PCD. Copyright © 2003 John Wiley & Soms, Ltd.

KEy worDs: fetal cerebral ventriculomegaly: Kartagener syndrome; primary ciliary dyskinesia (PCD) prena-

tal dingnosis

INTRODUCTION

Primary ciliary dyskinesia (PCD) or immotle-cilia
syndrome is a genetically heterogencous disease with an
estimated incidence of 1 in 20.000 to 60.000 live births
(Afzelius, 1976; Afzelius ef al., 2001). PCD is charac-
terized by recurrent or chronic sinupulmonary infections
including sinusitis, thinitis and bronchitis, which even-
tually leads to bronchiectasis. The infections are caused
by dysmotility. immotility or the absence of cilia. Cilia
are normally present on the epithelia lining the sinuses
and the respiratory tract where they are responsible for
the drainage of foreign particles and microorganisms.
Reduced fertility is often present in PCD, certainly in
male patients. as cilia are also present on the epithe-
lia of the female oviduct and the male vas deferens.
Approximately half of the PCD patients present with
situs inversus, in which case PCD is referred to as Karta-
gener syndrome (KS). Situs inversus in PCD has been
suggested to be the consequence of defective monocilia
that axe normally present on cells of the embryonic node.
These cilia are thought to be instrumental in the embry-
onic movement of organs and the establishment of the
left-right body exis (Nonaka er al.. 1998: Brueckner,
2001; Hackett, 2002}, PCD might therefore cause 2 ran-
dom situs with situs inversus in half of the patients.
Occasionally. PCD patients also show hydrocephalus
or mild enlargement of the cercbral ventricular sys-
tem and suici {Greenstone er al.. 1984: Jabourian ez al.,
19862 De Sant er al.. 1990; Picco ef al., 1993). Also,
the chronic headaches occurring in some PCD patients
might be related to abnormalities in liquor circulation
(Afzelius ¢f al.. 2001). The association of PCD with

*Correspondence to: Marja W, Wessels, Department of Clinical
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cerebral ventriculomegaly or overt hydrocephaius has
also been described in dogs (Edwards er al.. 1989 Dhein
et al., 1990; Daniel et al., 1995), Wic-Hyd rats (Torikata
et al., 1991: Shimizuy and Koto, 1992: Nakamura and
Sato. 1993). Hpy/Hpy mice (Bryan, 1983), mice with
targeted disrupdon of the foxj/ gene (Chen ez al., 1998)
and mice with an insertional mutation in the axonemal
dynein heavy-chain gene, Mdrah5 (Ibafiez-Tallon et al..
2002). This suggests a functional role in hiquor circula-
tion for the cilia lining the ventricular ependyma of the
brain and spinal cord in humans and other species.

Prenatal diagrosis of PCD i3 sometimes possible
by mutation analysis of one of the genes currently
known to be involved in PCD (Pennarun er al., 1999,
Guichard et al., 2001; Olbrich et al., 2002). However,
in the majority of cases, fetal ultrasound examination is
the only methed to detect PCD prenatally, if at least
detectable structural anomalics such as situs inversus
are present, However. half of the patients with PCD
do not show situs inversus. As ventriculomegaly or
hydrocephalus is sometimes present in neonates or
children with PCD, it might offer an additional prenatal
sonographic marker for PCD.

We present here two fetuses and one newbom with a
suspected andfor confinmed diagnosis of PCD presenting
with mild cerebral ventriculomegaly.

CASE REPORTS
Family 1

The healthy parcnts of family 1 were of Caucasian
descent and unrelated (Figure 1). They were referred to
our cengre for prenatal diagnosis in their third pregnancy
because of a previcus child (II-2) with a primum
atrial septal defect, aortic isthmus stenosis, abseat right
superior vena cava and a persisient left superior and
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Figure 1—Farily pedigrees of the two families with an sssociation of PCD and fetal cerebral ventriculomegaly, Note the variability of the

clinical picture

inferior vena cava connected to the coronary sinus. The
congenital heart malformations did not necessitatc sur-
gical repair. Case II-2 had recurrent atelectases of the
right lung and mildly dilated lateral cerebral ventricles
in the neonatal period. both of which disappeared later
on. However, he had frequent upper-airway infections
during his childhood. Occipitofrontal circumference and
mental development were normal at the age of five
years. The diagnosis of PCD was not made until a
suspicion of PCD in the next pregnancy. In that preg-
nancy ([-3), a fetal anomaly scan at 19 weeks revealed
a right-sided stomach and a central liver, a primum
atrial septal defect and a persistent left superior vena
cava. There also existed mild cerebral ventriculomegaly.
with the width of the posterior horn of the lateral ven-
tricle measuring 13 mm (rormal vpper limdit: 10 mom).
Arniocentesis revealed a normal female karyotype, and
a 22g11 deletion was exciuded. PCD was suspected in
sib IE-2 in view of these ultrasound abnormalities and
the presence of similar features with frequent upper-
airway infections. After counselling. the parents decided
to continue the pregnancy. At 37 weeks, a girl weigh-
ing 2750 g was bomn with Apgar scores of 6 (1) and
8 (5}, The prenatally diagnosed cardiac abnormalities
were confirmed. and in addition an absent inferior vena
cava with azygous continuation was found. Abdominal

Copyright € 2003 John Wiley & Sony, Ltd.

abnormalities included a fight-sided stornach, septated
spleen with a smali accessory spleen, central position of
the liver with drainage of the left hepatic veins into a
persistent left inferior vena cava and intestinal malrota-
tion with volvulus. The child suffered from respiratory
difficulties, and atelectases of the lung developed. An
ultrasound of the brain made in the first week of Lfe
showed cerebral ventricles within the normal size range.
In view of the combination of cardiac and abdominal
features compatible with a situs abnormality, neonatal
Iung atelectases and fetal and/or neonatal cerebral ven-
triculomegaly in one or both sibs, the diagnosis of PCD
was suspected, Electron-microscopic examination of a
nasal biopsy showed ciliary aplasia in both infants (II-
2 and II-3), confirming the diagnosis of PCD. The first
child (JI-1) and the parents were healthy, but were not
further investigated.

Family 2

A consanguincous couple (first cousins) of Moroccan
descent was referred in the 10th pregnancy to our cen-
tre for prenatal diagnosis because of a previous child (II
-6) with K8 (Figure 1}, The second child (II-2) died on
day 2 after birth because of meconium aspiration, but

Prenar Diagn 2003, 23: 239-242.
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no prenatal or post-natal examination was performed.
The sixth child (I1-6), a girl. had situs inversus totalis
and frequent upper-airway infections. This lead to the
diagnosis of XS at the age of one month. This diag-
nosis of PCD was confirmed by nasal and bronchial
biopsies showing impaired ciliary motility and abnormal
cilia. Electron-microscopic evaluation revealed strongly
abnormal cilia with deficiency of the joner dynein arms.
radizl spokes and nexin links, In the eighth pregnancy,
a fetal anomaly scan at 16 weeks of gestation revealed
hypoplasia of the left cardiac ventricle (II-8). Cerebral
angtomy and thoracic and abdominal situs were nor-
mal. Amniocentesis revealed a normal male karyotype.
The pregnancy was terminated, and the hypoplasia of
the left ventricle was confirmed at autopsy, Addition-
ally, left-atrial isomerism and polysplenia were found.
At that dme, the diagnosis of PCD was not made. In
the ninth pregnancy, ultrasound examination of the fetus
(1-9) revealed a normal situs but mild cercbral ventricu-
lomegaly, with the width of the posterior horn of the
lateral ventricle measuring 13 mm, Amniocentesis was
performed and a normal female karyotype was found.
Virological studies on maternal blood were normal. A
girl with a birth weight of 3535 g was born at term,
Apgar scores were 3 (1) and 6 (5'), respectively. The
child suffered from severe respiratory insufficiency due
to meconium aspiration, and atelectases of the right mid-
dle lung lobe developed. She died after one dzy. No
further diagnostic workup was performed.

A fetal anomaly scan in the 19th week of the 10th
pregnancy (I1-10) revealed situs inversus totalis. In view
of these abnormalities and the presence of KS in II-6,
the tentative prenatal diagnosis of PCD was made in
II-10. The fetal cerebral ventricular width was normal.
The parents decided to continue the pregnancy. II-10
was born at 41 weeks of gestation with a birthweight
of 3640 g. and was hospitalised because of meconium
aspiration and respiratory distress. The diagnosis of KS
wag confirmed by a nasal biopsy showing absent ciliary
motility. The child was discharged from the hospital
after 6 weeks, He had recurrent lung atelectases in the
neonatal period, and upper-airway infections later on.

In retrospect, it is very likely that apart from I~
6 and II-10, the fetus with hypoplastic left venticle
and left-amial isomerism (II-8). and possibly the child
with mild ventriculomegaly and post-natal respiratory
digtress (II-9), had PCD. The parents and the other
children were reported to be healthy, but no further
studies were performed.

DISCUSSION

We deseribe here two families with probable autosomal
recessive PCD associated with mild ventriculomegaly.
In the first family, both sibs affected with PCD had
mild dilatation of the lateral cerebral ventricles. In the
second family, PCD was suspected in two sibs, of
which one showed mild fetal ventriculomegaly, and
was confirmed in two additonal sibs. In all three
cases, cercbral ventriculomegaly was mild. and was

Copyright © 2003 John Wiley & Sons, Lid,
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only retrospectively recognised to be a part of PCD.
The ventricular dilatation in PCD is probably due to
a dysfunction of the cilia that line the venwicular
ependyma of the brain and spinal cord. It has not only
been described in humans but also in dogs, rats and
mice with PCD. Consequently, the beating of these cilia
must be important in the circulation of liquor, Mild
fetal venmiculomegaly can be caused by many factors
leading to parenchymal loss of abnormal cerebrospinai-
fluid circulation. When diagnosed. additional prenatal
tests {amniocentesis for karyotyping and virological
studies, maternal platelet counts and virclogy) should
be performed. As illustrated here, attention should also
be paid to organ situs and structural heart defects in
order to exclude PCD, certainly when a history of
PCD in a previous child is present. Therefore, mild
cerebral ventriculomegaly might be an early sign of
PCD:. This is important as PCD might be responsible
for neonatal difficulties due to respiratory distress and/or
meconium aspication (Mornnet. 1978; Whitelaw et al.,
1981; Losa et al., 1995), or intestinal malrotation and/or
congenital heart defects in case of situs ambiguus. To
our knowledge, PCD has never been reported in post-
natal follow-up studies of fetuses with mild cerebral
ventriculomegaly (Bromley ef al., 1991: Bloom er af.,
1997 Vergani er al., 1998; Pila er af., 1999; Mercier
et al., 2001; Kelly ¢r af., 2001), probably because PCD
is not always recognised in the neonatal period {(Losa
et al., 1995}, particularly not in the absence of situs
nversus. This highlights the importance of a thorough
diagnostic evaluation of fetal and neonatal abnormalities.
Furthermore, a careful family history can lead to an
eticlogic diagnosis that was not considered in individual
affected family mersbers, certainly in diseases with a
clinical spectrum as variable as that of PCD.
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To the Editors

Primary cilfary dyskinesia (PCD or CILD) also
called immotile cilia syndrome (ICS), is characterised
by defective functioning of cilia leading to chronic
sinupulmonary infections [Afzelius, 1976; Afzelius
et al, 20011 Approximately half of the patients
with PCD have situs inversus, in which case PCD
is called Kartagener syndrome [Kartagener, 1933].
PCD appears to be a condition with extensive
genetic heterogeneity and 6 genes DNATI, DNAHS,
DNAH11, RPGR, OFDI, and TXNDC3, which alto-
gether are responsible for abour a third of PCD
families, have been found so far o be implicated in
PCD. Of the 11 specific PCD groups defined by
Afzelius etal. [2001] one is acilia syndrome (AS). AS is
an infrequent form of PCD characterised by total
absence of cilia [Dudley etal., 1952: Fonzieral., 1982;
Gotz and Stockinger, 1983; Gordon and Kattan.
1984; Welch et al., 1954; Babin and Kavanagh, 19385;
Cerezo and Price, 1983; de Santi et al., 1988; Phillips,
1989; Richard etal., 1989; Soferman et al., 1996; Maiti
et al., 2000]. AS probably is a separate entity in PCD
and the disease gene has not yet been identdfied
[Malti et al., 20001,

In this study we analyzed several candidate genes
in three unrelated AS families. The first family is an
inbred Israeli family (Fig. 1) with two related sibships
each having two AS patients (three girls, one bov),
that have been reported [Soferman et al., 1996]. The
parents of all four patients were consanguineous and
descendants from a single ancestor, All four patients
(IIL-5, 16, IV-3, and TV-4) had been diagnosed with
AS because of recurrent upper and lower respiratory
tract infections, sinusitis and severe lung disease with

widespread bronchiectasis (FEV1 around 30%)
with absence of cilia on respiratory epithelial cells.
No heterotaxy or cardiovascular malformation was
reported but no real cardiovascular evaluation was
performed [Soferman et al., 1996),

The second family is a nonconsanguineous
Israeli family (Fig. 13 with two of the three children,
a girl {II-1} and a boy (II-3) having AS. They suffered
from recurrent otitis, sinusitis and pneumonia with-
out bronchiectasis. They both need bronchodilator
therapy and have reserved lung function (FEV1
around 70-80%) and bronchial hyperresponsive-
ness. The girl had a partial lobectomy (right side),
whereas the boy had atelectases of the right lung. No
obvious heterotaxy or cardiovascular malformation
Was present.

The third family is a Dutch family with two AS sibs,
a boy (I1I-2) and a girl (II-3), that have been reported
[Wessels et al, 20031 The parents are healthy
and unrelated (Fig. 1), The first child is healthy.
The second child was born with transient mildly
dilated lateral cerebral ventricles, He has absent right
superior vena cava with persistent left superior and
inferior vena cava connected to the coronary sinus,
a primum atrial septal defect, and aortc isthmus
stenosis. He also showed recurrent lung atelectases
and respiratory infections. The diagnosis of PCD was
only made when PCD was suspected in the next

*Correspondence to: Patrick J. Willems, MD, PhD, GENDIA, Amer-
ikalei 62, 2000 Antwerp, Belgium, E-mail willemspatrick@siynet e
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Fu. 1. Pedlgrees of the three Families with acilia syndrome.

pregnancy when heterotaxy was found at fetal
ultrasound with a right-sided stomach and a central
liver, a primum =atrial septal defect, persistent left
superior vena cava. There also existed mild cerebral
ventriculomegaly, with the width of the posterior
horn of the lateral ventricle measuring 13 mm
(normal upper limit: 16 mm). After birth heterotaxy
was confirmed; the cardiovascular anomalies con-
sisted of 2 primurm atrial sepral defect, persistent left
superior vena cava, and absent inferior vena cava
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with axygous continuation. The abdominal situs
anomalies included a right-sided stomach, intestinal
malrotation with volvulus, central position of the
liver with drainage of the left hepatic veins in a
persistent left inferior vena cava, septated spleen
with small accessory spleen. The child developed
recurrent respiratory difficulties and atelectasis of
the lung. PCD in both sibs was confirmed by
electromicroscopic examination of a nasal biopsy
showing ciliary aplasia in both.

In these three AS families several candidate genes
were analyzed in this study. In Family 1 linkage to the
DNAHF5 locus could not be excluded by haplotype
analysis. Therefore, all 80 coding exons including
adjacent introtv/exon boundaries of DNAHS were
amplified and directly sequenced in an affected
patient [Flomef et al., 2006]. However, no DNAHS
mutation was detected. In each of the three families
all exons of the DNAJ7 gene were screened
for sequence variants by DHPLC in one affected
individual, but no variants were found. In addition,
DNA of a single affected individual in cach of
the families was also z2nalyzed specifically for the
occurrence of the IVS—+2_3insT mutation (also
referred to as 219+ 3insT or .48+ 2_48+ 3insT)
by restriction analysis using Apal onl PCR preducts
of exon 1 and adjacent intronic sequences. None of
the three families showed the IVS+2_3insT murta-
tion, which accounts for ~60% of all DNAMT
mutations [Zariwala et al., 2006). To exclude homo-
zygous DNAYI mutations that DHPLC could not
resolve, we performed genotype analysis using
9 Hapmap tag SNPs widely spaced con the entire
length of DNAJI, which is covered by a single
linkage disequilibrium block (LD block) according
o Hapmap (www.hapmap.org). Heterozygous tag
SNPs genotypes indicated that the investigated
patients of the three families were not homozygous
for the LD block. Direct sequence analysis of the two
coding exons with adjacent intronic regicns of the
FOXJ1 (HFH4) gene was performed in one affected
patient from all three PCD families, but no mutations
that could be disease-causing were identified.

In conclusion, we could not find evidence for the
involvement of DNAIZ, DNAHS, or FOXJ7 in any
of purthree AS families, In general, about 10% of PCD
patients have mutations in DNAJ7 {Zariwala et al,,
2006}, and nearly a quarter (half of PCD families
with outer dynein arms defects) have DNAHS
mutations [Hornef et al., 2008]. All DNAJY and
DNAHS mutations lead to the absence of outer
dynein arms, the most frequent abnormality
observed in PCD {Zariwala et al, 2007], but not
aciliz. The FOXJi gene encoding the hepatocyte
nuclear factor 3 or forkhead homologue 13 (formerly
known as HFH-4 or FKHL 13 gene) on chromoesome
17 was a good candidate gene for AS for several
reasons, First, inactivation of the FoxfI gene in mice
results in AS, infertility due to absence of flagella in
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sperm and heterotaxy, the three important charac-
teristics of human PCD [Chen et al,, 1998; Brody etal,,
2000]. Second, inactivation of the Foxy! gene leadsto
reduced expression of left-right dynein. Third, Foxf7
is expressed In respiratory epithelia and semini-
ferous tubules of the testes [Blat et al., 19991 We did
not analyze the DNAHT I, RPGR, TRNDCS, or OFDJ
genes a5 these were unlikely to be involved in the
pathogenesis of our families: DNAH11 murtations are
rare [Schwabe et al,, 2008], murations in the X-linked
RPGE gene are associated retinitis pigmentosa., and
mutations in the ZXNDC3 or OFDI gene have only
been implicated in a single PCD family [Budny etal.,
2006; Duriez et al., 20071,

Of the 11 PCD groups defined by Afzelius et al.
[2001] one specific group is zcilia syndrome (AS), AS
probably is a distinct entity within PCD as it breeds
true in muitiple families. The observation of AS in sibs
of both sexes, consanguinity of some of the parents,
and the presence of multiplex AS pedigrees in inbred
families [Gdtz and Stockinger, 1983 Soferman et al.,
1996] are compatible with an autosomal mode of
inheritance. However, up to now no mutations have
been identified in AS, and also not in this study. Itis
therefore likely that acilia syndrome consists of a
separate entity within the heterogeneous group of
PCDs.

REFERENCES

Afzelius BA. 1976, A human syndrome caused by immotile cilia,
Science 193:317-319.

Afzelius BA, Mossberg B, Bergstrom SE. 2001, Immotile cilia
syndrome (primary ciliary dyskinesia), including Kartagener
syndrome. Ir: Seriver CR, Beaudet AL, Sly WS, Valle D, Childs
B, Kinzler KW, Vogelstein B, editors. The membolic and
genetic bases of inherited disease. Sth edition, New York:
McGraw-Hill. pp 4817-4827.

Babin RW, Kavanagh KT, 1985, Familial nasal acilia syndrome,
South Med ] 78:737-739.

Blatt EN, Yan XH, Wuerffel MK, Hamilos DL, Brody SL. 1999,
Forkhead transcription factor HFH-4 expression is temporally
relared 1o ciliogenesis. Am J Respir Cell Mol Biol 21:165-170.

Brody SL, Yan X3, Wuerffel MK, Song SK, Shapiro 8D, 2000.
Ciliogenesis and left-right axis defects in forkhead facter HFH-
4-nuil mice, Am J Respir Cell Mol Biol 23:45-51.

Budny B, Chen W, Omran H, Fliegauf M, Tzschach A, Wisniewska
M, Jensen LR, Raynaud M, Shoichet SA, Badura M, Lenzner 8,
Latos-Biclenska A, Ropers HF. 2000, A novel X-linked
recessive mental retardation syndrome comprising macro-
cephaly and cilinry dysfunction is allelic to oral-facial-digiral
type [ syndrome. Hum Genet 120:171-178.

Cerezo L, Price G, 1985, Absence of cilia and basal bodies with
predominance of brush cells in the respiratory mucosa froma
patent with immetile ciiin syndrome. Ulwastruct Pathol &
351-382.

Chen J, Knowles HJ, Hebert JL, Hackett BP, 1998, Mutation of the
mouse hepatocyle nuclear factor/forkhead homologue 4
gene resuls In an absence of cilia and randem left-right
asymmetry. ] Clin Invest 102:1077-1082.

Laterality disorders

American Journal of Medical Genetics Part A
1767

de Santi MM, Gardi C, Barlocco G. Canciani M, Mastella G,
Lungarella G. 1988. Cilia-lacking respiratory cells in ciliary
aplasia. Biol Cell 64:67-70.

Dudley JP, Welch MJ, Suehm ER, Camey JM, Soderberg-Warner
M. 1982, Scanning and wansmission electron microscopic
aspects of the nasal acilia syndrome, Laryngoscope 92:297~
209,

Duriez B, Duquesnoy P, Escudier E, Bridoux AM, Escalier D,
Rayet I, Marcos E, Vojtek AM, Bercher JF, Amselem 8. 2007, A
comumon variant in combination with a nonsense mutation in
a member of the thioredoxin family causes primary ciliary
dyskinesia. Proc Natt Acad Sci USA 104:3336-3341,

Fonzi L, Lungarella G, Palatresi R, 1982, Lack of kinocilia in the
nasal mucosa in the immotile-cilia syndrome. Bur ] Respir Dis
63:558-563.

Gordon RE, Kattan M. 19584, Absence of citia and basal bodies with
predominance of brush cells in the respiratory mucosa from a
patient with immortile cilis syndrome, Ultzastruct Pathol 6:45-
49,

Gtz M, Stockinger L. 1983, Aplasia of respimtory tract cilia,
Lancet 1:1283.

Hornef N, Olbrich H, Horvath J, Zariwala MA, Fliegauf M, Loges
NT, Wildhaber ], Noone PG, Kennedy M, Antonarakis SE,
Blouin JL. Bartoloni L, Nusslein T, Alirens P, Griese M, Kuhl H,
Sudbrak R, Knowles MR, Reinhardt R, Omran H, 2006. DNAHS
mutations are a commen cause of primary ciliary dyskinesia
with outer dynein arm defects. Am J Respir Crit Care Med
174:120-1126.

Karagener M. 1933, Zur Pathopenese der Bronldelaasien.
Bronkicktasien bei Situs viscerum inversus. Beitr Klin Tuberk
83:489,

Maiti AK, Bartoloni L, Mitchison HM, Meeks M, Chung E, Spiden §,
Gelirig C, Rossier C, Delozier-Blancher CD, Blouin [, Gardiner
RM, Antonaralds SE. 2000, No deleterious mutations in the
FOX]J1 (alins HFH-4) gene In patients with primary ciliary
dyskinesia (PCT), Cytogenet Cell Genet 90:119-122,

Phillips JT, 1989. Lack of cilia and squamous metaplasia in upper
respirarory tract blopsies from children, 5 Afr Med ] 76:355—
357,

Richard 8, Nezelof C, PRster A, de Blic J, Scheinmann P, Paupe J.
1989. Congenital ciliary aplasia in two siblings. A primitive
disregulation of clliogenesis? Pathol Res Pract 185:181-183.

Schwabe GC, Hoffmann K, Loges NT, Birker D, Rossier C, de Sand
MM, Olbrich H, Fliegauf M, Failly M, Liebers U, Collura M,
Gaedicke G, Mundlos 8, Wahn U, Blouin JI, Niggemann B,
Omran H, Antonarakis SE. Bartoloni L. 2008. Primary ciliary
dyskinesia associated with normal axoneme ultrastructure is
caused by DNAH1L mutations. Hum Mutat 29:289-268,

Soferman R, Ne'man Z, Livne M, Avital A, Spirer Z. 1996. Familial
nasal acilia syndrome, Arch Dis Child 75:76-77,

Welch MJ, Stichm ER, Dudley JP. 1934 Isolated absence of nasal
cilia; A case report. Ann Allergy 52:32-34.

Wessels MW, den Hollander NS, Willems PJ. 2003, Mild fetal
cerebral ventriculo-megaly as a prenatal sonographic marker
for Kartagener syndrome. Prenat Diagn 23:239-242.

Zatiwala MA, Leigh MW, Ceppa F. Kennedy MP, Noone PG,
Carson JL, Hazucha MJ, Lori A, Horvath J, Olbrich H, Loges NT,
Bridoux AM, Pennarun G, Duriez B, Escudier E, Mitchison
HM, Chodhari R, Chung EM, Morgan LC, de Jongh RU, Rudand
J. Pradal U, Omran H, Amselem S, Knowles MR, 2006,
Mutatons of DNATL in primary ciliary dyskinesia: Evidence of
founder effect in a common mutation. Am J Respir Crit Care
Med 174:855-8606.

Zariwala MA, Knowles MR, Omran H. 2007. Genetic defeets in
ciliary structure 2nd function. Annu Rev Physicl 69:423-445,

81






2.4

Laterality disorders ‘ g3

Polyalanine expansion in the ZI(3 gene leading to X-linked
heterotaxy with VACTERL association, a new polyalanine
disorder?

Marja W. Wessels®, Brian Kuchinka®, Regier Heydanus®, Bert J. Smit®, Dennis Dooijes’, Ronald R. de Krijger®,
Maarten H. Lequin®, Elisabeth M. de Jong’, Margreet Husen®, Patrick ). Willems® and Brett Casey?

"Department of inical Genetics, *Department of Pathalogy, and *Department of Obstetrics and Gynecology, Erasmus Medical Center,
Rotterdam, The Netherlands

“Department of Pediatrics, Division of Neonatology, “Department of Pediatric Radiology, and "Department of Pediatric Surgery’,
Erasmus Medical Center, Sophia Children’s Hospital, Rotterdam, The Netherlands

*Department of Obstetsics and Gynecology, Amphia Hospital, Breda, The Netherlands

Department of Pathology & Laboratory Medicine, Uriversity of British Columbia, and BC Children's Hospital, Vancouver, Canada

PGENDIA (GENetic DiAgnostic netwark), Antwerp, Belgium

I Med Genet 2609; in press

Abstract

We describe a newborn male with features of the VACTERL association, including anal atresia, laryngeal
and esophageal atresia with tracheo-esophageal fistula, dextroposition of the heart with persistent left
superior vena cava, and unilateral multicystic kidney. As the clinical picture of the VACTERL association
overlaps with X-linked heterotaxy caused by ZIC3 mutations, we sequenced the Z/C3 coding region,
and found a é-nuclectide insertion that is predicted to expand the amino-terminal polyalanine repeat
from ten to twelve polyalanines. This novel mutation was not present in the mother, nor in 336 chrome-
somes from 192 ethnically-matched controls. We hypothesize that this novel and de novo polyalanine
expansion in the ZIC3 gene contributes to the VACTERL association in this patient.

Introduction

Mutations in ZIC3, a zinc finger transcription factor gene located at Xq26, typically result in a spectrum
of left-right asymmetry defects, including complex cardiac anomalies, aitered lung lobation, splenic
and hepatobifiary abnormalities, and gut malposition. Also renal, anal and lumbosacral anomalies are
common, The combination of Z/C3-associated ancmalies is referred to as X-linked heterotaxy (HTX1,
MIM 306955} 5. However, also isolated congenital heart disease can be due to mutations in ZIC3*
Though usually unaffected, some female heterozygotes manifest abnormalities whose spectrum and
severity is indistinguishable from affected males.
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The VACTERL association, which comprises vertebral anomalies (V), anal atresia (A), cardiovascular mal-
formations (C), tracheo-esophageal fistula and/or esophageal atresia {TE), renal malformations (R) and
limb defects (L) is a non-random association of defects with an unknown etiology in the majority of pa-
tients.5” In several recent reviews the syndromes resembling VACTERL association have been discussed;
these include Feingold syndrome (NMYC gene), Fanconi syndrome (FANC genes), CHARGE syndrome
(CHD7 gene), Pallister-Hall syndrome (GLI3 gene), Anophthalmia-Esophageal-Genital syndrome (SOX2
gene), Opitz G/BBB syndrome (MIDT gene}, Townes-Brocks syndrome (SALLT gene) and Fryns syndrome
(disease gene not identified yet) ® *'% VACTERL association phenotypically also overlaps with ZIC3-asso-
ciated Xlinked heterotaxy: anal atresia and cardiac defects are common in both disorders, and typical
VACTERL features such as tracheo-esophageal fistula, renal and vertebral anomalies have occasionally
also been reported in ZIC3-associated heterotaxy (Table 1) %

In the case presented here, we describe a novel ZIC3 mutation (elongation of the amino-terminal alanine
repeat) in a patient with overlapping features between VACTERL association and X-linked heterotaxy.

Case report

A healthy Caucasian gravida 2 para 1 was referred for ultrasound examination at 31 weeks of gesta-
tion because of suspected polyhydramnios. Apart from polyhydramnios advanced ultrasonography
revealed absent stomach filling, suggesting esophageal atresia, and a right multicystic kidney. Amnio-
centesis showed a normal male karyotype, and FISH analysis to exclude a 22q911.2 deletion was normal.
In her previous pragnancy the mother delivered a healthy son of 4500 grams at 41 weeks of gestation.
There were no congenital anomalies in the family of both nonconsanguineous parents,

She went into premature labor at 33 weeks, and a male infant with birth weight of 2060 grams (50th
centile} was born by ventouse extraction because of failure to progress in the second stage of tabor
and fetal distress. The male newborn was hypotonic, bradycardic, and showed respiratory distress. Bag
valve mask ventilation was not successful as no air entry into the fetal lungs could be established. Also
oropharyngeal and nasopharyngeal intubation was not successful because of a blind-ending larynx,
distal to the vocal cords. An attempt to put a tube in the proximal esophagus to ventilate the lungs
through a possible fistula failed. A tracheotomy was established but nevertheless prolonged efforts to
resuscitate were unsuccessful, and the patient died one hour after birth.

External examination showed a proportionate male neonate with anai atresia and a sacral dimple. Post-
mortemn MRI revealed a heart positioned in the right thorax with the apex of the heart towards the left
indicating dextroposition of the heart, a persistent left superior vena cava, and myocardial hypertrophy
of both ventricles (Figure 1). Both lungs, particularly the left ung, were hypoplastic. A normal trachea
with bifurcation was seen, but there existed no connection to the larynx. The distal esophagus was
identified, but had no connection to the proximal portion. The right kidney was multicystic and posi-
tioned centrally in the lower abdominal region. The left kidney and the spleen showed 2 normal posi-
tion and aspect. The rectosigmoid was dilated, a5 seen in anal atresia, No abnormalities of the vertebral
bodies or conus medullaris were observed. MRI of the brain showed normal infra- and supratentorial
structures. Autopsy confirmed the laryngeal and esophageal atresia. A low tracheo-esophageal fistu-
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la was present. The persistent left superior vena cava was connected to the coronary sinus. No other
structural abnormalities of the heart were observed. A centrally located right dysplastic kidney with
multiple cysts, and a blind-ending rectum with a possible recto-urethrai fistula were found. Autopsy of
the brain showed no abnormalities. A fibroblast culture showed normal chromosomal breakage after

diepoxybutane (DEB) exposure, making Fanconi anemia unlikely. Dysmorphologic examination of the
parents was normal,

Molecular studies

Bi-directional sequencing of all coding exons of the ZIC3 gene did not reveal mutations, apart from a
6-nucleotide insertion within the portion of exon 1 that codes for a polyalanine repeat. The insertion
sequence, GCCGCC, maintains the wild-type reading frame and codes for two additional alanines. The
repeat therefore contained 12 instead of the normal 10 polyalanines. The polyalanine sequence of the
mother of the patient was normal, and the GCCGCC insertion was not present, which suggests that the
repeat amplication is de novo in the affected patient. Randomly selected controls, 44 males and 146 fe-
males, from the ethnically-matched population (Dutch Caucasian) were screened for variation in length
of this ZIC3 polyalanine repeat. All 336 X chromosomes showed a wild-type length of 10 repeats of the
ZIC3 polyalanine repeat.

Discussion

We describe a male necnhate with a combination of features resembling the VACTERL association, in-
cluding anal atresia, esophageal atresia with tracheo-esophageal fistula and a unilateral multicystic
kidney. Dextroposition of the heart (heart positioned in the right thorax with the apex of the heart
towards the left), with persistent left vena cava, abnormalities not typically seen in VACTERL, were also
present. As this phenotype shared characteristics with ZIC3-associated heterctaxy, the ZIC3 gene (HTX]1,
MIM 306955) was analyzed and a de novo ZIC3 mutation was found.

VACTERL association represents a spectrum of anomalies including vertebral defects, anal atresia, es-
ophageal atresia and/or tracheo-esophageal fistula, renal malformations and predominantly preaxial
limb anomalies %, This broad association has considerable overlap with other syndromes including
X-linked heterotaxy due to a ZIC3 mutation. X-linked heterotaxy typically presents with heart defects
characteristic of heterotaxy including common AV canal, deuble outlet right ventricle, transposition of
the great arteries and abnormal pulmonary or systemic venous connection. Dextrocardia, indicating
a mirror image position of the heart, is present is some patients '*. In our patient dextroposition of
the heart was found, which could be a result of displacement of the heart, as can be seen in patients
with lung hypoplasia. Intestinal malrotation, symmetric liver, abnormal lung lobulation, asplenia or
polysplenia are frequently seen in patients with X-linked heterotaxy. Also midline malformations are
common, and include imperforate anus, rectal stenosis, sacral agenesis, meningomyelocele, cerebel-
lar hypoplasia, and arhinencephaly **. X-finked heterotaxy shares anorectal, renal and vertebral mal-
formations with VACTERL association {Table 1). However, laterality defects are rarely found in patients
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with VACTERL association V. Nevertheless, all separate malformations within the VACTERL association
have been reported in patients with laterality defects. In two large studies of patients with esophageal
atresia and tracheo-esophageal fistula dextrocardia was reported in 3 % of patients ™2 Esophageal
atresia ¢can also he associated with other features of heterotaxy such as gut malrotation 2% and situs
inversus %V, Esophageal atresia and tracheo-esophageal fistula are common in VACTERL association,
but not in X-linked heterotaxy. Two patients that were initially diagnosed with VACTERL association
were later shown 1o have a ZIC3 mutation *'8, The first patient, described by Purandare et al. *® showed
features of VACTERL, including lumbar and sacral agenesis, anal stenosis, fused kidneys and aqueduc-
tal stenosis with hydrocephalus without thoracic or ahdominal situs anomalies. This patient did have
a heart malformation consistent with heterctaxy including total abnormal pulmonary venous return
and bilateral superior vena cava '®, The other patient had VACTERL association with typical vertebral,
anal and renal malformation in combination with tracheo-esophageal fistula, but also dextrocardia,
congenital heart malformations and asplenia.® The anomalies present in these two VACTERL patients
are very similar to those of the patient described here. The combination of the VACTERL association
with heterotaxy Is therefore suggestive of a ZIC3 mutation, certainly if the disorder is X-linked (Table 1).
The presence of tracheo-laryngeal and/or esophageal ancmalies in these 3 patients suggests that 2Z/C3
plays a role in the development of the foregut.

The majority of ZIC3 mutations reported to date consist of point mutations (nonsense, missense) or
small insertion-deletions resulting in a frameshift, although rarely whole-gene deletions and X-auto-
some translocations have been described (Table 1) 23°'%, in our patient an insertion of GCCGCC in exon
1 of the ZIC3 gene was identified. This mutation maintains the wild-type reading frame and codes for
two additional alanines in the polyalanine stretch of ZIC3. The polyalanine stretch of ZIC3 is an afmost
perfect repeat where all alanines are encoded by GCC with the exception of the ninth alanine, which is
encoded by GCT. As in some dynamic diseases repeat amplification occurs after transition of an incom-
plete to a complete repeat, we sequenced the alanine repeat from the mother of the patient, but the
ninth repeat was normal (GCT).The ZIC3 repeat amplification is a novel mutation, not reported before
neither in patients nor in controls. [t is a de novo mutation as it was not present in the mother, whereas
the patient is also the only affected family member. All randomly selected controls (336 X chromo-
somes) from an ethnically-matched Dutch-Caucasian population had 10 ZIC3 repeats. All together, the
ZIC3 repeat amplification is most iikely a disease-causing mutation.

Polyalanine stretches have been predicted in about 500 human proteins, mainly transcription factors.
Polyalanine domains in vertebrates are conserved between mammals and the polymorphic nature of
sequences coding for polyalanine domains makes them prime candidates for mutations in genetic dis-
orders 2. Up to now, 9 human diseases have been described that are due to polyalanine stretch elonga-
tion 2, and X-linked heterotaxy might be the tenth polyalanine repeat disease {Table 2). Nine of these
disease genes, including ZIC3, encode transcription factors; the only exception is PABPNT, a nuclear
protein involved in mRNA polyadenylation. Polyalanine stretch elongation of anather ZIC gene family
member ZIC2 is associated with holoprosencephaly 2%, The ZIC3 repeat expansion described here is
the smallest expansion (+ 2 residues) reported, together with the 2-residue polyalanine expansions in
ARX and PABPN1 (Table 2). This polyalanine stretch of 12 residues is also the smallest polyalanine stretch
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reported to be pathogenic, together with the 12-residue pelyalanine expansion in PABPNT.
Polyalanine tracts expansions in several transcriptions factors, including HOXD13, HOXA13, RUNX2,
S0X3, PHOX2B and FOXL2 have been shown to induce cytoplasmatic mislocalisation and aggregation
as well as nuclear aggregation 2%, Several pathogenetic mechanisms have been proposed: i) Cyto-
plasmatic aggregation might be dependent upon repeat length as larger oligomers might be unable
to pass through the nuclear pores, leading to loss-of-function of the transcription factor as it may not
reach the target genes, * i) Intranuclear aggregates might have a toxic gain-of-function affect, as has
been suggested for PABPNT and ARX, 3'32iii) Aggregation might also induce a dominant-negative effect
through the sequestration of the wild type protein or associated proteins in the aggregates. As ZiCand
GLi proteins interact, whereby GLI proteins are translocated to the cell nuclei by coexpressed ZIC3 pro-
teins, ¥ it is possible that formation of ZIC3 aggregates might aiso influence the function of ZIC3-related
proteins such as GLI3.

In conclusion, we suggest here that ZIC3 might be the tenth gene implicated in polyalanine expansion
diseases, and that ZIC3 mutations may be present in patients with VACTERL association in combination
with heterotaxy.

The Corresponding Author has the right to grant on behalf of all authors and does grant on behalf of
all authors, an exclusive licence {or non-exclusive for government employees) on a worldwide basis 10
the BMJ Publishing Group Ltd and its Licensees to permit this article to be published in Journal of Medi-
cal Genetics editions and any other BMJPGL products to exploit all subsidiary rights, as set out in our

licence htip://img.bmijournals.com/ifora/licence.pdf
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Asplenia
Altered abdominal situs

1507t
¢.1507insTT
p.GIn294X

s ambigis
Situs ambiguus

Ateredabdominelsitss ~ AVSD

Asplenia DORV, TGA
Pulmonary stenosis
TAPVR

Bilat. superjorvenaava. . - i
DORY, TGA Fused lumbar vertebrae
ASD,VSD

Pulmonary stenosis

Interrupted inferior vena

Deletion Xq26 M Bilateral trilobated lungs AVSD, DORY, TGA
Asplenia EVOT obstruction

Right stornach Bilat. superior vena cava

Interrupted inferior vena

Polyalanine M Dextroposition of the heart  Bilat superior vena cava
axpansion

M/F Male/Female, ASD Atrizl septal defect, AVSD Atrioventricular septal defect, DORV Deuble outlet right ventricle, EA esophageal atresia, HLHS Hypoplastic
feft heart syndrome, LYOT Left ventricular outflow tract, NR, Not reported, TF Tracheo-esophageal fistula, TAPYR Total anomalous pulmonary venous retour,
TGA Transpoesition of the great arteries, VSD Ventricular septal defect
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Anal malformation 3

Anal malformation 3

R
Ureteral stenosis

Anal atresia Bilat. club feet 5

Post. embryotoxon
Extrahepatic biliary
atresia

Anal stenasis ®

EA/TF
laryngeal atresia

Anal atresia Multicystic This
dysplasia report
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Figure 1 | Postmortem coronal body MR} showing dextroposition
of the heart, persistant left superior vena cava and normal position
of liver stornach and spleen. The stomach is filled with air and
pneumothorax is present after reanimation,

Table 2 | Polyalanine expansions in human disease

73 Heterotaxy (HTXT} with VACTERL-like features 1012
22 Holoprosencephaly (HPES) 15—25
FoXL2 Blepharophimosis-ptosis-epicanthus inversus (BPES} 14-322,24
PHOXZ2EB {ongenital central hypoventilation, Haddad syndrome 20—25-33
ARX West syndrome, Partington syndrome 16—18,23
1220
SOX3 Mental retardation with growth hormone deficiency 15526
RUNX2 Cleidocranial dysplasia 17—=27
HOXA13 Hand—feat—genital syndrome 14—24, 26
12->18
18—24-30
HOXD13 Synpolydactyly 1552225,
29
PABPNT Ocufopharyngeal muscular dystrophy 10—12-17
(AD)
10—11 (AR}
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CHAPTER3

Valvular defects and Left Ventricular Qutflow Tract
Obstruction (LVOTO)

3.1 Introduction

Anomalies of the atrioventricular and semilunar heart valves account for almost one third of all congen-
ital heart malformations {CHM) '. Cardiac valve anomalies can be part of well-defined syndromes such
as Noonan syndrome ** and Alagille syndrome “*, but the majority of cardiac valve anomalies is not
associated with other organ malformations and represent non-syndromic forms. Many non-syndromic
valvular defects are associated with other types of CHM, in particular Left Ventricular Outflow Tract
Obstruction (LYOTO),

The paucity of multiplex families with a clear Mendelian inheritance pattern of anomalies of the atrio-
ventricular and semilunar heart valves has precluded the identification of disease genes involved in
these types of CHM. Currently, only a few disease genes have been implicated in non-syndromic valvu-
lar defects and/or LVOTO.

3.1.1 Signaling pathways in valvulogenesis

Animal model studies have elucidated many genetic pathways that play an important role in cardiac
valve malformation (for reviews: see refs ¢7), and many of these genes are candidate disease genes for
human valvular defects®. Cardiac valve formation depends on a complex interaction between the myo-
cardium and the overlying endocardium, which undergoes an endothelial-to-mesenchymal transdiffer-
entiation (EMT) 7. In the mouse localized swellings of the cardiac jelly appear in the atrioventricular and
cardiac outflow tract, forming the cardiac cushions. These cushions consist of acellular swellings of ex-
tracellular matrix protein secreted from the myocardium, which becomes invaded by endocardial cells
that are transformed into mesenchymal cells. This complex EMT process and the remodeling process
require the interaction of multiple signaling pathways. The most relevant signaling pathways include
the VEGF, NOTCH, WNT/beta-Catenin, and RAS/MAPK pathways 5. As these signaling pathways exhibit
extensive cross-talking with each other and other pathways it is not surprising that valvular defects are
often found in combination with other CHM such as septal defects, chamber hypoplasia and LYOTO {for
review: see ref &),

The importance of the RAS/MAPK signaling pathway was underscored by the identification of muta-
tions in the PTPNTT, KRAS, SOST, BRAF, MEKT, MEKZ, NFT and HRAS genes in patients with Noonan syn-
drome and related syndromes, altogether referred to as the neuro-facial-cutaneous syndromes ?, In
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these syndromes puimonary valve stencsis is a common finding, pointing towards a specific role of the
RAS/MAPK pathway in pulmonary valve developrent.

Defacts in the NOTCH signaling pathway play an important role in several human CHM. Mutations in
the JAGT gene encoding a NOTCH ligand Jagged1, and mutations in the NOTCH2 gene, encoding a
NCTCH transmembrane receptor, lead to Alagille syndrome. This syndrome is also often associated
with puimonary valve abnormalities. NOTCHT mutations are associated with aortic valve anomalies,
such as bicuspid aortic valve (BAV) and acrtic stenosis (AS), but can alsc lead to other CHM. The FSEN
genes encoding presenilins, which act as the catalytic subunit of gamma secretase cleaving the Notch
intracellutar domain from Notch, have also been implicated in humans: PSEN2 mutations can lead to
BAV in association with ventricular septal defect (V5D) '°. Also mutations in NOTCH signaling target
genes may lead 1o CHM, and human HEY2 mutations have been found in cardiac tissue of patients with
atrioventricular septal defects (AVSD} "', Mutations in several genes, including Hey1, Hey2, and Fgf8, are
implicated in valve anomalies in mice®.

Common human VEGF variants confer an increased risk for tetralogy of Fallot {TOF), both in non-syndro-
mic cases of TOF and syndromic cases with 22q11 deletions '2. Also murine mutations in several genes
of this pathway (Nfarc!, eNos) lead to valve anomalies 5.

Mutations in severai genes of the WNT/R-Catenin pathway, including Has2, Hdf, and B-Catenin, cause
valvular defects in mice, but human mutations in this pathway have not yet been reported 2.

Some additfonal genes involved in valvulogenesis have been discovered by genetic studies in patients
with valvular defects. Mutations in the FLNA gene encoding filamin A have been identified as the cause
of myxomatous valvular dystrophy, an X-linked valvular disease characterized by myxomatous degen-
eration, valvular regurgitation and secondary calcification of alf four heart valves . Mutations in the
CRELD7 gene, encoding a cell adhesion molecule that is member of a family of matricellular proteins,
have been found in patients with AVSD ™.

3.1.2 LeftVentricular Gutflow Tract Obstruction (LVOTO)

LeftVentricular Outflow Tract Obstruction (LVOTQ) comprises a spectrum of CHM, including BAY, AS, co-
arctation of the aorta {CoA) and hypoplastic left heart syndrome {HLHS), representing 15-20% of medi-
cally significant CHM '*'7. Within one family all types of LVOTO may occur *8. Several human syndromes
are associated with LVOTO. Thirty percent of patients with Turner syndrome have LVOTO, indicating
that haploinsufficiency of X-linked genes might play a role in LVOTO '*2, Also the T1q terminal deletion
syndrome (previously called Jacobsen syndrome) is often associated with LVOTO, and it is therefore
anticipated that cardiac genes in this chromosomal region might serve as good candidate genes for
non-syndromic LVOTO 222, Complex genetic inheritance involving several loci is likely in most non-
syndromic LVOTO 2% However, a limited number of families show autosomal dominant inheritance %2,
as presented in this thesis. Only 4 genes have been implicated in human LVOTO. NKX2.5 mutations have
been found in a few families with HLHS, CoA or interrupted aortic arch {IAA) B, NOTCHT truncating
mutations have been identified in familial calcific aortic valve disease in association with other CHM 202,
NOTCHT missense mutations were also found in patients with LVOTO 32%_ As some of these missense
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mutations were also present in the control group, albeit at a lower frequency, they might represent
reduced penetrance mutations. Not all familiaf LVOTO is caused by NOTCHT mutations as linkage analy-
sis in some families excluded the NOTCHT gene %35 and suggestive linkage to other ¢chromosomal
loci including 2p23, 521, 10421, 13g34, 16p12, and18g21, has been reported ¥%7_ Also somatic muta-
tions have been found in LVOTO: gene conversion events between GJAT and its pseudogene have been
found in heart tissue from patients with HLHS *, Recently, a single recurrent mutation in the HANDT
gene (c.376delG - A126fs) was detected in left and right ventricle tissue from a large fraction of hypo-
plastic leftand right ventricles, indicating that HAND1 function is impaired in human hypoplastic hearts
*#_In the majority of hearts the mutation was only found in the hypoplastic ventricle *, Further studies
are needed to determine the contribution of somatic mutations in LVOTO.

In this thesis we describe several families with presumed autosomal dominant inheritance of LVOTO. In
addition, 2 large multiplex families with autosomal dominant inheritance of LVOTO in asscciation with
right-sided valve anomailies and septal defects are described, thereby extending the spectrum of car-
diac anomalies seen in LVOTQ. The disease genes in these families remain unknown: NOTCHT mutations
were excluded, and a genome-wide linkage analysis is currently being performed.
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Most nonsyndromic congenital heart malforma-
tions (CHMs) in bumans are multifactorial in
origin, although an increasing number of mono-
genic cases have been reported recently. We
describe here four new families with presumed
autosomal deminant inheritance of left ventricu-
lar outflow tract obstruction (LVQTO), consisting
of hypoplastic left heart (HLHS) or left ventricle
(HLV), aortic valve stenosis (AS) and bicuspid
aorticvalve (BAV}), hypoplastic aortic arch (HAA),
and coarctation of the aorta (CoA). LVOTQ in these
families shows a wide clinicat spectruim with some
family members having severe anomalies such as
hypoplastic left heart, and others ounly minor
anomalies such as mild aortic valve stenosis, This
supports the sugpestion that all anomalies of the
LVOTO spectrum are developmenially related
and can be caused by a single gene defect.

© 2005 Wiley-Liss, Ine.

EEY WORDS: left ventricular outflow tract
obstruction: LVOTO; autosomal
dominant; prenatal diagnosis

INTRODUCTION

Historically. a congenital heart malformation (CHM) occur-
ring as an isolated feature (nengyndromic heart malformation)
has been considered as a multifactorial disorder with recur-
rence risks for first-degree relatives in the order of 1-18%
[Nora and Nors, 1988]. Nonsyndromic CHM with monogenic
inheritance is rare, although an inereasing number of reports
of single gene defects causing diverse forms of CHM are belng
reported over the past years.
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Left ventricular outfiow tract ebhstruction (LVOTO) includes
obstructive anomalies of the left heart and aorta, such as
hypoplastic left heart syndrome (HLHES) and hypoplastic left
ventricle (HLV), aortic valve stenosis (AS) and bicuspid aortic
valve (BAV), hypoplastic aortic arch (HAA), coarctation of the
aorta (CoA), and occasionally interrupted aortic arch (TAA).

The frequent occurrence of LVOTO in some human syn-
dromes (syndromic LVOTO), and many animal moedels indicate
that LVOTO is genetically very heterogeneous. Specific human
syndromes frequently associated with LVOTOQ include Turner
gyndrome Mazzanti and Cacciari, 1998], Kabuki syndrome
[Digilio et al., 2001], Jacobsen syndrome [Grossfeld et al,,
2004], Holt-Oram syndrome [Bruneau et al, 1999], and
Williams syndrome [Eronen et al., 2002]. LVOTO has also
been reported in Alagille syndrome [McElhinney et al., 2002],
Noonan syndrome [Marino et al., 1999; Sarkozy et al., 2003],
and DiGeorgefvelocardiofacial syndrome (DGS/VCFS). A
few families with an autosomal dominant association of CoA
and aplasia cutis have been reported [Dallapiceola et al., 1992;
Bruel et al., 1999], whereas Cornel et al. [1987] reported a
farnily with sutosomal dominant Coa, deafness, and bilateral
ptosis. Additionally, LVOTQ anomalies have been reperted in
one family with Andersen syndrome due to mutations in the
KCN.J2 gene [Andelfinger et al., 2002].

Nonsyndromic LVOTO anomalies usuatly eceur sporadically
or in familial patterns compatible with multifactorial inheri~
tance [Simon et al., 1974; Boon and Reoberts, 1976; Brownell
and Shokeir, 1976], Oaly a small number of nonsyndromic
cases with monogenic inheritance of LVOTO have been
reported [Cough, 1961; Shokeir, 197]; Beckman and Robinow,
1985; McDonald and Maurer, 1989; Nordenberg et al., 1989;
Menahem, 1980; Gerboni et al., 1993; Grobman and Perga-
ment, 1996; Grossfeld, 1999; Stoll et al., 1999],

We deseribe here four new families with presumed auto-
somal dominant inheritance of nonsyndromic LVOTO.,

CLINICAL REPORTS
Family 1
Patient 1. This male infant (I1-2) was born at 41 weeks
gestation after an unremarkable pregnancy. A routine ultra«
sound sean at 22 weeks had not revealed any abmormality.
Birth weight was 3,910 g. On day 8, his condition suddenly
deteriorated and he was admitted to the pediatric ward. Xerays
showed an enlarged heart. Echocardiography demonstrated
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Fig, 1.

persistent left superior vena cava (PLSVC), HLV, perimem-
braneous ventricular septal defect (VSD), atrial septal defect
(ASD), and CoA with patent ductus arteriosus (PDA), Enlarpe-
ment of the right atrium and ventricle, a coexisting sign of
CoA, was present. There was no evidence of other congenital
malformations, and no dysmorphic features were ohserved.
The CoAwas surgically corrected and the PDA closed. The ASD
and VSD were closed surgically 4 weeks later, At the age of
2 months, the baby died from left heart failure and pulmonary
hypertension attributed to myocardial ischeria and mild re-
CoA. At autopsy, the cardiac s#bnormalities were confirmed,
and no other anomalies were found.

Patient 2. In the next pregnancy (II-3}, a fetal echocar-
diography was performed at 20 weeks because of the history of
aprevious child with a CHM (Fig. 1), The left ventricular width
and diameter of the aortic valve were »>2 SDs below the normal
mean (Fig. 2), whereas the right ventricular width was normal
[Shariand and Allan, 1992]. The ascending aorta and aortic
arch were hypoplastic. No other fetal anomalies were detected.
Armniocentesis to determine the fetal karyotype was offered,
but declined by the parents. After 39 weeks, a female infant
(II-3) with a birth weight of 3,080 g was born.

Postnatal echocardiography and catheterization confirmed
the prenatal findings of relative HLV, a perimembraneous
V8D, and HAA, No other congenital anomalies were identified,
and no indication for limb defects such as occur in the Holt-
Oram syndrome were present. Three weeks after birth,
surgical reconstruction of the aortic arch was performed. At
operation, the FHAA was confirmed. The diameter of the aorta
was 5 mm in the ascending part (normal values between 6.8
and 8.9 mm}, 3 mm between the left common carotic artery and
the left subclavian artery (normal values between 5.6 and
5.3 mm)}, and 2 mm at the isthmus (normally between 4.9 and
5.8 mm). Postoperative recovery was complicated by sepsis,
and 5 days after surgery bradycardia and hypotension resulted
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in the death of the child. At autopsy, the abovementioned
cardiac anomalies were confirmed, and septic and ischemic foci
of the myocardium were found. No other congenital anomalies
were observed.

Fig. 2. The four<hamber view of the heart of pationt. 2 from fomily 1 st
26 weeks demonstrates ventricular discreponcy with o normal-sized right
ventricle but o small left ventricle. The left ventricular width is only 6.6 mm
=2 8w below the normal mean),
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Patient 3. In the fourth pregnancy (I-4), a fetal echocar-
diography was performed at 20 weeks. A normal-sized left
ventricle with a normal appearance of the ascending aorta was
found. At 34 weeks, a2 normal-sized left ventricle was seen with
a width of 12 mm, However, enlargement of the right atrium
and ventricle with an abnormal ratio between the tweo
ventricles suggested CoA, although the distal aortic arch could
net be visualized well. The aortic root diameter and the flow
across the aortic valve were normal.

At 39 weeks, a girl (I1.4) with a birth weight of 4,010 g was
horn. She had no dysmorphic features. Echocardiography
revesled enlargement of the right heart and a relatively small
left ventricle, a small secunduma ASD, and a CeA with a
hypoplastic isthmus. A successful repair of the CoA with end-
to-end anastomesis was performed 1 week after hirth, At the
age of 3 year, the child is developing well, although the disere-
pancy in size between the right and the left ventricle remained.
Chromosome analysis showed & normal female karyotype, snd
amicrodeletion of the 22q11 region was excluded by fluorescent.
in sit hybridization (FISH).

Patient 4. The father (I-1) was diagmosed in his childhood
with ASD and PLSVC. Retrospective revaluation of the angio-
graphic recordings of the father alse suggested a disproportion
between the ventricles, with an enlarged right ventricle and a
normal-sized left ventricle. After the birth of the first affected
child, microsatellite analysis of the 22qll region was per-
formed in the father, and a deletion of the 22q1il region was
excluded.

Additional family members. Echocardiography of the
mother (I.2} was unremarkable, The oldest child (II-1) was
unaffected, The family history of both parents revealed
no other family members with CEM or other congenital
malfermeations. The parents of the father (I-1) were not
Investizated.

Family 2

Patient I. This is the first child (III-1) of nonconsangui-
neous Caucasian parents (Fig. 1), He was born at term with a
birth weight of 3,600 g after an unremarkable preghnancy and
delivery.

At the age of 1 year, he was evaluated because of an
asymptomatic heart murmur. A mild AS with a good ventric-
ular function was diagnosed. At the age of 4, the child was
developing normal and no dysmorphic features were present.
Chromosome analysis was normal.

Patient 2. In the next pregnancy (-2, the mother un-
derwent fetal echocardiography in the 20th week of gestation
because of the history of a previous child with CHM (patient 1).
The four-chamber view revealed a small and poorly function-
ingleft ventricle with endocardial fibroelastosis and restricted
mitral valve movement. The ascending aorta was hypoplastic
with & diameter of 1.3 mm (2 SDs below the normal mean).
A diagnesis of HLHS was made. Amniocentesis revealed a
normal male karyotype, and FISH analysis to exclude 2 22411
deletion was normal. The pregnancy was terminated at
21 weeks, and post mortem examination revealed a HLHS
with left ventricular Gbroelastosis, mitral valve stenosis, aortic
valve atresia, HAA, and juxtaductal CoA. There were no other
abnormalities or dysmorphic features.

Patient 3. After the second pregnency, both parents
underwent cardiclogic evaluation. The father (II-1}) was
diagnosed with a thickened tricuspid aortic valve with mild
AS and aortic regurgitation, The left ventricular function was
pood. The mother (12} had no cardiac abnormalities.

Patient 4. Abrother of the mother (I1-3) was diagnosed at
the age of 1 year with a tetralogy of Fallot (TOF} with a severe
stenotic bicuspid pulmonary valve, overriding aorta, VSD, and
PLSVC. He underwent repeated cardiac surgery. At the age of
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27, he has anormal psychomotor development without evident
dysmorphie features.

Other family members.
were not evaluated.

The grandparents (I-1 and I-2)

Family 3

Patient 1. This patient (III-2) was diagnhosed in her
childhood with mild mitral valve stenosis, BAV with regur-
pitation, and CoA (Fig. 1). She underwent corrective surgery as
the age of 6. Her first child is 2 healthy girl (IV-1).

Patient 2. During the second pregnancy of patient 1, a
20-week anomaly scan was performed because of her CHM,
The four-chamber view was abnormal and revealed a poorly
contracting HLV with & very small mitral and agrtic valve, and
diminished forward flow over hoth valves. The ascending aorta
of the fetus {IV-2) was hypoplastic. Amniocentesis revesaled a
normal male karyotype, and a 22q11 deletion was excluded
by FISH. After genetic counseling, the parents decided to
terminate the pregnancy. Autopsy showed moderate HLV with
a small mitral valve and a gmall aortic ostium with a bicuspid
valve, A PLSVC was connected with the coronary sinus,
A premature closure of the foramen ovale was found. The
ascending aorta was hypoplastic and a severe preductal CoA
was observed. The left vertebral artery originated separately
from the aortic arch, No other congenital abnormalities were
found.

Paitent 3. Amsaternal uncle of patient 1 {I1-8) had 2 sortic
valve replacement at the age of 57, but ne more details are
known.

Patient 4. The sister of patient 1 (III-3) showed a PLEVC
without other structural heart defects.

Additional family members. Cardiologic evaluation of
the mother (I1-2) of patient 1 revealed no abnormalities. The
parents (I-1 and I-2} of patient 3 were not investigated.

Family 4

Patient I. Patient (I-1) was diagnosed with severe
AS and BAV after birth. A valvulectomy was performed in
the first year of life. At the age of 13 years, moderate AS
and poststenotic dilatation of the aorta was found, which
progressed in subsequent years. Now at the age of 30, he is
awaiting aortic valve replacement and reconstruction of the
ascending aorta.

Patient 2. Patient 2 (II-1) is a child of patient 1 (Fig. 1).
At 20 weeks gestation, a cardiac anomaly scan was performed
because of the CHM of patient 1. HLH, a small mitral valve and
diminished forward flow across the mitral valve were observed.
The aortic valve measured 1 mm {>2 5D below the normal
mean for gestational age). The ascending acrta and aortic arch
could not be visualized well, suggesting HAA. Chromosome
analysis including FISH of the 22q11 region was normal. At 23
weeks, the pregnancy was terminated. Post mortem exarnina-
tion was declined by the parents.

Patient 3. Inthe next pregnancy (I1-2), a 20~week cardiac
anomaly scan performed elsewhere had revealed no abnorm-
alities. Evaluation at 32 weeks gestation revealed severe
valvular AS, and the patient was referred to our unit for second
opinion. A dilated, hypekinetic left ventricle without end-
ocardial fibroelastosis was observed. A normal-sized mitral
valve with restricted opening was present. The zortic valve
measured 4 mm (>2 SD below the normal mean), and was
thickened and restricted in motion. High flow velocities
(240 cm/sec) were found across the aortic valve, In view of
this severe AS and poor left ventricular function, the child was
delivered at 33 weeks by Caesarean section. Birth weight was
2,140 g. Apgar scores were 3 and 2 at 1 and 5 min, respectively.
Prostaglandin was administrated, and balloon valvoplasty
was performed directly after birth. A restricted foramen ovale
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was dilated using & Rashkind balloon septostomy technique.
Balloon valvoplasty was repeated after a few weeks because of
restenosis, At the age of 3 months, he had undergone a Ross
procedure with homograft placement in the pulmonary valve

position. At age 1 year, he ig now stable with diuretics, ACE-
inhibitors, and enteral tube feeding.

DISCUSSION

We report on four families (Fig. 1) with multiple cases of
nongyndremic left LYQOTO. The three sibs in the first family all
presented with relative HLV, and various degrees of hypopla-
sia of the aorta end/or CoA. In addition, they had an ASD and/
or & perimembraneous VSD. The second family presented
with mild valvular AS in the father and cldest son, whereas
the second son had a HLHS and CoA. In the third family, the
mother had CoA, the son had HLV with CoA and HAA and an
unele of the mother had an undefined abnormality of the aortic
valve. The fourth family presented with severe valvular AS in
the father and second son. The first child had a HLV and HAA.
These families illustrate the wide elinical spectrum of LVOTO,
with some family members showing severe anomalies such

O—=0

5w

as HLHS, and others only miner anomalies such as mild AS.
This supports the hypothesis that all the separate cardiovas-
calar anomalies of the LVOTO spectrum are developmentally
related. Thiais also suggested by experimental anima!l studies
generating altered fow through the embryenic heart by
clipping of the aorta, which also leads to LVOTO {Harh et al.,
1973; Fishman et al., 1978]. This so-called flow theory is
supported by observations of progression of LVOTO in utero:
structural defects of the left heart, which result in decreased
left ventricular preload or increased left ventricular afterload
alter normal blood flow and are associated with left ventricular
hypoplasia [Allan et al., 1989; Anderson and Brown, 1991;
Danford and Cronican, 19921, Thus, mutations in genes that
affect embryonic hemodynamics may cause LVOTQ,
Nonsyndromic LVOTO usually occurs sporadically, and a
multifactorial origin has been proposed [Simon et al., 1974;
Boor and Roberts, 1976; Brownell and Shokeir, 1976], How-
ever, strong familial aggregation of LVOTO hasbeen reparted
by otherinvestigators [Rose et al., 1985; Boughman et al., 1987;
Boughman, 1991; Ferencz et al., 1993]. Recently, an extensive
study of first-degree relatives of probands with HLHS and CoA
revealed a frequency of cardiac malformations that was much
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Fig. 3. Fumiliea reported in the literature with 3 or more first or second degree relatives affocted with LYOTO,
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higher than would be expected in a multifactorial model of
inheritance [Loffredo et al., 2004]. In the latter study, CHM
was detected in 19% of first degree relatives of probands with
HLH, and in 2% of first degree relatives of probands with Coa.
Predominantly LVOTO and particularly BAV were found
in these relatives. Only a limited number of families with
presumed monogenic inheritance of nonsyndromiec LVOTO
has been reported in the Literature (cited in Introduction) and
those families that had three or more affected cases are pre-
sented in Figure 3. LVOTO in our four families most likely
shows autesomal dominant inheritance, with CEM in male
and female patients in several generations and male-to-male
inheritance in families 1, 2, and 4 (Fig. 1)

Altogether the studies above suggest the existence of mono-
genic forms of nongyndromic LVOTQ. Three genes, GJAZ,
NEX2.5, and ZIC3, have been involved in nonsyndromic
LVOTO in humans. Somatic mutations in the human GJAI
gene encoding connexin43 have been found in cardiactissuein
5 subset of patients with hypoplastic left heart and total
anomalous pulmonary venous connections [Dasgupia et al,

m o o &

Cm CoA
VeD
PDA
lAas HLH
CoA
Gerbonl etal (1983)
CoA
= r
G 6 D
CoA
VSD
CoA HLH
V5D las
Stolf st al. (1989) vsh

{Continued}

2001]. As these findings have not yet been confirmed by other
investigators, their significance is not yet clear, although a
gene causing total anomalous pulmonary venous connections,
and therefore decreased Row to the developing embryonic left
ventricle, is consistent with the flow theory. More recently,
germline mutations in the cardiac transcription factor gene
NEX2.5 have been identified in 2 minority of patients with
LVOTO (3 patients on a total of 179 investigated), including
one patient with CoA, and two patientz with HLHS [Elliott
et al., 2003; McElhinney et al, 2003]. Ware et 2. [2004]
recently reported HLHS without manifestations of heterotaxy
in two males with a ZIC 3 mutation.

Also the genes invelved in syndromic LVOTO might be
candidate genes for nonsyndromic LVOTO, DGE/VCFS is
clinically variable with TAA type B, truncus arteriosus, and
TOF as the most common heart defects. Although the outflow
tract defects in LVOTO are different from the spectrum of
CHM in DGS/VCFS, there is at least one patient with HLHS in
agsociation with a 22q11 deletion [Consevage et al,, 1996].
Furthermore, two patients with autosomal dominant LVOTO
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TABLE L. LVOTO Caused By Single Gene Defects in Mice and Man

Mice Man
Gene Cardiac anomaly Reference Gene Cardizc ancmaly Syndrome Reference
Adam19 AS, P8, V8D Zhou et af, {2004]
Clpl HLV Huang et al. {2004]
Fcel IAA*, VSD Yanagisawa et al. [1998] ECEL PDA, ASD,VSD Hirschprung disease Hofstra et al. [1999]
Edni IAA*, VD Kurihara et al. [1995]
Ednra TIAA®, V5D Clouthier et al. [1998]
Eln Obliterated arteries Liet al.[1998] ELN SVAS, PAS, AS, CoA Williams syndrome Eronen et al. [2002]
eNos BAV, AS, ASD, V8D Lee ot al. [2000]
Ephrin-B2 Thickened semilunar and Cowan et al, {2004]
mitral valve
Fafg HAA, HLV, DORY, defecis LR axis Abu-Issa et al. {2002]
Foxel LAA*, CoA, VSD, valve anomalies  Winnder et al, [1999] FEBLT Axenfeld-Rieger syndrome Nishimura et al, [1998]
Foxc2 TAAY, CoA, VED, valve anomalies  Winnter et al. [1999] FKHII4 Va0, PBA, TOF Lympléedemndistiachis Brice of al. {2002]
syndrome
Gjal Pulmonary outflow obstruction Reawme et al. [1995] GJAL HLHS, TAPVR Deafress, oculodentodigital — Dasgupta et al. [2001]; Liu
dysplasia et al. [2001]; Paznekas
et al, [2003]
Hand1 HLV Firuli ¢t al. 1998]
Jaggedl Yue et al. [1999] JAGGED! PS8, TOF, AS, BAV, CoA Atagille syndrome McEkhinney et al, 12002]
Madhé Thickened valves, HAA Galvin et al, [2000)
NFATc1 Absent semilunar valves Johnson et al. [2002]
NEx2.5 BAV, AS, ASD Biben et al. [2000] NKX2.5 ABD, AV bleck, TOF, HLHS Goldmuntz et al. [2001];
Ellictt ef al. [2003];
McElhinney et al. [2003]
Egfc/Ptpnll AS Chen et al. [2000] PTPNI1 P8, cardiomyopathy, Cod, Noonan syndrome Maring et al, [1999]
mitral valve disease
Sema3C IAAY, truncus arteriosus Feiner et al. {2001]
Thxl AAA, truncus arteriosus Merscher et al. [2001] TBX1 IAA*, VSD 22q11 deletion syndrome Gong et ol, [2001}; Yagi
et al. [2003]
Thxb HLV, ASD Bruneau et al. [2001) TBXS ASD V5D, conduction Holt-Oram syndrome Bruneau et al. [1594]
defects, HLV, AS, mitral
valve disease
Zicd TGA, dextrocardia, ASD, VSD Purandare et al. (2002] ZIC3 HLHS, heterotaxy Ware et al. [2004]

AAA, aotic arch abnormalities; AS, aortic stenosis; ASD, atrial septal defect; AV, atrio ventricular; BAV, bicuspid aortic valve; CoA, coarctation of the aorta; HAA, hypoplastic acrtic arch; HLHS, hypoplastic left
heart syndrome; LV, hypoplastic left ventricle; IAA, interrupted aortic arch; PS, pulmonary stenosis; PAS, pulmonary arterial stenosis; SVAS, supravalvular nortic stenesis; TAPVR, total anomalous pulmonary
venous retour; TOF, tetralogy of Fallot; V8D, ventricular septal defect.

*Interruption between left common carotid artery and left subclayian artery.
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have IAA [Gerboni et al., 1993; Stoll et al., 1999], although the
localization of the interruption in these patients is not clear.
The TBX1 gene, suggested to be responsible for abnormalities
in DGS/VCFES [Gong et al, 2001; Jerome and Papaicannou,
2001; Lindsay et al., 2001; Meracher et al., 2001; Yagi et al,,
2003] might therefore be a candidate gene for nonsyndromic
LVOTG.

Although supravalvular aortic stencsis and pulmonary
arterial stenosis are the most common CHMSs in patients with
Williams syndrome, aortic and mitral valve defects were
diagmosed in 11% [Eronen et al., 2002]. Congenital BAV and
AS are sometimes associated with dilated ascending aorta
due to severe degeneration of the elastic network [Roberts and
Roberts, 19311, Such a postvalvular acrtic dilatation was also
found in patient 1 from family 4. Thus, also genes involved in
the elastin network might therefore be good candidate genes
for nonsyndromic LVOTQ.

Holi-Oram syndrome is most commonly associated with
ASD and V8D, but also LVOTO (including HULHS) has been
described [Sletten and Pierpont, 1996; Bruneau et al., 1999].
Furthermore, TBX5, implcated in Holt-Oram syndrome,
interacts with NKX2.5, which is involved in nonsyndromic
LVOTO,

LVOTO is very frequent in Jacobsen syndrorme, which is
characterized by mental retardation, craniosynostosis, dys-
morphic facies, thrombocytopenia, growth retardation, and
deletion of 11g [Penny et al, 1995; Pivnick et al, 1996;
Grossfeld et al., 2004]. About half of the patients have a CHM,
most commonly LVOTO, and membrancus VSDs. Five to ten
percent of Jacobsen syndrome patients are born with ELHS,
a frequency that is 1,000—2,000 times the frequency of the
general population. Candidate genes for Jacobsen syndrome
include JAMS3, OBCAM, and Neurotrimin [Pkillips et al.,
20021

Many mice models present with LVOTOQ, displaying abnorm-
alities of left ventricular growth, mitral and agrtic valve
formation, and aortic hypoplasia and interruption (as listed in
Table D). The genes implicated in these mice models might also
be candidate genes for human LVOTO.
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Only a limited number of families with clear monogenic inheri-
tance of nonsyndromic forms of congenital valve defects have
been described. We describe two multiplex pedigrees with a
similar nonsyndromic form of heart valve anomalies that segre-
gate as an autosomal dominant condition. The first family is a
three-generation pedigree with 10 family members affected with
congenital defects of the cardiac valves, including six patients
with aortic stenosis and/or aortic regurgitation. Pulmonary and/
or tricuspid valve abnormalitics were present in three patients,
and ventricular septal defect {VSD) was preseat in two paticnns.
The second family consists of 11 patients in three gencrations
with aortic valve stenosis in seven patients, defects of the pulmo-
nary valves in two patients, and atrial septal defect (ASD) in two
patients, Incomplete penctrance was observed in both families.
Although left-ventricular outflow tract ebstruction was present
in most family members, the co-occurrence with pulmonary valve
abnormalities and septal defects in both families is uncommon.
| These families previde evidence thatleft-sided obstructive defects
and thoracic aortic ancurysm may be accompanied by right-sided
! defects, and even scptal defects. These families might be instru-
mental in identifying genes involved in cardiac valve morpho-
genesis and malformation. © 2009 Wiley-Liss, Inc.

Key words: aortic dilatation: autosomal dominant: bicuspid
aortic valve; candidate genes; congenital heart malformation; heart
valves; left-ventricular outflow tract obstructions pathways; tho-
ragic aortic aneurysm

INTRODULTION

Anomalics of the atrioventricular and semilunar heart valves and
associated structures account for 25—30% of all congenital cardio-
vascular malformations (CVM) [Loffredo, 2000]. Most occur

| © 2009 Wiley-Liss, Inc.
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sporadically in a single patient without affected family members,
and unassociated with other malformations (nonsyndromic}, On
the other hand, well-defined syndromes with zutosomal dominant
inheritance, such as Noonan syndrome (caused by PTPNT11, KRAS,
5081, or RAF] mutations), and Alagille syndrome (caused by
JAGGED! and NOTCH2 mutations) are often associated with valve
defects {McElhinney et al., 2002; McDaniell et al,, 2006; Sznajer
et al., 2007).

Only a limited number of families with clear monogenic inheri-
tance of nonsyndromic forms of congenital valve defects have been
described. Familial nonsyndromic valve anomalies often include
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cither the left-sided heart valves (aortic and mitral valve) or the
right-sided heart valves (tricuspid and pulmonary valve). Left-sided
valve anomalies can be part of a spectrum of anomalies of the left-
ventricular outflow tract referred to as LVOTQ {left-ventrienlar
outflow tract obstruction; also known as obstructive anomalies of
the left-heart and aorta) [McBride et al., 2005; Wessels et al,, 2005;
Garg et al,, 2006], but in some families they occur without other
LVOTO anomalies [Rao et al., 1969; McDonald and Maurer, 1989;
Menahem, 1990]. In two families with LVOTO anomalies including
bicuspid aortic valve {BAV) with calcification, Garg et al, [2006]
documented truncating mutations in NOTCH 1. Two patients in
these families also exhibited right-sided heart malformations,
including double outlet right-ventricle and tetrelogy of Fallot.
Bicuspid aortic valve underlies the majority of patients with aortic
valve discase and familial BAV has been described in single families
suggesting autosornal inheritance [Emanuel et al,, 1978; Glick and
Roberts, 1994; Clementi et al., 1996; Huntington et al, 19971
Studics on heritability of BAV support that genetic factors play a
major role in BAV and demonstrate that BAV is often associated
with other cardiovascular malformations, in particular LVOTO
anomalies and thoracic aortic aneurysm (TAA) [Cripe et al., 2004;
McBride et al., 2005; Loscalzo etal,, 2007}, Locus heterogeneity for
familial BAV has been established in several studies !Goh et al,,
2002; Ellison et al., 2007; Martin et al,, 2007}, and genome-wide
scans in families with BAV and/or associated CVM has demon-
strated linkage to chromosomes 15q25-26, 18q, 5q, and 13¢ [Goh
et al,, 20025 Martin et al., 2007].

Ancther frequent left-sided heart valve anomaly, mitral valve
prolapse, can be inherited as an autosomal deminant trait, and has
been linked to chromosome 13 [Freed et al., 2003; Nesta et al.,
2005]. Familial right-sided valve anomalies frequently represent
syndromicforms of CVM and onlya few nonsyndromic families are
reported. Pulmonary stenosis (PS8} is common in families with
Noonan syndrome (PTPNII mutations), Watson syndrome (NFI
mutations), and Alagille syndrome (JAGGED! mutations). Muta-
tions in PTPNI I, however, have not been convincingly shown to be
present in patients with nonsyndromic PS [Sarkozy et al., 2003],
although a few cases of possible nonsyndromic PS with JAGGED!
mutations havebeen described [Krantzetal,, 1999]. Nonsyndromic
familial right-sided vaive anomalies have only been described in &
few small famnilies. PS has been reported in some families with clear
autosemal dominant inheritance [David, 1974; Ciuffo et al., 1985],
and in some families with unkoown mode of inheritance [Coblentz
and Mathivat, 1952; Lamy et al., 1957; McCarron and Perloff, 1974;
Klinge and Laursen, 1975; El-Said etal., 1979; Udwadia et al., 1996].
P$ combined with ASD in a large pedigree has been shown tobe due
to a mutation in the GATA4 gene [Garg et al,, 2003]. Familial
pulmonic valve atresia and familial occurrence of tricuspid anom-
alies are very uncommon, and have only been desctibed in 3 few
families [DiChiara et al., 1980; Chitayat et al., 1992; Kumar et al,,
1994; Grant, 1996; Grossfeld et al,, 1997; Lin and Rosti, 1998;
Bonnet et al,, 1999].

Oniy a few families with combined left- and right-sided heart
valve anomalies with monogenic inheritance have been described.
A large family with autosomal dominant inheritance of mainly
atrioventricular valve defects inciuding Ebstein anomaly and atrio-
ventricular canal has been described by Schunkert et al. [1997].

Atrioventricular septal defects (AVSD) (also known as endocardial
cushion defects) can be inherited as an autosomal dominant trait
with variable expression and incomplete penctrance, These valve
anomalies can be due to mutatons in the gene encoding the cell
adhesion moiecule CRELD] [Robinson et al., 2003], and a second
locus is located on chromosome 1p31-p21. A foew familics with X-
linked valvular dysplasia, a condition characterized by myxoma-
tous degeneration, valvular regurgitation and secondary calcifica-
tion affecting all four heart-valves have been described {Newbury-
Ecob et al,, 1993; Kyndt et ak, 1998]. Recently mutations in the
FLNA gene encoding filamin A were identified in these families
[Kyndt et al., 2007].

The paucity of multiplex families with a clear Mendelian inher:-
tance pattern of nonsyndromic cardiac valve malformation has
precluded theidentification of human genes specifically involved in
cardiac valve morphogenesis and malformation. We describe two
families with a similar autosomal deminant form of congenital
heart malformation mainly consisting of cardiac valve anomalies.

1 orarEmat - =
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The pedigree of family 1 is shown in Figure 1.

Patient 1. The Index patient (II-1) visited our Department of
Clinical Genetics for genetic counseling. She had aortic valve
replacement at the age of 42 because of a scverely stenotic BAV.
She received two new aortic valve prostheses in the following 30
years, and at the age 0f 60 she developed atrial fibrillation. Three of
the five children of patient II-1 were healthy, and cardiologic
examination including ECG and echocardiography revealed no
abnormalitics. Two other children {Patients 2 and 3) are affected.

Patient 2. One of the five children (III-4) of Paticnt II-1 was
asymptomaetic until he presented with progressive dyspnea at the
age of 44. Echocardiography revealed 2 BAV, a dilated left-ventricle
with thickening of the posterior wall, and left-ventricular
dysfanction.

Patient 3. Another son (1II-5) of Patient -1 was diagnosed
with a BAV with mild stenosis and regurgitation, and rnild dilata-
tion of the aorta at theage of 26 years. An X-ray of the thorax showed
an elongated acrta. At the age of 36 years the aortic valve was
stenotic, calcified and thickened, and mild tricuspid regurgitation
was present. His left-ventricular function remained good. Chro-
mosomal analysis showed a normal male karyotype. A micro-
deletion of the 22q11 (TBXI gene) and 7q11.23 (clastin gene)
region was excluded by fluorescent in situ hybridization (FISH}.

Patient 4. A sister (1I-2) of Patient II-1 was diagnosed with
valvular aortic stenosis and regurgitation, mitral stenosis with
regurgitation, and tricuspid regurgitation. She underwent three
operation for aortic and mitral vaive prostheses between the age of
40 and 44 years. At the age of 45 years a tricuspid valve correction
was performed. She died at the age of 50. In four of her five children
cardiologic examination including ECG and echocardiography
revealed no abnormalities.

Patient5. A daughter (III-7) of Patient 1I-2 was diagnosed with
moderate mitral valve regurgitation at the age of 50 years.

Patient 6. A brother (II-4) of Patient II-1 was diagnosed with
aortic valve regurgitation and received an aottic vaive replacement.
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Patient 7. Theson (patient [1-14) of Patient II-4 was diagniosed
with sortic stenosis. Surgical correction was performed at the age of
9 years, He died 1-day after surgery.

Patient8. One ofthe three daughters of Patient [1-5 {patient ITI-
18) underwent valvulotomy for a severely stenotic BAV at theage of
9 years. She also received a mitral valve prosthesis for severe mitral
valve regurgitation.

Patient 9. The brother of Patient III-18 {patent 1I{-21) was
operated at the age of 5 years for a VSD and valvular PS, He
developed a re-stenosis and pulmonary valve regurgitation,

Patient 10. A son {IV-1) of an asymptomatic sister of Patient
III-18 was diagnosed with a perimembranous VSD at the age of 4
months.

Family 2

The pedigree of family 2 is shown in Figure 1.

Patient 1. The parents of Patient (II-13) visited our Depart-
ment of Clinical Genetics for genetic counseling when their daugh-
ter was born with puimonary atresia with intact ventricular septum,

double-chambered right ventricle an ASD. The sortic valve showed
no abnormalities, Surgical correction was performed in the first
year and again at the age of 5 years. At the age of 7 years an
obstructive fibromuscular bundle in the right ventricle was re-
moved, and a small tricuspid valve with prolapse of the leaflets was
found during operation. The chordae were abnormally long and
attached directly to the ventricle wall without papillary muscles.
Chromosomal analysis showed a normal female karyotype. A
microdeletion of the 22911 region and 7q11.23 region were ex-
cluded by FISH. Cardiac evaluation of both parents of patient |
showed no abnormalities, the asymptomatic mother (I1-8) was 53
years at examination.

Patient2. Theson {II1-17) of abrother of the mother of Patient
III-15 was diagnosed at birth with a severe valvular and infundibu-
lar PS with intact ventricular septumn and a secundum ASD. Surgical
correction was performed at the age of 1-year. After a second
operation at the age of 6 he died from hypoxic encephalopathy.

Patient 3, The father (11-10) of Patient III-17 underwent
cardiologicevaluation at the age of 35 years because of the fami-
1ialCVM, and a valvular aortic stenosis was diagnosed. Chromo-
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somal analysis and FISH of the 22qll region showed no
abnormalities,

Paticnit 4. Abrother (II-4) of Patient II-13 was diagnosed at the
age of 31 years with a severe valvular aortic stenosis and regurgita-
tion and dilatation of the ascending aorta. At theage of 32 years his
severely calcified aortic valve was replaced by a Bjork Shiley
prosthesis. Chromosomal analysis and FISH of the 22q11 region
showed no abnormalities. He died suddenly at the age of 50 years.

Patient 5. The daughter (3X1-9) of Patient I1-4 was evaluated at
theage of 7 years for a cardfac murmur, but was thought 1 have no
abnormality. After giving birth to an affected child (IV-1) she was
re-evaluated and was diagnosed as having a stenotic BAV.

Patient 6. Patient III-9 gave birth to a girl {Patient IV-1) with
critical valvular aortic stenosis who died several days after birth.

Patient 7. A son (III-8) of Patient II-4 was diagnosed with a
severe valvular aortic stenosis and received aortic valve
replacement,

Patient 8. A brother (II-3) of Patients II-4 and II-10 was
examined at the age of 47 years because of the familial CVM:
echocardiography revealed 2 mildly stenotic, thickened BAY, with
mild dilatation of the ascending aorta. At the age of 58 years the
aortic root diameter was 53 mm and there was an ascending aorta
aneurysm measuring 61 mm. There was left-ventricular hypertro-
phy. A Bentall procedure including replacement of the ascending
aorta and proximal aortic arch was performed, A severely calcified
sortic valve was replaced. Pathological examination showed a
calcified aortic valve and wall. Intima fibrosis was present and mild
medial degeneration. The elastin fibers showed no abnormalities.
The daughter of this patient (III-11) showed no abnormalitics on
cardiologic examination, including echocardiography.

Patient 9. A son (UI-5) of Patient II-3 was examined by the
cardiologist and had mild dilatation of the ascending aorta (43 mm}
without valvalar abnermalities, left ventricular dysfunction or
hypertrophy.

Patient 10. A daughter (I11-11) of a sister (1I-5) of Patients 11-§
died 12 days after birth with an enlarged heart,

Patient 11. Cardiologic evaluation of the mother (II-5) of
patient 10 at the age of 43 years revealed no abnormalities, but
re-cvaluation at the age of 57 years showed a sclerotic aortic valve
with moderate regurgitation.

Additional family members. Cardiologic evaluation (echocar-
iography and ECG) of healthy family members in generation IT {TI-
2, 1I-6, II-7, II-8, 11-9 and 1I-11) showed no abnormalitics, These
healthy family members were between 39 and 64 years of age at the
time of examination. The grandparents in generation I were not
investigated. The grandfather died of a cardiac arrest at theage of 57
years.

MOLECULAR STUDIES

Linkage analysis using polymorphic microsatellites D951826,
D98158, and D951838 flanking the NOTCH1 gene was performed
in both families, This excluded NOTCH! as the disease gene in both
families since multiple recombinants were found. Additionally,
sequence analysis of all coding exons and intron—exon boundaries
of the NOTCHI gene was normal in one affected patient in each
family.

CiSCUSSIEN

We describe two families with autosomal dominant inheritance of
isolated CVM mainly involving the cardiac valves. None of the
affected family members showed signs of a connective tissue
disorder or malformation syndrome. Among the 10 affected family
members of the first family, 6 were diagnosed with an abnormal
stenotic and/for insufficient aortic valve. In three patients, regurgi-
tation of the mitral valve was present. Pulmonary valve abnormality
was diagnosed in one family member, In the second family,
abnormal semilunar valves were present in nine family members,
seven with gbnormal aortic valves, and two with defects of the
pulmonary valves (Table I). Different cardiologists evaluated pa-
tients and BAV may not atways be reporied if present, In both
families, septal defects were present in several patients, which we
believe may be part of the spectrum since they co-existed with valve
anomalies in several family members. In the first family, one patient
had a VSD and PS. In the second family, an ASD was presentina
patient with PS and in a patient with pulmonary atresia. No other
congenital abnormalities or dysmorphic features were present in
any of the patients, indicating that the CVM in these families is
nonsyndrormic, In both families, autosomal dominant inheritance
is well supported since there are three affected generations with
male—male inheritance and expression in both females and males.
Nonpenetrance is present in one obligate carrier in both families. In
family 2, patient II-2 was unaffected at the age of 43 years but
showed moderate aortic valve regurgitation 14 years later at theage
of 57, Patient II-8 showed no abnormalities at echocardiography at
theage of 53. She hasa tri-leaflet aortic valve and normal function of
cardiac valves and the left-ventricle.

Autosomal dominant inheritance of nonsyndromic congenital
valve anomalies has only been described in a limited number of
families. In most cases consistence of valve anomaelies of either
predominantly left- or right-sided structures of the heart is present.
In both presented families predominantly aortic valve anomalies
were observed, although right-sided malformations such as pul-
monary and tricuspid valve anomalies were present in some
patients, This observation is also documented in other studies with
smaller families (for instance only twe persons affected} where
patterns of inheritance are not always clear [Gill et al., 2003; Lewin
et al., 2004; Martin et al,, 2007]. In a recent study demonstrating
high hetitability of hypoplastic left-heart syndrome (HLHS) ahigh
percentage of HUHS probands had both left- and right-sided valve
dysplasia suggesting that HLHS is a severe form of valve malfor-
mation and anomalies of the left- and right-sided valves may havea
common etiolegy [Hinton et al., 2007].

Human genes known to be involved in valvulogenesis include
genes associated with elastogenesis and collagen synthesis, as elastin
and <cllagen are major components of semilunar and atrioventric-
ular valves. As mutations in most of these genes are associated with
syndromic forms of CVM they are unlikely to be involved in our
families with nonsyndromic CVM. Familial BAV and aortic valve
stenosis in association with TAA is a well-recognized entity.
Loscalzo et al. [2007] suggested that altered TGFB signaling might
play a role in BAV with TAA as several ancurysm syndromes,
including Marfan syndrome [Neptune et al., 2003], Loeys Dietz
syndrome [Loeys et al,, 2005], and arterial tortuosity syndrome
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[Coucke et al., 2006] are associated with upregulation of the TGFB
pathway leading to loss of clastic fiber integrity, However, TGFBRI
and TGFBRZ gene analysis in 13 families with BAV and TAA
revealed no mutations in {Loscalzo et al., 2007]. Recently mutations
in the gene ACTAZ, encoding vascular smooth musde cell ¢- actin,
were identified as a major cause of autosomal dominant inherited
TAA. Interestingly multiple familymermbers in 4 out of 14 described
families with ACTA2 mutations showed BAV, indicating that genes
encoding sacromeric proteins might be good candicate genes fora
subset of familial LVOTO [Guo et al,, 2007].

Elastin mutations in our families are unlikely as they predomi-
nantly cause supravalvular aortic stenosis, although aortc valve
stenosis can also occur. Furthermeore, right-sided valve anomalies
and ASD/VSD are rarely described in patients with elastin muta-
tHons [Metcalfe et al., 2000; Eronen et al., 2002].

Onlya few genes havebeen invelved in nonsyndromic CVM with
a monogenic mode of inheritance; these include the NOTCHI,
Elastin, NKX2.5, NKX2.6, GATA4, CRELDI, MYHS, ACTAG,
TBX20, and FLNA genes [for reviews: Bruncau, 2008; Ransom and
Srivastava, 2007; Weismann and Gelb, 2007]. Mutations in
NOTCH] have been found in two families with BAV, aortic valve
stenosis, aortic valve calcification and other LVOTO anomalies
[Garg et al., 2006]. Interestingly one patient with AS and BAV also
had ascending acrtic dilatation. In both our families NOTCHI was
excluded as the disease gene by linkage analysis using polymorphic
microsatellites  {D951826, 195158, 19S1838) flanking the
NOTCHI gene that showed multiple recombinants in both fami-
lies. Additionally, sequence analysis of all coding exons and in-
tron—exon boundaries was normal in an affected family member in
both families.

Human NEXZ.5 mutations can cause a number of different
cardiac phenotypes [McElhinney et al., 2003; Elliott et al., 2003},
including ASD/VSD and LVOTO, but anomalies of the semilunar
valves, as observed in 17/21 of the patients in our families, are not
often described [Majumdar et al.,, 2006], A NKX2.5 mutation was
excluded in both our families by mutation analysis in one affected
family member. GATA4 mutations ¢an lead 1o nonsyndromic ASD
and other CVM including PS [Garg et al., 2003], whereas gross
deletions of the 8p23 reglon encompassing the GATA4 gence are
associated with a variety of cardiac anomalies, mainly PS and ASD.
However, in contrast to our families left-sided cardiac anomalies
are uncommon in these patients, although aortic/mitral regurgita-
tion was reported in 1/18 patient of the families described by Garg
etal. {2003]. S far, no good candidate genes have been reported for
our families, therefore a genome-wide linkage analyses has been
initiated in both families.

Mature valve structures arise from endothelial cells of the
endocardial cushions {Lincoln et al., 2004], The endocardial
cushions are formed by endothelial~mesenchymal transdifferen-
tiation of a subset of endothelial cells that invade the extracellular
matrix and differentiate into mesenchymal cells [Armstrong
and Bischoff, 2004]. Valve leaflets eventually consist of a single
endothelial cell Jayer and a central layer consistent of collagen,
elastin, and glycosaminoglycans [Maron and Hurtchins, 1974].
The endocardial cushion tissue contributes not only to the
formation of valves, but also to the formation of membranous
septa [Schroeder et al, 2003]. This might explain why some
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patients in our families have septal defects apart from valve
anomalies.

In contrast to the sparse knowledge about the genes involved in
human valve formation and malformation much more is known
about valvulogenesis in mice. In mice signal transduction pathways
including Wnt/B—catenin, Vegf, Notch, Bmp~TgiP, and Erb, and
transcription factors including different GATA, FOX and SOX
transcription factors have been implicated in heart cushion/valve
formation (Table II, Fig. 2). These different signaling pathways
exhibit extensive cross-talking, resulting in a complex integrated
process of cardiac valve morphogenesis [for review: Schroederetal.,
2003; Armstrong and Bischoff, 2004], These mouse models could
provide functional candidate genes for families with cardiac valve
anomalies once positional genetics approaches have localized the
human disease gene,

The two muitiplex families in this report may facilitate identifi-
cation of human genes specifically involved in cardiac valve mor-
phogenesis and aortic wall disease. The co-occurrence of aorticand
pulmeonary valve abnormalities and aortic aneurysms in these
families supports a common genetic cticlogy in sorne forms of
left- and right-sided valve anomalies, and expands the phenotype of
LVOTO.
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Arterial malformations

4.1 Introduction

During the past decade genetic studies of the cardiovascular system in syndromes such as Marfan syn-
drome (FBNT gene enceding fibrillin) !, Loeys-Dietz syndrome (TGFBR1/2 genes encoding TGF( recep-
tors 1 and 2) **, Ehlers-Danlos syndrome (COL3AT gene encoding collagen 3 and FLNA gene encoding
Fitamin A} *¢ and arterial tortuosity syndrome (SLC2A70 gene encoding GLUT10) 72 have provided in-
sights into the pathogenesis of arterial aneurysms (Tables 1 and 2). The TGF signaling pathway plays a
central role in the pathogenesis of many of these aortic wall disorders, making this pathway the primary
pharmacclogical target for the development of new treatment strategies for arterial wall disorders >'°,
Apart from the TGFB signaling pathway also sarcomeric protein genes of smooth muscle cells have
been implicated in familial aortic aneurysm, as mutations in the MYHT77 gene encoding smooth muscle
cell myosin heavy chain and in the ACTA2 gene encoding smooth muscie cell a-actin have been identi-
fied in familial theoracic aortic aneurysm/dissection (TAAD) "2 These 2 pathways seem to interact as
treatment of cardiomyocytes with TGFR 1 leads to increased expression of sarcomeric proteins 12,

4.1.1 Syndromic aortic aneurysms

4.1.1.1 Marfan syndrome

Marfan syndrome is the “classical” arterial aneurysm syndrorme with a prevalence of 1 per 5,000. The
aneurysms located in the ascending aorta are caused by cystic medizl degeneration due to mutations
in the fibrillin-1 (FBN) gene located on chromosome 15q. Fibrillin-1 is a large 350-kDa glycoprotein
that is 2 major component of the microfibrils that make up the elastic fiber. It has a repetitive domain
structure containing calcium-binding motifs (epidermal growth factor precursor-like) and motifs that
bind to TGF, thereby linking fibrillin to the TGFR pathway. Fibrillin-1 is thought to play a role in the
TGFf signaling cascade via its interaction with latent TGFB-binding protein (LTBP). LTBP binds TGF3 via
an LTBP-associated protein {LAP), forming what is known as the large latent complex *. Mutations in
FBNT1 likely disrupt the targeting and sequestration of the large latent complex due to an inability of
LTBP to bind to the microfibriis. The increased level of available TGP leads to an increase in TGF activ-
ity, which is responsible for the development of symptoms. These mutations result in both a decrease
inthe amount of efastin in the aortic wall and a loss of elastin’s normally highly organized structure, As a
consequence, the aorta exhibits markediy abnormal elastic properties leading to progressive increases
in stiffness and dilatation 5.
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Apart from Marfan syndrome, FBNT mutations may also result in a wide range of overlapping clinical
entities, including MASS (mitral valve, aorta, skeleton, and skin) syndrome, isolated ectopia lentis, Weill-
Marchesani syndrome, Shprintzen-Goldberg syndrome, and familial aortic aneurysms. Many excellent
reviews of Marfan syndrome have been published %8,

4.1.1.2 Loeys-Dietz syndromes

Loeys—Dietz syndrome type 1 is characterized by the triad of hypertelorism, bifid uvula / cleft palate,
and generalized arterial anomalies including tortuosity, aneurysm and dissection. Affected patients
have a high risk of acrtic dissection or rupture at an early age in childhood . Histological studies of
the aortic wall reveal loss of the elastin content and disarray of elastic fibers, along with increased col-
lagen deposition. Loeys-Dietz syndrome type 2 also has generalized arterial anomalies but less facial
features, similar to Ehlers-Danlos syndrome type IV. Both Loeys-Dietz syndromes are due to autosomal
dominant inactivating mutations in the TGFBRT and TGFBR2 genes encoding receptors 1 and 2 for trans-
forming growth factor beta. These inactivating mutations lead to a paradoxal upregulation of the TGFB
pathway.

TGFBRT and TGFBR2 mutations have been found to cause a large spectrum of genetic disorders, in-
cluding Loeys-Dietz syndrome type 1, Loeys-Dietz syndrome type 2, some patients with Marfan-like
syndrome (Marfan syndrome type 2} and Ehlers-Danlos syndrome type 4 *%, and a minotity of patients
with non-syndromic familial TAAD 222,

4.1.1.3 Ehlers-Danlos syndromes

Ehlers-Danlos syndrome type IV (vascular type)

The vascular type of Ehlers-Danlos syndrome, EDS type 4, is an autosomal dominant condition charac-
terized by extreme fragility of skin, blood vessels, intestine, gravid uterus, and lungs. Visceral rupture,
easy bruising, wide and atrophic scars, joint laxity, and translucent skin characterize the phenotype.
Vascular complications include aneurysm and/or dissection of major or minor arteries. The sites of arte-
rial rupture are throughout the vascular tree, including arteries in the thorax and abdomen, head and
neck and extremities. EDS 4 can be caused by mutations in the COL3AT gene that affect the integrity
and/or synthesis of the precursor procollagen molecules of type 3 ¢ollagen. Approximately 5-10% of
FAA families without obvious Ehlers-Danlos syndrome exhibit linkage to the COL3AT gene, and might
exhibit a COL3AT mutation 2. Some patients with EDS 4 have TGFBRT or TGFBR2 mutations: these pa-
tients are sometimes referred to as Loeys-Dietz syndrome type 2, although few symptoms of the typical
Loeys-Dietz syndrome type 1 are present.

Ehlers-Danios syndrome type 6 (kyphoscoliotic type)

Ehlers-Danlos syndrome type 6 (kyphoscoliotic form) is characterized by abnormal skin (hyperexten-
sibility, scars, easy bruising), joint laxity, muscle hypotonia, progressive scoliosis, glaucoma, retinal de-
tachment and increased risk of rupture of the globe, and aortic dilation 224, Patients are at risk for aortic
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dissection and rupture of medium-sized arteries #. Ehlers-Danlos syndrome type 6 is caused by defi-
cient activity of the procollagen-lysine, 2-oxoglutarate 5-dioxygenase 1 (lysyl hydroxylase 1) enzyme
due to mutations in the PLODT gene.

Ehlers-Danlos syndrome with nodular heterotopia

Periventricular heterotopia with Ehlers-Danlos syndrome is an X-linked condition, which is lethal in
maost males in the prenatal or neonatal period. Affected females exhibit nodular brain heterotopia and
an Ehlers-Danlos-like syndrome characterized by joint hypermobility, hyperextensible skin, high palate,
subarachneid hemorrhage, visceral hernia, and vascular anomalies: the latter include aortic dilatation
and aneurysm, patent ductus arteriosus (PDA), and bicuspid aortic valve (BAV) can be present %, The
disorder is caused by loss-of-function mutations in the X-linked FLNA gene encoding filamin A, an actin-
binding protein involved in cytoskeletal organization.

4.1.1.4 Cutislaxa

Cutis laxa is a condition characterized by redundant, pendulous, and inelastic skin. It is genetically het-
erogeneous, and mutations have been found in the ELN gene encoding elastin (autosomal dominant
cutis laxa), the ATP7A gene encoding Cu-transporting ATPase (X-linked cutis laxa, Ehlers-Danlos syn-
drome type 9, Occipital horn syndrome), the FBLN4 gene encoding Fibulin 4 (autosomal recessive cutis
laxa), and the FBLN5 gene encoding Fibulin 5 (autosomal recessive and autosomal dominant cutis laxa)
627 Vascular tortuosity and aneurysm can be present in all forms, but is most prevalent in patients
with FBLN4 or FBLNS mutations #. The corresponding fibulins are essential in elastic fiber formation in
connective tissue. Transgenic Fibulin 4-deficient mice show aortic aneurysm and dissection, arterial
tortuosity, and acrtic valve anomalies with disturbed TGF signaling %,

4.1.1.5 Arterial tortuosity syndrome

Arterial tortuosity syndrome {ATS} is a rare autosomal recessive disorder characterized by tortuosity,
elongation, stenosis and aneurysm formation of the major arteries, due to disruption of elastic fibers
in the medial layer of the arterial wall 7. Non-vascular abnormalities include arachnodactyly, joint lax-
ity or contractures, micro-rethrognathia, hypertelorism, cleft palate and/or bifid uvula. These clinical
findings are reminiscent of Loeys-Dietz syndrome. Further studies have shown that tortuosity of large
and middle-sized arteries is present in all patients, but other aortic abnormalities also occur including
aortic root dilation, localized arterial stenosis, and long stenotic arterial stretches *#'. The prognosis of
ATS may be more favorable than reported before as milder cases may have been underdiagnosed 7.

In this thesis clinical and molecular studies of ATS patients are described. We first reported the clinical
features in three consanguineous multiplex families with 11 affected ATS patients, and reviewed the
literature on ATS %, Using our largest consanguinecus multiplex ATS family a genome-wide screen with
homozygosity mapping was then performed, and linkage of the ATS gene to chromosome 20913 was
found *, Further narrowing of the candidate region to a 1.2 Mb region containing 7 genes, let to the
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identification of the disease gene: Mutations in 6 ATS families were found in one of these genes, the
SLC2A10 gene encoding the facilitative glucose transporter GLUT1G 8, Although fragmented elastic fib-
ers were observed in some areas of aortic wafl in ATS patients, the predominant observation in mutant
mice with missense mutations in SLC2A 10 was elastic fiber proliferations including both thickened and
increased elastic fibers in the lamina interna, lamina media and adventitia of middle size arteries *.
in older mice deranged elastic fibers and disruption of internal elastic lamina was seen in some ar-
eas of the aortic wall. This raises the question whether the long stenotic stretches of the aorta that
are observed in some ATS patients might be due to elastic fiber proliferations #. No arterial tortuosity,
aneurysms, or arterial stenosis was observed in these mice, possibly due to the milder missense muta-
tions versus nonsense mutations in ATS patients. GLUT10 deficiency was found to be associated with
upregulation of TGFR signaling in the arterial wall of ATS patients, a finding also observed in Loeys-Dietz
syndrome, which also presents with aortic aneurysms and arterial tortuosity. The precise interaction
between GLUT10, a glucose transporter and the TGFp signaling pathway remains elusive (Figure 1).

Figure 1 | Possible iink between GLUT10 and the TGFS signaling pathway

In ATS patients with a loss-of-function mutation in SLC2AT 0 ieading to GLUT1C deficiency decorin expression is decreased and versican expression is in-
creased. Normally glucose is transported into the smooth muscle cell nudeus by GLUT10, activating decorin transcription by binding to a respense element in
its pramotor. Decorin then binds to and inactivetes TGFp extracellularly, attenuating signaling via the TGFE-Smad pathway, Loss of GLUTTO may reduce nuclear
glucosea jevels resulting in 2 decreased expression of decorin and upregulation of the TGFB-Smad pathway by loss of inhibition, As 2 result versican expression
is increased, which might inhibit elastic fiber assembly.

With permission of Prof.Dr.Ing.Paul Coucke
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4,1.1.6 Other syndromes associated with aortic aneurysm

Congenital contractural arachnodactyly {CCA) or Beals syndrome is an autosomal dominant connective
tissue disorder, comprising marfanoid habitus, flexion contractures, severe kyphoscoliosis, abnormal
pinnae, and muscular hypoplasia. CCA is caused by mutations in the FBN2 gene encoding fibriflin-2.
Only in severe CCA cases there exists aortic root dilatation and sometimes even interrupted aortic arch,
Autosomal dominant Polycystic Kidney Disease (APKD) is characterised by bilateral renal cysts, and usu-
ally also cysts in other organs including the liver and pancreas, Intracranial aneurysms, dilatation and
dissection of the aortic root, and mitral valve prolapse might also be present 3. APKD is caused by muta-
tions in the PKDT gene encoding polycystin-1 cor in the PKD2 gene enceding polycystin-2.

In approximately 50 % of patients with Turner syndrome MRI angiography shows elongation of the
transverse aorta with kinking in the juxta-ductus region {pseudo-coarctation) >, Aorta aneurysm is
seen in up 1o 30 % of Turner syndrome patients ¥, and the risk is higher in Turner patients with CHM,
such as bicuspid aortic valve (BAV) and coarctation of the acrta *.

Another disease associated with aortic aneurysm is fibromuscular dysplasia (FMD), which can occuras a
familial trait. It is characterized by medial hyperplasia of the middle sized arteries, leading to “string-of-
beads' stenoctic arterial appearances, predominantly in the renal and internal carotic arteries *.

4.1.2 Non-syndromic aortic aneurysms

Aartic aneurysms represent a common vascular condition with life-threatening implications, and a
leading cause of morbidity and mortality *. The mortality following rupture of an aortic aneurysm ex-
ceeds 75%. Overall, abdominal aortic aneurysms (AAA) are more frequent than thoracic aortic aneu-
rysms (TAA), with the most common lecation of aortic aneurysm being the infrarenal abdominal aorta,
followed by the ascending thoracic aorta. Familial inherited aneurysm are most often TAA located in
the ascending aorta (60%), foilowed by aneurysms of the descending aorta {40%) '*. TAA have a higher
mortality rate (97%) than AAA, genetic factors play a more important role in their pathogenesis, and
they are more often caused by monogenic mutations than AAA.

4.1.2.1 Familial thoracic aorticaneurysms

Overall, 15% to 20% of thoracic aortic aneurysm (TAA} and/or aortic dissection (AD) cases (aiso referred
to as TAAD) may be familial 2, Non-~syndromic famiiial TAAD is genetically heterogeneous. Five loci
with 3 genes have been identified: these include AATT at chromosome 11G23.2-q24 %, AAT2 at 5q13-
q14 “, AAT3 at 3p25-p24 (TGFBR2 gene} 2, AAT4 at 16p13 (MYHTT gene) V' and AATS6 at 10q22-q24
(ACTA2 gene) "2 Some families are not linked to these loci thereby indicating that additional loci for TAA
must exist “~2, A subset of patients with an ACTAZ or MYHTT mutation also presents with PDA. ACTA2
mutations may additionally lead to BAV. Although classified under non-syndromic TAAD, patients with
ACTA2 mutations sometimes show additional clinical features such as livido reticularis and iris flocculi,
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4.1.2.2 Familial thoracic aorticaneurysms with bicuspid aortic valve and LYOTO

TAA can be present in families with left ventricular outflow tract obstruction {LVOTO) anomalies, includ-
ing BAV *5°, Also, aortic dilatation is found in approximately 50% of patients with BAV ', NOTCHT
mutations are found in a small subset of patients with LVOTO anomalies ** In this thesis we performed
linkage analysis in two large families with LVOTO anomalies (including TAA in several family members)
and excluded NOTCHT as the disease gene, indicating that other genes contribute to this spectrum of
CHM %%,

4.1.2.3 Familial abdominal aortic aneurysm

Genetic studies of abdominal aortic aneurysm (AAA) indicate that approximately 15% of the patients
with AAA have a positive family history for AAA. This fraction may be higher when more complete
screening of family members would be performed. Familial AAA can present as a syndromic disorder
such as Marfan, Ehlers-Danlos or Loeys-Dietz syndrome, as described above (Table 2). In these syn-
dromes aneurysms are not ohly present in the thoracic aorta but also in the abdominal aorta. Familial
AAA can also be non-syndromic, and a few families with autosomatl dominant and recessive AAA have
been described. Different loci for AAA have been identified through genome wide association studies,
including loci on chromosorme 19q13 (AAAT) %, 4031 (AAA2) = and 9p21 (AAA3) * (Table 1). The AATT
locus on chromosome 11g23-024 not only causes TAA but also AAA 3, No disease gene for AAA has
been identified yet.



Table 1 | Syndromicand non-syndromic forms of familial aortic aneurysms

Marfan syndrome
Loeys-Dietz syndrome type 1

Loeys-Dietz syndrome type 2
{Ehlers-Danlos syndrome type 4)

Enlers-Danlos syndrome type 4

Ehlers-Danlos syndrome type 6

{Kyphasceliotic type)

Ehiers-Darlos syndrome with
periventricular nodular heterotopia

Cutis laxa syndrome

Arterial tortuosity syndrome

(TAAD)

Thoracic aortic aneurysm with PDA

Familial LYOTO with TAA

Abdominal aortic aneurysm (AA&)

Familiai thoracic aortic aneurysm/dissection

AD
AD

AD

AD

AR

¥-linked

15021

9g33
3p22
9933
3p22

2931

1p36

¥q28

11q13
14g32
2013

11913 (AT}
Sq13 (AAT2)
3022 (AAT3)
10q22 (AAT6)
5933

16p13 (AATA)

%134

19633 (ARAT)
431 (AARD)
9p21  (AAA3)
11923 (ART)
1

Arzerial maiformations

FBNT

TGFBRT
TGFBR2
TGFBR1
TGFBR2

COL3AT

PLOD1

FLNA

FBLN4
FBLNS
SLCZAT0

TGFBRZ
ACTAZ
TGFBR1
MYHTT

NOTCHT
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Table 2 | Disariminating features in familial aortic aneurysms
R _" %\ %?%5 ‘gj" iR S}‘k‘i&%{%\ N 3‘%\ 2

Cardiovascular

Aorticrootaneurysm/dissection 44+ ++ + + +
Other aneurysm/dissection +/— +++ ++ ++ +
Arterial tortuosity - e +

Arterial stengsis/acclusion: -~ - - - -
ASD - ++ -
PDA - et -
BAV - + - -
Craniofacial

Hypertelorism - +++ - - -
Bifid uvula/cleft palate - ++ f- - -
Micre-retregnathia ++ et - -
Eye

Myopia +t + - +
Ectopia lentis +++ - - — -
Skin/joints

Velvet skin - ++ + + ++
Skin laxity - + + + ++
Dystrophicscars - ++ + + ok
Inguiral hernia ++ ++ + + +
Joint laxity -+ ++ ++ + +
Arachrodactyly +++ ++ -~

Contractyres +/— ++ + +
Other

Visceral rupture/perforation - + + ++

Beve{opmental delay - A+ -

Other Craniosynostosis

Open space indicates that the feature was not scored.
DS, Loeys-Dietz Syndrome; LR, Livedo Reticularis; ASD, Atrial Septal defect; PDA: Patent Ductus Arteriosus; BAY, Bicuspid AorticValve
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Cardiovascular
Aerticrootaneurysm/dissection  + -+ + + +
Other aneurysm/dissection + + + — —
Arterial tortuosity - ++ St - -
Arterial stenosis/occlusion - - + - -
ASD - - - - -
PDA + - - + +
BAV + - - - +
Craniofacial
Hypertelorism + - ++ - -
Bifid uvula/ceft palate - - + - -
Micro-retrognathia + - 4 - -
Bye
Iyopia - - + - -
Ectopia lentis - - - - -
Skin/joints
Velvet skin + + ++ - -
Skin laxity + + ++ - -
Dystrophic scars + - - - -
Inguinat hemia + + ++ - -
Jointlaxity + + —+ - -
Arachnodactyly - + + - -
Contractures - - + - _
Other
Visceral rupture/perforation - -? - - -
Developmental delay +/— w? - - -
Other Seizures Emphysema Iris floceull,
LR
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Three New Families With Arterial Tortuosity Syndrome
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Arterial tortuosity syndrome (ATS) is a rare
condition with autosomal recessive inheritance
characterized by connective tissue abnormalities.
The most speeific clinical findings are cardio-
vascular anomalies inclading tortuosity, length-
ening, ancurysm, and stenosis formation of major
arteries. Also ventricular hypertrophy is frequent-
1y present. Other anomalies are skin hyperexten-
sibility and cutis laxa, jeint laxity or contraciures
of the joiats, and inguinal herniae. Histology
shows disruption of clastic fibers of the media.
These features suggest that ATS is a connective
tissue disoxrder. Abiochemical or molecular defect
bas not vet been identified. We describe here
nine additional ATS patients from three consam-
guineous Moroccan families and review a total
of 35 patients with this uncommon condition.

® 2004 Wiley-Liss, Ine.

KEY WORDS: arterial tortuosity: ATS; ancur-
ysms; pulmonary stenosis; joint
laxity; hyperextensibility: cutis
laxa; clastic fibers

INTRODUCTION

Arterial tortuosity syndrome (ATS) (OMIM 208 050) is arare
disorder, with only 26 ATS patients reported (Table I, and
references therein). Tortuosity of most of the major and middle
arteries, including the aorta, the carotid, renal, and pulmonary
arteries is the most specific feature. Arterial aneurysms, and
stenosis of the pulmonary arteries and the aorta are also
characteristic features, and ventricular hypertrophy is often
present. The majority of patients also have congenital involve-
ment of the skin, with softness, hyperextensibility, or cutis
laxa, but ne bruisability, Additional ATS abnormalities typical
of a connective tiasue disorder are laxity and/or contractures of
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Jjeints, arachnedactyly, inguinal and/or umbilical herniae, and
reiaxation of the diaphragin leading to hiatal hernia Moat
patients have an elongated face with micrognathia. Other
facial features might include downslanting palpebral fissures,
blepharophimosis, and a beaked nose. High.arched and/or deft
palate can be present. In addition, hypotonia is sometimes
observed (Table I). Histopathelogy reveals fragmentation of
the internal elastic membrane and elastic fibers of the tunica
media of the large arteries [Extugrul, 1967; Beuren et al., 1969;
Lees et al., 1969; Wagstafl et al,, 1970; Welch et al., 1971: Ades
et al., 1996; Pletcher et al., 1996; Franceschini et al., 2000:
Rivera et al., 2000], whereas the elastin network in fibroblasts
derived from a skin biepsy wasreported t6 be normal [Al Fadley
et al., 2000]. Biochemical studies of collagen are normal [Ades
et al., 1996; Pletcher et al., 1996: Franceschinl et al., 2000], and
the primary defect at the protein or molecular level in ATS has
not yet been identified.

Defects in the elastin network are also fourd in a group of
ill-defined connective tissue disorders having overlapping
features with ATS {Tables I and IT). These include autosomal
recessive cutis laxa type 1 (OMIM 219100) which is due
to mutations in fibulin 5 [Loeys et al, 2002], progercid
Ehlers—Danlos syndrome which is caused by mutations in
the BLGALT? gene encoding the B-1.4-galactosyltransferase
1 enzyme [Okajima et al., 1999}, and several conditions without
identified primary gene defect, including autosomal recessive
cutis laxa type 2 with prowth and developmental delay (OMIM
219200), wrinkly skin syndrome (OMIM 278250), gerodermiz
osteodysplastica (OMDM 231070), and De Barsy ayndrome
(OMIM 219150}, Cutis laxa type 2 with growth and develop-
mental delay was originally deseribed by Reisner et al. [1971]
a8 2 new entity with congenital cutis laxa, joint laxdity with hip
dislocation. growth retardation, and psychomotor delay.
Additional patients with this form of cutis laxa have been
vaported by Sakati et al. [1983] and Patton et al. [1987].
However, many of these patients were later reclassified as
examples of Costello syndrome [Patton and Baraitser, 19931,
Moreover, the original patients of Reisner et al. [1971] were
republished 2 yeara later by other authors {Gazit et al., 1973]
as the first patients with wrinkly skin syndrome {Zlotogora,
19991, The latter syndrome is characterized by wrinkling of the
gkin of the abdomen, the hands and feet, increased creases of
the palms and soles, joint laxdty, spinal deformities, pre- and
post-natal growth retardation, and psychomotor delay [Gazit
et al, 1973; Karrar et al., 1983; Casamagsima et al., 1987;
Hurvitz et al., 1990; Kreuz and Witbwer, 1993; Azuri et al.,
1999; AL-Gazali et al., 2001), This illustrates the overlap
between cutis laxa type 2, Costello syndrome, and wrinkly skin
gyndrome. Al-Gazall et al. [2001] recently suggested that the
clinical spectrum of these disorders can be further extended to
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TABLE I. Clinical Features in ATS Patients

Arterial anomalies Joints
Stenosis Arachno Pectus Facial Other
Tortuosity  Aneurysm A, Pulm. Skin Heniia Laxity  Contractures dactyly  deformity anomalies findings
+ + HP VH
+ + HES + BN, HP, M VH
+ + + HES + VH
+ + Cutis laxa + SHT
+ + HES + + M VH,H
+ -+ + Cutis laxa + - M
+ + + Soft + BN, HP, M VH, SHT
+ + + Cutis laxa + + + BN, DP, M VH, AT
+ + VH
+ + Soft + + DP, M
+ + + ce VH, hamartoma
+ + + + HP, M
+ + Soft + + + LF, M, HP Keratoconus, H, RD
+ + M AT
+ + HES + + L¥F, M Kyphosceliosis
+ + HES + + LF, M
+ -+ HES + L¥, M
+ + HES + 4 LF, M SHT
+ + HES + + L¥, M SHT
+ + HES + ER LF, M
+ + HES + + LF, M
+ + HES + + LF, M
+ + HES I- + LF, M
+ + HES + + LF, M Hip dislocation
+ + HES + + LF, M
+ T HES + + LF, M
+ + HES + -+ + + CP, M, BP RD
+ + Soft + + -+ + BN, HP,DP, BP
+ Cutis laxa + + BN
+ Soft + + LF, HP
+ + HES + + + LF, HP MR, HP, AC, 8T, RD, VH
+ Redundant + L¥, M, CP MR, H, AC, 8T, AT, RD
+ + + MR, H, AC, RD, 57, AT
+ Cutis laxa + + M, HP H, AC
+ Cutis laxa + ) M, CP H, AC
36/35 11/35 21/35 29/35 8/35 26/35 15/35 9/36 /36
(100%) (31%) (60%) (83%) (23%) (74%) {43%) (26%) (20%)

warophimosis; CP, cleft palate; DP, downslanting palpabral fissures; H, hypotonia; HES, hyperextensibility of the skin; HP, high palate; LF, long
relaxation of diaphragm—hiatal hemia; SHT, systemic hypertension; ST, strabismus; VH, ventricular hypertrophy; yrs, years; mos, months,

b ¥3LAVH) \ ObT
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inelude gerodermeia osteodysplastica, another disorder of the
elastin network with similar clinical features [Bamatter et al.,
1950; Hunter et al., 1978: Hunter, 1988; Lisker et al., 1979;
Al-Torki et al., 1997]. Also De Barsy syndrome (De Barsy et al.,
1968; Karnes et al., 1992] and ATS show overlap. However,
the main features of ATS including tortuosity, lengthening,
gtenosis, and aneurysm of multiple major arteries, are in-
frequent in these conditions.

The mode of inheritance of ATS syndrome is probably
gutosomal recesaive as parental consanguinity and inereased
recurrence risk in siblings has heen observed in many pedi-
grees (Table I), although ATS might be heterogeneous with
mvolvement of different genes and modes of inheritance.

‘We describe here nine additienal patients with ATS from
three consanguineous families from Moroccan descent and
review the choracteristics of all the patients previcously re-
ported in order to delineate this rare disorder.

CLINICAL REPORTS
Family 1

Patient 1., This was the third child (V-3) of healthy
Morocean consanguineous parents (Fig, 1, family 1). The older
sibs were reported to be healthy. This pregnancy was un-
eventful until the 34tk week when ultrasound examination
revealed a stomach located in the thorax, A daphragmatic
hernia was suspected. Ammiocentesis was performed, and
cytogenetic analysis showed & normal, female karyotype. The
parents continued the pregnancy, and a girl with abirth weight
of 3,735 g was born in the 39th week. She was intubated and
transferred to the neonatal unit, where a hiatal hernia was
found by radiography. She was also noticed to have an umbi-
lical hernia and dysmorphic features, including a cleft of the
soft palate, hyperlax skin, long fingers, blepharophimosis,
telecanthus, and micrognathia. Echocardiogram of the heart
revealed tortuosity and lengthening of the aorta, Also the
carotid arteries were tortuous. Angiographicstudies confirmed
the tortuosity of the thoracic and the abdominal aorta, Also
the superior mesenteric arteries were tortuous. The pulmon-
ary arteries were not visualized. Because of the suspicion of
Ehlers—Danlos syndrome, a skin biopsy was taken for collagen
analysis. This showed a normal electrophoretic pattern of
collagen type ITI, and a normal collagen type I to ITI ratio. Seven
woeks after birth the girl developed severe ileus, for which
laparotomy was performed. This showed necrosis of the com-
plete small howel, probably due to arteriopathy of the mesen-
terie artery. Two days later the child died. Permission for
autopsy was not obtained. ATS was diagnosed retrospectively
in view of the typical arteriopathy with tortuosity, and laxity of
the joints and skin.

Family 2

Patient 1. Thiswas the second child (IV-2) born to healthy
Morocean parents that were first cousins (Fig. 1, family 2), and
originated from the same town ag family 1. The first pregnancy
ended with a spontaneous miscarriage at 12 weeks gestation,
and the oldest child is a healthy son. This girl was born after an
uneventful pregnancy and birth at 42 weeks. At the age of
4 months, a systolic heart rourmur was found on routine
examination. Cardiclogic evaluation revealed stenosis and
tortuosity of the peripheral pulmonic arteries, together with
tortuesity of the abdominal aorta, Hyperlaxity of the joints,
egpecially of the wrists and fingers, was present. She also pre-
sented with dysmorphic features, including a large forehead,
downslanting palpebral fissures, blepharephimesis, hyperte-
lorism (with outer and inner canthal distances at the 97th
percentile), flat supra-orbital margins, a short and beaked
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Fig. 1. Pedigrees of the three consanguincous arterial tortuosity syndrome (ATE) familips originating from the same region in the north of Moroceo, A

common sneestor wis not found, but ix likely. In fomily 3, there are six patients with ATS, and five pntionts with an additienal discase with mental
retardntion. Three potients (IV.3, IV, TV-5) have both disenses, G, ATS: I, ndditionnl diseasc; &, Down syndrome.

nese, 2 long philtrum, a high palate, pectus excavatum, and
long fingers (Fig. 2A). Bllateral inguinal herniae were present.
The skin was very soft, and she had atopic eczema. Height,
weight, and OFC were normal. Psychomotor development was
also nermal. At the age of 3 years, heart catheterization
revealed multiple stenoses of the peripheral pulmonary
arteries, pulmonary hypertension, hypertrophy of the right
ventricle, tortuosity of the abdominal aorta and the coronary
arteries. At the age of 4, she developed Staphylococeus aureus
sepsis, leading to decompensation snd death. The parents
refused autopsy.

Patient 2. This patient is the youngest child in this family
(IV-3). In view of the congenital abnormalities of her sister, she
was evaluated by a pediatrician at the age of @ days, Apart from
mild hypotoniz no abnormalities were noted. Ultrasound
evaluation of the heart and major arteries revealed tortuosity
of the pulmonary arteries and the ascending and descending
aorta. Clinical examination at the age of 18 months revealed
dysmorphic features including periorbital fullness, down-

glanting palpebral fissures, a beaked nose, long fingers, and
fiat feet. Hyperlaxity of the joints, especially of the wrists and
fingrers, was present. The skin was hyperlax in the abdominal
region and hands {Fig. 2B). Her psychomotor development was
normel,

Family 3

This consanguineous family originates fromthe same area in
nerth Morocco as the first two famulies, although the three
families could not be traced back to the saxae ancestors (Fig, 1,
family 3). The healthy parents are first cousins. ATS was
diagmosed in six of the 11 children (IV-2 V-3, TV.4, TV-3, IV.9,
IV-10}. The youngest child has Down syndrome and complete
atrioventricular septal defect with donble outlet right ventricle
and pulmonary atresia. Five children of this sibship (IV.1,
Iv-3,IV-4, IV-5, IV-6) have mental retardation, which probably
represents another uninown digease. Only the six sibs with
ATS are described here.
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Patient I. Thisisthe second child (IV-2) and one of a pair
of fraternal twins. She weighed 2,800 g after an uneventful
pregnancy and delivery. Long fingees and toes were noted at
birth. She was hospitalized at the age of 1 month because
of auspected pyloric stenosis, which was corrected by pylor-
omyotomy. At that time hypotonia, nystagmus and mild
psychomotor delay were noted. Stenosis of the peripheral
pulmonary arteries was suspected. Echocardiography at the
age of 2 years showed an enlarged aortic root, tortuosity of the
ascending aorta, and an elongated, tortuous pulmonary artery.
Physical examination at the age of 15 years showed a high-
arched palate, an elongated face with a long nose, a relatively
short philtrum and chin, long fingers and toes, acrocyanoesis,
and cubitus vaigus. There was mild joint laxity of the elbows.
MRI of the brain showed tortuosity of the large cerebral
arteries without other brain abnormalities. She developed
normally and attended a normal school,

Patient 2. IV-3 is the twin brother of IV-2, He weighed
2,800 g at birth. Dysmorphic features observed in the frst
year of life included hypertelorism, convergent strabismus,
micrognathia, high-arched palate, large ears, long fingers,
hyperlaxity of the joints of the hands, adducted thumbs,
acrocyanosis, and clubfeet. A Nisgsen fundoplication was per-

Fig, 2.
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formed because of abrniormal relaxation of the diaphragm at
16 months. At the age of 2 years, hypotonia with paresis of
the lower extremities and psychomotor retardation became
evident. Echocardiography and angiography showed tortuous
and dilated pulmonary arteries, an enlarged ascending aorta,
and tortuosity of the descending aorta, subclavian, carotic, and
renal arteries. Two bladder diverticulae were noticed, He dev-
eloped flexion contractures of the hips and spasticity of the legs
and became wheelchajr-bound later on. At the age of 15 years,
MRI of the brain showed tortuosity of the large cerebral
arteries, diffuse atrophy of the cerebellar hemispheres and
supratensorial ventriculomegaly with severe white matter
loss (Fig. 3A). Chromosome analysis showed a normal male
karyotype. Acetylcholinesterase receptor antibodies were ab-
sent. He has severe mental retardation and is unable to sif
unsupported or walk,

Patient 3. The fourth child in this family (IV-4}, was
born with a weight of 4,010 g after an uneventful pregnancy of
42 weeks. Asphyxia and cyanosis were noted at birth. Apgar
scores were 3 and 4 at 1 and 5 min, respectively, Congenital
anomalies were present, including cleft palate (soft and hard),
micrognathia, hypertelorism, convergent strabismus, large
ears, and acrocyanosis, Her skin wasredundant, At 13 months,

B1

Photography of some of the ATS patients, A: Patient IV-2 from family 2 shown  large forchead, downsdanting polpebrad fisures, booked nose,

143

micrognothin, and cczemo. at the oge of 8 months, B: Pationt [V-3 from family 2 shows poriorbital fuliness, large forchead, and a beaked nose (B1). The
ahdomina] skin is hyperlax (B2). C: Patiens IV-9 from family 3 at the age of 15 monthy (C1 and €2) and 8 yeors (C3), A large forchead, postoriorly rotated ears
and skin loxity Is evident (C2). Ir: Pationt IV-10 from family 3 ot the age of 5 years, Notice the long faec with miecopnothia.
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Fig. 2.

hypotonia and delayed early milestones were reported, Echo-
cardiography and angiography at the age of 2 years showed
tortuosity and elongation of the pulmoenary arteries, thoracic
and abdominal aorta as well as the abdominal arteries, She
had o large hintal hernia. She was lost to follow up in the
subsequent years, but she was evaluated again at the age of
14 years. MRI of the brain showed microcephaly with slight
enlargement of the cecipital horns of the lateral ventricles, and
white matter loss. Arterial tortuosity was observed, especially
of the vertebral and basilar arteries, and of the middle cere-
bral arteries (Fig. 3B). Other features included long fingers,
adducted thumbs, and cyanosis. Chromosome analysis showed
2 normal female karyotype. At the age of 17 years, she is
severely mentelly retarded, hypotonic, and unable to stand or
walk,

Patient 4. This child (IV-5) was born at 38 weeks with a
weight of 2,700 g as twin A of a pair of fraternal twins. He was
asphyxiated after birth. Apgar scores were 1 and 5 at 1 and
5 min, respectively. Dysmorphic features including hyper-
selorism, low set ears, adducted thumbs, long fingers, and
clubfeet were noted. Severe hypotonia was present, whereas
psychomotor delay beeame evident later. He had a hiatal
hernia with feeding difficulties. A Nissen operation was pere
formed atthe age of 3 months. Thirteen months later he died at
home. At autopsy bilateral bronchopneumonia was found. The
large arteries showed severe tortuosity (Fig. 45,

Patient 5. The pinth child (IV.9), was born after an un-
eventful pregnancy and delivery with abirth weight of 3,000 g.
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C1

(Continued)

Hypotonia and hyperlaxity of skin and joints were present
from birth or: (Fig. 2,C2). Echocardiography and angiography
showed tortuosity and elonpation of the pulmonary artery,
ascending and descending aorta, carotid and vertebral arter-
ies. Arterial aneurysms or stenoges were not found. CT sean of
the brain showed tortuosity of the left vertebral artery. At the
age of 5 yenrs, she showed mild psychomotor delsy with
hypotenis, ptesis of the right eye, torticollis, and musecular
atrophy. Dysmerphic features included frontal bossing, small
nose, large posteriorly rotated ears, bilateral simian creases,
joint hyperlaxity, and pectus carinatum (Fig. 2C).

Patient 6. She is the tenth child (IV-10) in this sibship of
11. She was born after 42 weeks of gestation with a birth weight
of 4,060 g, Dysmorphic features, including microretrognathia,
large ears, medial cleft palate, and clubfeet were noticed after
birth (Fig. 2D}, The joints and skin were hyperlax and pectus
carinatum was present. She was hypotonic. Chromosome anal-
ysis showed a normal female karyotype, and FISH analysis
showed no deletion of 22q11. At age 5 years, she is developing
normally and attending a normai school,

Additional family members. In this stoship of 11 there are six
children with ATS (IV-2, IV-3, IV4, IV.5, IV-9, and IV-10),
4 without ATS (IV-6, IV-7, IV.8, IV-11), and one patient in
which no studies of the arterial system were performed (TV-1).
At least five patients (IV-1, IV-3, IV-4, IV-5, IV-6} have a
separate disease with psychomotor retardation, microcephaly,
and adducted thumbs. The youngest sib (IV-11) has Down
gyndrome due to trisomy 21,
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Cc2

Fig. 2. {(Continucd)

ADDITIONAL STUDIES fibroblasts showed normal amounts of collagen, with normal

ratio of collagen I to collagen ITI, and a normal pattern on

Electromyopram studies in several patients from family electrophoresis. Serum copper values in patient 2 from family

3 were normal, excluding myotonic dystrephy. Cytogenetic 3 were normal, excluding Menkes disease. Homocystinuria

analysis performed in several patients from all three families  was excluded in several patients from family 3 by the finding of
were normal. Blochemical studies of collagen in cultured normal homocysteine values in urine,
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Fig. 3. MR-angiography of patients IV-3 (A) nnd V-4 (B) from {amily 3 showing tortucsity of the corobral artericd,

DISCUSSION multiple major arteries. As ATS iy a very rare disorder, we

reviewed all cases reported in the literature (Table D),

The three families reported here most lkely have ATS in  Approximately 35 patients from 21 families (including our
view of the typical clinical picture mainly characterized by  cases) have been reported so far, The major arteries of all of
extensive tortuesity with aneurysm and stenosis formation of  these patients show a degree of tortuosity and lengthening,

A B

Fig. 4. Angiogrophy of tho pulmonary arteries (A}, and aorta with large arterios (B) of patient IV-5 from family 3 showing tortuosity and lengthening.
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which i3 much more severe than in other connective tissue
disorders such as Menkes dizsease, Ehlers—Danlos syndrome,
Marfan syndrome, and homocystinuria. Also aneurysms and
stenoses mainly confined to the aorta and the pulmonary
arteries are present in many ATS patients. Apart from arterial
involvement, ATS is characterized by abnormalities of the skin
including hyperextensibility and cutis laxa (without hemor-
rhagic diathesis or hypertrophic scar formation}, Laxity of the
Jjoints and contractures are also present in many patients,
Inguinal herniae and abnormal relaxation of the diaphragm
ieading to the development of hiatal herniae necessitating a
Nigsen operation are also featares of this connective tissue
disorder. Additionally, a typical phenotype with an elongated
face, micrognathia, high palate, arachnodactyly, and pectus
anomalies are also frequent. The ventricular hypertrophy and
hypertension reperted in many ATS patients reight be caused
by the arterial involvement.

The clinical picture in our family 3 is complex: six (possibly
seven) of the 11 sibs have ATS, one patient has Down syndrome
related to the advanced maternal age (42 years), and five sibs
have a neurologic disease with severe psychomotor retarda-
tion. The latter is most likely caused by ancther unknown
disease with autosomal recessive inheritance because severe
paychomotor retardation is infrequent in ATS, and there is
no cosegregation of ATS and psychomotor retardation. in our
family: three patients have ATS but no psychomotor retarda-
tion (IV-2, IV-9, IV-10), and one patient has retardation but no
ATS (IV-6). Furthermore, psychomotor retardation is only
present in family 3but not in family 1 and 2, although the three
families most likely share a common mutation in the putative
ATS gene (Fig. 1). Severe psychomotor retardation without
ATS iz also presenst in four sibs from & consanguineous sibship
that has a common ancestor with family 3, Acrocyanosis was
evident in the six ATS patients from family 3, but not in the
other sibs without ATS.

Conseguently, it might be a feature of ATS, although it has
only been recorded onee in the ATS lterature [Pletcher et al.,
1996]. Cleft palate was present in the ATS patient from family
1. and in three patients from family 3 of whom two have ATS.
This might suggest that it belongs to the ATS spectrum.
Howoever, cleft palate was also present in a patient without ATS
in family 3, and it has only once been decumented in the ATS
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literature [Ades et al., 1996]. Consequently, it is uncertain that
cleft palate is a feature of ATS. High-arched palate, to the
contrary, more likely belongs to the ATS gpectrum as 3% was
observed in four of our ATS cases, and in many ATS patients
reported in the literature {Ertugrul, 1967, Lees et al., 1969;
Pletcher et al., 1996; Franceschini ot al., 2000].

The clinical severity of ATS is very variable: although the
disease is fatal before the age of 5 years in 41% of cases, some
patients have very limited syrmptoms. The diagnesis might not
only been missed, but may be misdiagnosed as Ehlers—Danlos
syndrome or cutis laxa.

ATS is an autosomal recessive disorder with consanguinity
in more than haif of the parents of the 35 patlents. In view
of the presence of arteriopathy, joint abnormalities, herniae,
and skin hyperextensibility, ATS can be considered a con-
nective tissue disorder. This is consistent with the finding
of histologic abnormalities of the elastin network [Ertugrul,
1967; Lees et al.,, 1969; Beuren ot al.,, 1969; Wagstafl et al.,
1970 Welch et al,, 1971; Ades et al,, 1996: Pletcher et al., 1996:
Franceschini et al., 2000; Rivera et al., 200¢]. Al major arteries
are of the elastic type and contain a large ameunt of elastic
tissue that i necessary for stretching during systole and recoil
on blood during diastole. Practically the whole tunica media
of these vessels consists of elastic tissue circumferentially
organized in concentric elastic membranes composed of elastic
ficers, In most ATS cases histologic studies of the larger
arteries show fragmentation of the elastic membranes, but
biochemieal studies have not revealed any abnormality [Ades
et al., 1996; Pletcher et al,, 1996; Franceschini et al., 20001

Although it is very likely that ATS ig due to a defect of the
elastin network, the disease gene(s) and defective protein(s)
are stillunknown, Human disease with impaired elastogenesis
can reswlt from many defects along this pathway (Table III).
The identification of the ATS gene by functional genetics has
been precluded by the absence of abiochemical defect, whereas
the positional cloning was hampered by the absence of suitable
families amenable to linkage analysis. However, the inbred
multiplex families described here offered the possibility to
identify the ATS gene by positional penetics, Recently, the
disease gene responsible for ATS in our families and an addi-
tional talian inbred family [Gardella et al., 2004] was mapped
o 20g13 [Coucke et al,, 2003,

TABLE ITI, Dhsorders of the Elastin Network

Gene mutation Protein deficiency Disease
Fibrillin 1 Fibrillin 1 Marfan syndrome
Fibrillin 2 Fibrillin 2 Congenital contractural arachnodactyly
Elastin Elastin Supravalvular aortic stenosis
Williams syndrome
Cutis laxa
Intracranis] aneurysm (7)
Lyayl hydroxylase Lysyl hydroxylase Ehilers—-Danlos type 6
Unknown Lysyl oxidase Ehlers—Danlos type 5
ATPTA Lysyl oxidase Menkes disease
Qeeipital horn disease
X-linked cutis laxa
B-Galactosidase Elastine-binding protein GM1 gangliosidosis
Morquio gyndrome
n-Iduronidase Elastine-binding protein Hurler syndrome
Unknown Elastine-binding protein Costello syndrome
Fibulin 5 Fibulin 5 Cutis laxa type 1
Unknovn Urknown Cutis laxa type 2
Unknown Unknown Wrinkly skin syndrome
Unknown Trknown Gerodermin osteodysplastica
Unknewn Unkaown De Barsy syndrome
Unknown, Unimown. ATS
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Homozygosity mapping of a gene for arterial tortuosity
syndrome to chromosome 20q13
P J Coucke, M W Wessels, P Van Acker, R Gardella, S Barlafi, P J Willems, M Colombi,

A De Paepe

eticlogy.
rtuosity of the’ lrge Greries;
€ neurysm £ mation dre also’

moy posslbly huve a; e L
“Resulls: We mapped the ATS gene 16 chrornosome 20413
“Récombinations within an exterided haplotype of :
csareline markers lodolised: e ATS gene: between

0205836 aind D205109; an interval of 9.5 c.M
B sions: Cloning and comiplet i :
s of the ATS gene may prowde new insights into

rarc conmective tissue disorder characterised by
gencralised tortuosity, clongation, stenesis, and aneur-
ysms of the major arteries.'” Skin and jolnt abnormalitics,
including hyperextensibility or hyperlaxity of the skin, joint
laxity or contractures, and inguinal hernias, reminiscent of
other connective tissue diseases, can also be observed, Other
phenotypic abnormalities include micrognathia, clongated
face, high palate, beaked nose, sliding hernia, and ventricular
hypertrophy. Histopathological studies show abnormalities of
the elastin nerwork in the large arteries.™ 7
The mode of inheritance of ATS is autosomal recessive, but
the disease gene has not yet been identified, Recently, the
elastin gene and some collagen genes involved in connective
tissue disease were excluded as candidate genes in ATS."
Until now, a very limited number of ATS patients have een
described, and few multiplex families have been published.
However, some inbred multiplex families originating from
Morocco® and Italy™ have recently been reported, Such
families make it possible to localise the ATS gene by
positional genetics. This study reports the localisation of the
ATS gene by homozygosity mapping in two, and probably
three, inbred lamilies.

E rterial tortuosity syndrome (ATS; MIM 208 050) is a

PATIENTS AND METHODS

Families

The three familics, which included 11 ATS patients,
originated from Morocco and Italy. All three families are
inbred and the parents of all patients are consanguineous
(fig 1}. The two Moroccan families (family 1 with six affected
individuals (Iv-2, Iv-3, Iv-4, IV-5, IV-9, and IV-10} and
family 2 with one affected individual (V-3)) might have a

J Med Genet 2003;40:747-751

common ancestor as they originate from the same town in
north Morecco. The clinical picture In these patients consists
of tortussity of the aorta, and pulmonary, subclavian, and
renal arteries, as shown by echocardiography, angiography,
and/or €T scan (table 1}. Additional clinical features present
in some of these patients were hyperlax skin and joints, and/
or dilation, ancurysms, and stenesis of the pulmonary
arteries and ascending aorta. All these clinical manifestations
fit the spectrum of ATS, as reviewed by Waessels.” The
phenotype of one individual (IV-1) in the Moroccan family 1
{{lg 1} is unclear because no studies of the major arterics
could be performed. The Itallan family, originating from
south Sicily, has four affected Individuals (Iv-1, Tv-2, Tv-4,
Tv-5), All patienits show tortuosity of the major arteries, and
two patients (Iv-4 and IV-5) also show severe pulmonary
artery stenosis. Yariable cutancous, joint, and facial mani-
festations were observed in  all patients (table 1).
Occasionally, gastric and inpguinal hernias, intestine clonga-
tion, and keratoconus were present.

The parents and brother of the ATS patients were clinically
normal. The clinical features of the different patients of all
three families are described in detail elsewhere,”

Venous blood was taken for genetic studies {rom all 11
affecred individuals, their parents, and healthy siblings.
Informed consent was obtained in each instance from the
subject and/or a legal guardian.

DNA analysis and pocling strategy
Genomic DNA was extracted from peripheral blood leuko-
cytes by a standard technique.

A genome scarch was performed in family 1. To increase
the speed of the total genome screen, the DNA samples of the
six affected individuals of this Moroccan family were pocled.
As it is critical that the pool contains cqual quantities of DNA
from cach individual, DNA guantification was measurcd by
ultraviolet light spectroscopy, followed by quantification on
1% agarose gels with a lambda quantification standard. Each
individual sample was diluted to 50 ng/ul stock solution 1o
avoid viscous solutions. Finally, a control PCR was performed
on cach sample to make sure that they all yielded the same
amount of amplified product. Equimolar amounts of cach
sample were then combined, and the sample pool was
assessed empirically by comparing alleles for several poly-
maorphisms between pooled and individual samples (data not
shown).

Homozygosity mapping

A set of 400 highly polymorphic micresatellite markers {ABI
PRISM™ Linkage Mapping Set Version 2: Applied
Biosystems, Foster City, CA, USA) with an average spacing

Abbreviations: ATS, arterial tortuosity syndrome; EDS, Ehlers-Danlos
syndrome

wwrw. jmedgenat,com
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Figure 1 Pedigrees of the three consanguinecus families, Pedigrees 1, 2, a
family respectively, Affected individucls are dencted by closed symbols, una
for the chromeseme 20 markers are shown below each family member for whom DNA
cplotypes linked fo the gene for ATS.

phenatype by open symbols with a question mark, Heple
'|cbbre. The solid portion of the bars indicates ﬂ'\gﬁ%

‘was gvall
of 10 centimergans (¢M) was analysed on a capiflary
scquencer (ABIZI00; Applied Biosystems). A pooled DINA
sample, containing equimolar amounts of six affected
individuals of family 1, was analysed. The data were
processed  using  Genescan and  Gencmapper  software
{Applied Biosystemns). After the finding of suggestive lod

www.imedgenet.com

nd 3 reprasent the Moroccan family T,

focted fam

Moroccan family 2, and the lialien
ity members by open symbols, and ind':vio{:qfs with unknown

scores in family 1, the DNA of all individuals of the three
families was further analysed with microsatellite markers
from the Généthon genetic map. Markers were investigated
on an ABI3100 capillary sequencer, and alleles were
numbered according to length, with the shortest allele being
assigned number 1. Haplotypes were constructed, assuming
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the minimal number of recombinations, by tracing segrega-
tion of alleles in the families using the published marker
order (fig 1).

MLINK was used to calculate two-point lod scores berween
the ATS locus and the markers. The analysis was performed
under the assumption of autosomal recessive inhcritance of
the phenotype with complete penetrance, Individual IV:1 of
pedigree 1 was considered to have an unknown phenotype in
the linkage analysis. The influence on the lod score is
therefore 0, but the inclusion of this sample was helpful in
the reconstruction of the haplotypes. Equal allele frequencics
were used in the linkage calculations. Although the use of
incorrect allele frequencies may fead to false positive evidence
of linkage under certain conditions, the power to detect true
linkage remained unaffected, The frequency of the ATS was
set at 0.00001, LINKMAP was used to perform multipoint
linkage amalysis using the marker order: centromere
-D208836-1.9 ¢M-D205891-7.6 cM-D20S109-telomere,

Mutation screening of the beta GleNAc beta 1, 4-
galactosyltransferase 5 Gene [B4GALTS)

PCR products for cach of the nine cxons of the BAGALTS gene
were obtained for an affected individual of cach of the three
families (familyl, Iv-9; family2, V-3; family3, IV-4).
Mutation screening was performed by direct sequencing of
the PCR products using dye terminazor chemistry (Applicd
Biosystems).

RESULTS

Genomewide scan

To map the ATS gene, a genomewide scan was performed by
homozygosity mapping using pooled DNA from six affected
individuals of family 1 tfig 1). Homozygosity mapping of
autesomal recessive conditions in inbred families is based
upon the fact that affected subjects will be homozygous for
polymorphic markers in and around the discase locus due to
inbreeding. In our genome scan, 400 polymorphic micro-
satellite markers, equally spread over the genome, were
analysed. In the pool of six patients from family 1 this yielded
10 different markers with a single allele flanked at both sides
by a marker with, at most, two different alleles.
Subsequently, these 10 markers were typed for cach
individual member from family 1. This revealed 2 two-point
lod score of 4.11 at §=0 for marker D205178 located in

chromosome 20913, whereas the other nine markers revealed
tod scores lower than 1.5. Further analysis of the chromo-
some 20913 region was performed in all three ATS familics
using additional markers (fig 2} originating from the

Cen

D2035119

D205836
D205891
20412
20qg13.1
20q13.2 8 D203176, D205866
20q13.3
051 D20s109
L D20s8s9, D20S196
2.4
~— 205893
2.1
— D205840
44
— p20s100
Tel

Figure 2 Linkage map of the markers used in the analysis. The gerefic
distances botween the markers were deduced from the Généthon linkage
map™, and are indicated in ¢M, The candidate ragion for ATS syndrome
is indicated in bold.
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" Table 2 Twor

- Pod.podigen.

Généthon genetic map. This yielded a combined maximum
led score of 7.99 at 8= 0 for D208891 (table 2).

Lod scores calculated for the three families separately
viclded a maximum of 4.11, 0.75, and 3.13 at 8 = 0 for marker
D208891 for the Moroccan family 1, the Moroccan family 2
{the two possibly related families), and the Italian family.
respectively (table 2). This suggests that the ATS gene in both
the large Moroccan family 1 and the Italian family maps to
this region on chromosome 20q13. The positive lod scores in
the Moroccan family 2 with a single ATS patient is also
compatible with linkage to the same region.

Normal hapletypes, as identified in carrier parents, were
different from those segregating with the disease. The
unaffected subjects were heterozygous or homozygous for
the normal haplotypes, The individual with the unknown
phenotype (individual Iv-1 in Moroccan family 1) was
homozygous for the discase haplotype, and might be affected.
Multipoint linkage calculations berween the ATS locus and
markers D205836, D208§91, and 0205109 revealed a max-
imum lod score of 7.99 at marker D203891 (fig 3).

Haplotypes were constructed, revealing key recombinanis
between marker D20S836 and the ATS gence at the proximal
side {(Moroccan family 1 and Iralian family), and between
marker D20S109 and the ATS genc at the telomere side

lod score

_
)

-20

-10

=

20

2L

D205836 <
D205891
D205109

Genatic distance {cM)

Figure 3 Multipoint linkage anclysis between ATS and three
chromosome 20¢ markers. Curves indicate the likelihood that the ATS
locus 7s of the map lecation with respect to the adjacent markers shown
below the horizenta! axis, The relative genetic position of D20S836 was
arbitrariy placed af zero.

www. jmedgenet.com
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{Italian family} of the chromosome (fig 1}. These recombina-
tional events localise the gene for ATS between D205836 and
D205109 in a genetic interval of 9.5 ¢M on the Géndéthon map
(fig 2). On the draft sequence of the human genome in the
National Center for Biotechnology Information (NCEI}
database, this linkage interval correspends to a physical
candidate region of approximately 4.1 Mb.

Candidate gene study in region of interest

A computer scarch in the human genome resources of NCBI,
ENSEMBL, and UCSC revealed over 30 positional candidate
genes within the linkage interval between markers D208836
and D205109 on chromosome 20q. Onc of these, B4GALTS
(EC 2,4.1.22), encodes for beta 4 galactosyl transferase, one
of the galactosyl transferases involved in the biosynthesis of
glvcosaminoglycans.’’ This group of enxymes catalyses the
transfer of galactose to galactose beta-1. 4-N-acetylglucosa-
mine, during the formation of different glycoconjugates and
saccharide structures. Mutations in another member of the
galactosyl transferase gene family, B4GALT7 (EC 2.4.1.133),
have been identified in patients with a progeroid variant of
Ehlers-Danles syndrome (EDS).'*" As progeroid EDS disease
shares some of the features of ATS, the B4GALTS gene was
considered a good candidate gene for ATS. Direct sequencing
of the nine exons of B4GALTS from an affected individual of
cach of the three ATS families showed no¢ sequence
alterations in the coding region. A substitution in intron 3
{IV§3-16 C—T) was identified in the two Moroccan families,
and segregated completely with ATS in both. However, this
mutation is an wncommon polymorphism in the Moroccan
population: (frequency of the T allele is 0,07). Other positional
candidate genes are PRKCBP1, NCOA3, PREX, ARFGEFZ,
CSEIL. STAU, ARPC3B, DDX27, KCNBI, and PIGIS, among
others. However, none of these genes is an obvious functional
candidate for ATS.

DISCUSSICN

In this study we describe the mapping of the gene for arterial
tortuosity svndrome (ATS) to a small region on ¢hromosome
20q13. Initially, 2 genomewide scan was performed on a DNA
sample pooled from six affected individuals from a large
consanguineous Moroccan family. A single region on the Jong
arm of chromosome 20 was shared by all patients. The
homozygosity mapping was confirmed by linkage analysis in
three consanguineous ATS kindreds with a total of 11
patients. Mulupeint linkage analysis yiclded maximum lod
scores of 7,99 at marker D208891 on chromosome 20q12.
Analysis of key recombinational events indicated a linkage
region of 9.5 cM on the Généthon genetic map (fig 2), whick
represents 4.1 Mb on to the physical map of chromosome
20q13.

As only three ATS families were nvestigated, we carmot
exclude genctic heterogencity, However, as ATS is a rare
disorder, but two and possibly three famjlies are linked to the
same locus, it could be speculated that there is only a single
ATS locus,

Based on the different databases, the candidate region for
ATS contains over 30 predicted genes. Although the
theoretical search for plausible funcrional candidate genes
for ATS is highly speculative, genes {or homologues of
structural genes) involved in the extracellular matrix are
possible candidates, particularly those involved in the
clastogenesis pathway. All major arteries contain a large
amount of clastic fibres consisting of clastin, which together
with the fibrillins and microfibril associated proteins are
responsible for clastcity.” Mutations in FBNI (Marfan's
syndrome), FBN2 (Beal's syndrome), clastin (Williams’
syndrome)}, fibulin 5 (cutis laxa type I) and ABCCS (PXE}
all give rise to abnonmalities in the elastic network, However,
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these disease genes are not located in the linkage interval of
ATS on chromesome 20q.

B4GALTS, a functional candidate gene for ATS located in
the candidate interval, was excluded by mutation analysis in
the patients. None of the remaining positional candidate
genes has an obvious relationship with the extraccliular
matrix or the elastogenesis pathway. The mouse syntenic
region of human chromosome 20g13 is located on chromo-
some 2q; however, no extra obvious candidate genes for ATS
have been localised to this region.

In conclusion, we have identified a locus for ATS on
chromosome 20q13, which is an important step in the
identification of the ATS gene. Cloning and completing
functional and structural analysis of the ATS gene may
provide new insights into the molecular mechanisms of
clastogenesis.
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Mutations in the facilitative glucose transporter GLUT10
alter angiogenesis and cause arterial tortuosity syndrome

Paul J Coucke!, Andy Willaert!, Marja W Wessels®, Bert Callewaert!, Nicoletta Zoppi?, Julie De Backer!,
Joyce E Fox®, Grazia M S Mancini’, Marios Kambouris®, Rita Gardella®, Fabio Facchetti®, Patrick ] Willems’,
Ramses Forsyth®, Harry C Dietz?, Sergio Barlati®, Marina Colombi®, Bart Locys! & Anne De Pacpe!

Arterial tortuosity syndrome (ATS) is an autosomal recessive
disorder characterized by tortuosity, elongation, stenosis and
ancurysm formation in the major arteries owing to disruption
of elastic fibers in the medial layer of the arterial wall’.
Previously, we used homozygosity mapping to map a candidate
locus in a 4,1-Mb region on chromosome 20q13.7 {ref. 2).
Here, we narrowed the candidate region to 1.2 Mb containing
seven genes. Mutations in one of these genes, SLC2470,
encoding the facilitative glucose transporter GLUT10, were
identified in six ATS families, GLEUT10 deficiency is associated
with upregulation of the TGF§ pathway in the arterial wall, a
finding also observed in Loeys-Dietz syndrome, in which aortic
aneurysms associate with arterial tortuosity®, The identification
of a glucose transporter gene responsible for altered arterial
morphogenesis is notable in light of the previously suggested
link between GLUTT0 and type 2 diabetes**, Our data

could provide new insight on the mechanisms causing

=, Micreangiopathic changes associated with diabetes and

gest that therapeutic compounds intervening with
TC.FB signaling represent & new treatment strategy.

Facilitative glucose wansporters {GLUTS), encoded by o family of
SCL2A penes., are responsible for the uptake of several monosacchar-
ides, including glucose, fructose, mannose, galactose and glucosamine,
S0 far, mutations in two of these genes have been linked to genetie
disorders with intuitive relevance to altered glucose metabolism.
Heterozygous mutations in SLCZAT cause a defect of glucose transport
into the brain, resulting in an epileptic encephalopathy with low
spinal-fluid glucose levels®, Homozygous mutations in SLC2AZ have
been shown to cause Fanconi-Bickel syndrome, chamcterized by
hepatorenal glycogen accumulation, nephropathy and diarrhea’,
whercas heterozygous mutations in this gene result in non-insulin
dependent diabetes mellitus®?,

We report that loss-of-function mutations in a third member of the
SLC2A family, SLC2ATY, cause arterial tortuosity syndrome [(ATS:
OMIM 208050}, an autosomal recessive condition’ characterized by
tortuosity of the large and medium-sized arteries (Fig. 1a). often
resulting In death at young age. Other typleal features Include
aneurysms of farge arteries and stenosis of the pulmonary artery, in
association with facial features (Fig. 1b) and several connective tissue
manifestations. Histopathological findings include fragmentation of
the clastic fibers in the tunics media of the large arteries (Fig, 1¢)'%12,
Previously, homozygosity mapping in 21 members of two consangui-
neous families with ATS originating from Morocco (family 1) and
Inaly (family 4; Fig. 1d) assigned the gene o chromosome 20q13.1
{ref. 2}, Subsequentdy, this localization was confirmed in four smaller
families originating from Morocco (families 2 and 3) and the Middle
East (family 5 and 6). Key recombinants delincared a candidate linkage
interval of 4.1 Mb berween markers D203836 and D208109, We
performed further fine mapping in three families (familics 1-3)
originating from the same region in Morocco, under the assumption
that one recessive ancestral mutation might have caused ATS in these
families. Families 1 and 2, bur not family 3, shared haplotypes between
markers D208888 and uSAT11 (Fig. Ie), a region of 1.2 Mb contain-
ing seven genes (SLCIZA3, TPS3RK, SLCZAI0, EYA2, PRECEPI,
NCOA3, SULF2) and one pseudogene (RPL3SAP). We sequenced
these genes directly and identified homozygous mutations {deletion,
nonsense, missense) in the SLC2AI0 gene in all six families (Fig, 2a,b).
In families 1 and 2, we found a homozygous nonsense mutation
510G—A (W170X) in all clinically affected individuals, All affected
individuals in families 3 and 4 were homozygous for frameshif
mutations 961delG  (VIZ16X391) and 1354delG  (Ga45fN484),
respectively, Both mutations result in a premature stop codon, The
affected individuals from families 5 and 6 shared the same homo-
Zygous missense mutation, 243C—G (S81R). Both families had a
common haplotype between markers uSAT1 and pSAT?, indicating a
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Figure 1 Cfinical anomalies in ATS and pedigrees, {(a} MR angiography showing typical arterlal tortuosity of the cerebral arterles in an indlvidual with

ATS (Iv:4 in farnily 1) in comparisen with 2 healthy aped-matched contral. (b Typical faciai phenotype with microghathia, elongated face, down-glanting
palpebral fissures, blepharophimosis and a beaked nose (indhvidual V4 th famity 1). (¢) Crganlzation of elastic fibers it a contral and In an individual with
ATS, a5 shown by orcein staining. Aorta elastic laminae in the media of an individual with ATS are goarser, less abundant and more disorganized than in
control aorta. Magnlfication: 400x. (d) Pedigroe structure of the six ATS families. Symbels: clrcle, female; square, male; open symbel, unatfected; fiited
symbal, affected; slash fine, deceased; double relatienship line, consanguinity. Asterisks fndicate that DNA, fibroblasts or both are available. (e) ldeopram
of chromesome 20 showing the Initial lInkage [nterval, the final candldate reglon and haglotypes for chromesome 20q13.1 markers In the candldate rogion

in familles 1-3.

founder mutation in these families {data not shown). We assume that
the latter mutation causcs disease on the basis of the following
arguments: (i) Ser81 is evolutionarily stricly conserved in GLUTI0
(Fig. 2b); (i) an uncharged amino acid is changed to a positively
charged amino acid in the third transmembrane domain and (i) the
mutation was absent in 200 control chromosomes. All parents of
affected individuals (in families 1-6) were heterorygous for the
respective mutations,

The presence of homozygous loss-of -function mutations in at least
Tour ATS families identifies SLCIAT0 as the gene responsible for ATS.
The gene contains five exons and engodes GLUTIO, a 541-residue
glucose transporter'*15, Human GLUT10 has been shown to facilitate
p-glucose, D-galactose and  2.deoxv-p-glucose transport when
expressed in Xenopus laevis oocytes’. GLUT10 is an outlier within
the GLUT family because of its longer exofacial loop and differences
in motif characteristics for glucese transporters, sugpesting that
GLUT1¢ may have additional functions, different from other GLUT
family members®,

Tissue expression analysis has uncovered a widespread distribution
of SLC2410 mRNA, mainly in liver, pancreas and adipose tissug™7,
‘We studied mRNA and protein expression of GLUT10 in cultured
skin fibroblasts and vascular smooth muscle <cells (VSMCs) from

individuais affected with ATS and fom controls. Quantitative PCR
(Q-PCR) of samples derived from individuals with ATS homotygous
for premature stop codon mutations demonstrated 2 near-absence of
SLC2A10 mRNA in VSMCs as well as in fibroblasts (Fig. 2¢), as
expected by virtue of clearance of mutant transeripts by the nonsense-
mediated mRNA decay (NMD) pathway, We observed normal
SLC2A10 mENA cxpression in samples derived from an individual
with ATS homozygous for the 243C—G missense mutation. We
observed (peri)nuclear localization of GLUT10 in normal individuals,
but there was no detectable GLUTI0 signal in individuals with ATS,
as shown by immunofluorescence analysis of cultured skin fibro-
blasts and VSMCs (Fig. 2d). An additional argument to suggest
a nuclear localization of GLUT10 is the low dissociation constant
(K = 0.3 mM), which is compatible with the glucose concentration
in the cytoplasm?,

The SLC2AIG gene has previously been considered as a candidate
gene for diabetes because of its function in glucose transport and its
map position, which coincides with 2 type 2 diabetes locus™,
However, a causal role for SLC2AI0 in digbetes has not been demon-
strated!®!%, Theoretically, homozygous mutations in SLC2476 could
lead to ATS, whereas heterozygous mutations could lead to dinbetes,
analogous to the situation where homozygous mutations in SLCZAZ
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Figure 2 SLCZAT0 (GLUTIN) mutation and expressien data, {a} SLE2AT0 mutations identificd in families 1-6. (b) Location of GLUTIQ mutations at a
schematle representation of the GLUT1O pretein. GLUT10 contains 12 hydrophoble transmembrane domalns {ovals) with a hydraphilic endofacial leop

batween transmembrane domalns 6 and 7 and & large exofacial loop containing a potentlal N-linked gf

|t

site between tran: 1@ domains

9 and 10. Evolutianary conservation of the substituted amine scid observed in families 5 and & in GLUTLC Is shown. (e,d} SLC2420 (GLUTL0) expression
in the control and in Individuals with ATS. {¢) MRNA expression of SLEZAI0 as determined by Q-PCR in VSMCs and skin fibroblasts. In VEMCs in
indlviduals with ATS, the level of mMRNA was severely reduced. In skin floroblasts, the individual carrylng @ hemazygous nonsense mutation also showed

2 signiflcant reductien (F < 0,0%) compared with the control, but the individual homezygous for 2 missense mutation did not show any reductlon. Bars
Indicate the 95% canfidence interval of the mean expression level. (d) Immunofiugrescence analysis of GLUTLO in VSMCs and skin Tilroblasts, Expression
af GLUT10 was nearly absent In VSMCs and fibreblasts frem Individuals with ATS, as compared with the contrel, The fiuorescence signal in heterozygous

ndividuals was approximately half that of the controls. Magnificution: 1.000x.

lead to Fanconi-Bickel syndrome’ and heterozygous mutations to
dinbetes?, However, this hypothesis is unlikely, given that we did not
observe an increased frequency of diabetes in the heterozygotes from
the ATS farnilies,

There is substantial phenotypic overlap between ATS and a newly
identified genetic condition called Loeys-Dietz syndrome {(LDS:
OMIM 609192) that associates arterial tortuosity with aneurysm
formation®, Other findings in common between the two conditions
include arachnodactyly, joint laxity or contractions, microretro-
gnathia, bypertclorism, deft palate andfor bifid uvula {Table 1).
LDS is caused by heterozygous loss-of-function mutations in the
genes encoding the type 1 or type 2 TGEP receptors (TGFBRI or
TGFBR2). This leads to a paradexical increase in TGF signaling
in the arterial wali, as evidenced by increased phosphorylation
and nuclear translocation of Smad (pSmad2), a downstream effector
of the TGEB signding pathway, and increased expression of down-
stream targets of TGFP such as connective tissue growth factor
(CTGF} and collagens’. Because of the clinical overlap with LDS,
we investigated whether the TGFR pathway is involved in the
pathogenesis of ATS.

Immunostaining for pSmadZ and CTGF (Fig- 3a} in the arterial
wall of an Individual with ATS demonstrated increased signal intensity
compared with control specimens, similar to the increase observed in
individuals with LDS?. In agreement with the in vive observations, Q-
PCR measurements showed a significantly higher steady-state mRNA
expression level for CTGF (Fig. 3b) in cultured VSMCs of the
individual with ATS compared with controls (P < 0.05), indicative
of upregulation of TGFf signaling.

The mechanisms by which mutations in SLC2A10 lead to TGFp
activation are unclear. Notably, the expression of decorin, a proteogly-
cn inhibitor of TGER signaling™, is regulated by 2 defined glicose
resporse clement in its gene promoter™!. Therefore, we sudied the
expression of decorin in cultured VSMCs of individuals with LDS,
individuals with ATS and controls (Fig- 4). Decorin expression was
severely reduced in cultured VSMCs of individuals with ATS as com-
pared with controls, as shown by immunofluorescence staining
(Fig. 4a}. Q-PCR cxperiments using VSMCs confirmed the reduced
expression of decorin mRNA in individuals with ATS (Fig. 4b). The
specific decrease of decorin expression in individuals with ATS, in
contrast to individuals with LDS, might indicate divergent mechanisms
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Table ¥ Clinical comparison of individuals with ATS and individuals
with LDS

Symptamms ATS Los
Artertal anomalies
Tortucsity o ——r
Ancurysms + e
Stenesls 2. pulmanalis - Q
Aneurysm a. puimenalls + -
Skin ity —++ .
Skeietal anomalles
Contractures — s
Pectus doformity + ++
Joint laxity i -
Arachnodactyly + ++
Facial anamatis
Hypertelorlsm + -
Cieft palate, bifld uvula 4 .
Microrctrognathla e, e

G, not Gescribed; +, Presert; ++, COMMAN, +++, typical

for upregulation of TGFp signaling in these two conditions. Notably,
we did not observe any differences in expression between fibroblasts of
individuals with ATS and those of healthy controls (data not shown).
Given the (peri)nudear localization of GLUTIO, 2 decrease in intra-
cetludar ghicese and failure of glucose-mediated transeriptional upre-
galation of the decorin promoter seerms 10 be unique to ATS. In
contrast, primary alterstions in the TGFR receptors lead to inereased
TGFP signaling in LDS. In order to determine the specificity of
the decorin response, we monitored the cxpression of versican. a

ATS patlant 5.V Gonirol 1 LControl 2 Control 3
3 3 PECNAFNTI | O

pSmad2

CTaF

rrstredta
retenie gl
(=R SIS TS

Eapressin ot CTGE
(e

Contrel 1 Cortral 2

ATS
pationt .11

Figure 3 Immunostalning and Q-PCR anatysis for phosphorylated Smad2
and CTGF in arterlal tissue. {a} Three controts and individual 5.1V:5 with
ATS were examined. Note the increased intensity of nuclear phesphoerylated
Smad2 and extracellutar CTGF, Scale bars, 10 pm. (b) Expresslon levels of
CTGF In YSMCs of affected individual 1V:1 of family 4 and two controls In
steady-state condltlons, as measured by Q-PCR, CTGF shows Teurfold higher
expresslon in the indivigual with ATS. Bars Indlcate the 95% canfidence
interval of the mean expression level.

w

o
s
&

4

Control

BREZS

owam

Condral 1 Contrel &

oS ATG AUV

Conersl 2 Lo ATT & lv:1
Figure 4 Immunofiucrescence ané Q-PCR analysls of decarin and verslean
in VEME. (a) 1n indlvidual 2.1V 1 with ATS, expression o decorin is rearly
absent, as compared with controt VSMCs. Magnification: 1,000x.

{b,e) G-PCR analysis for (b) docosin and (&) verslcan in VSMCs of an
Individual with ATS compared with an indlvidual with LDS and twe cantrols,
The expressfon of decorin mRNA in the Individual with ATS Is significantly
lpwer (P < .05} than in the LDS patient and the controls, whercas

the expresslon of versican s significantly higher (# < 0.05} in the
|ndivldual with ATS and the Indvidual with LDS compared with controls.
Bars indlcate the 95% confldence interval of the mean expression level.

proteoglycan that is known not to be strongly regulated by glucose but
whose oxpression is driven by TGFR™, As predicted from our
pathogenctic model, samples from patients with cither ATS or LDS
showed increased expression of versican (Fig. 4¢). An inhibitory role
of versican on elastic fiber assembly has been proposed®, perhaps
providing a mechanism for failed clastogenesis in both ATS and LDS.

Although TGFR signaling s disturbed in celis and connective tissue
derived from individuals with ATS, other mechanisms lading to
abnormal mutrix deposition cannot be excluded. Impaired uptake or
transport of other monosaccharides could hinder glycosylation events
important for the production of mature glvcoproteins and proteogly-
cans, essential structural components of the arterial wall and con-
nective tissae in general.

W were surprised to identlfy a glucose transporter gene responsible
for a connective tissue disorder. No other connective tssue disorder,
with the ex¢eption of pseudoxanthoma elasticum (cansed by a muta-
tion in ABCCE), is known to be caused by a transporter protein
defeet?, No dlear function of the ABCC6 transporter has been identi-
fied, and the underlying pathogenic mechanism leading to disturbed
clastin homeostasis in PXE is unknown. Insights derived from the study
of ATS may prove relevant to other disorders related to failed intra-
cellular transport of glucose, Indeed, the microangiopathic changes and
fibrosis scen in diabetle retinopathy, nephropathy and periphermd
vascular disense correlate with increased TGP signaling™, Diabetes-
associated arteriolar tortuosity is seen in tissues undergoing postnatal
angiogenesis, including the retinal and coronary microcircufations,
perhaps recapitulating events occurring on a broader scale during
embryogenesis in ATS. These data suggest that antagordsm of TGFR
signaling may contribute to therapeutic advances m 2 wide varlety of
genetically determnined and scquired disorders, including ATS.

METHODS

Patients. Appropriate informed consent, induding specific <onsent te publish
the photos in Figure 1b, was obtained from all patients involved in the study,
Detailed clinical desariptions of five ATS families, except for family 6, have been
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published previously' ¥, DNA was extracted from peripheral blood andfor
cultured skin fibroblasts, $kin fibroblasts were cultured in Dulbecco’s modified
Ezgle's medium (DMEM) supplemented with 15% fetal bovine serum (FBS) in
the presence of antbiofics, Vascular smooth muscle cells (VSMCs) were
obtained from the aortic media from individuad IV:! with ATS in famiy 4
and from an individual with LDS (TGFBRI mutation, R487P) and were
cultured in smooth musce basal medium supplemented 5% FBS, 0.2%
fibroblast growth facter (FGF), 1% insulin, 0.1% cpidermal growth factor
{EGF), and 0.1% gentamicin sulfate/amphotericin, Paraffin-cmbedded aortic
tissue was available only from individual IV:5 in family 5.

Microsatellite and sequence analysis. Microsatellite markers in the ATS
linkage region on chromosome 20q13.1 (ref. 2) were taken from the Marshfield
map or designed based on the simple tandem repeat finder in the University of
California Santa Cruz genome browser (uSAT1-11). We carried out genotyping
on an Applied Blosystems Prism 3100 Genetic Analyzer (Applied Biosysterms).
The data were processed using Genescan software (Applied Blosystems).

We amplified all coding exons from all seven genes In the ATS linkage
region (SLCI3A3, TPSIRK, SLCZA10, EYA2, PRRKCBP!, NCOA3, SULFZ) by
PCR using intronic primers und addiional exonic primers for larger
exons {Supplementary Table 1 onlinc). Sequencing was performed using the
BigDye v3.1 ET terminator cycle sequencing kit (Applied Biosystems).
Scquencing reactions were loaded ento an Applied Blosystems Prism 3100
Genetic Analyzer

Immunostaining, For GLUT10 and decorin analysis in VSMCs and skin
fibroblasts by immunofluorescence microscopy, we grew L x 10° VSMCs or
skin fibroblasts from conerols and from individuals with ATS for 72 h in
complete medivm. To analyze GLUTIC, the cells were washed in PES,
permeabilized in 0,5% Ttiten X-100 and 3% paraformaldehyde for 2 min,
fixed for 20 min in 3% paraformaidehyde, incubated for 30 min at room
temperature {21 “C) with 5% BSA/PBS and incubated overnight at 4 “C with
20 pg mi™' polydomal antibody to GLUTILO0 (Alpha Diagnostic). To analyze
decorin levels, the cells were fixed in 3% paraformaldehyde for 10 min, washed
twice for 5 min in PBS and incubated for 40 min at room temperature {21 °C)
with 20 pg mi™’ monoclenal antibody to decorin (done 115402, R&D
Systems). Next, the VAMCs and fibroblasts were incubated for 1 h at room
temperature (21 “C) with rhodamine-conjugated anti-rabbir IgG {1:50 in 19
BSA/PBS} and anti-mouse IgG (11100 in 1% BSA/PBS) rcespectively;
wished [n PBS; mounted in 1:1 PBS-glycerol solution on glass slides and
photographed with a Zeiss Axiovert 108/H fluorescence microseope, Quant-
tive evaluation of the fluorescence was performied as previously reported?”,
or GLUTL0, quantitatve evaluation was repeated on 20 randomly selected
cells for cach cell strain, Images were digitized to measure the cell and the
nuclear areas and the integrated optical density (IGD) corresponding to the
fluorescence signals.

For immunohistochemical staining for CTGF and pSmadz in arterial tssue,
we selected representative specimens of formalin-fixed, paraffin-embedded
arterial media of three healthy contrel individuals and one individual with
ATS, From these specimens, 5-pm thick paraffin sections were cut, deparafhi-
nized and rehydrated, These tissues were pretreated with @ protease-l enzy-
matic solution (Ventama). For [mmunohistochernical analysis, we used
antibodies dirscted against pSmad2 and CTGF (Alpha Diagnostic, Cell Signal-
ing Technology and Abcam, respectively) and previously described methods®,
Light microscopy was performed on an Olyrnpus BNAS mictescope,

Q-PCR. RNA was isolated using the RNeasy Mini Kit (Qlagen), und cDNA was
synthesized using SuperSeript [ Reverse Transcriptise Kit with rundom
hexamer primers (lovitrogen) in a total velume of 20 pl. Twe microliters of
¢DNA (L:10 diiution) and 250 nM gene-specific primers were used with the
Q-PCR Core Kit for SYBR Green [ {Eurogentec) for Q-PCR on a GeneAmp
5700 Sequence Detector (Applicd Biosystems). The Q-PCR program consisted
of 40 cycles with 15 s at 95 "C and I min at 60 °C, followed by a dixsociation
vun 1o determine melting curves, We carried out all reactions in duplicate and
agrmaiized them to the geometric mean of three reference genes (GAPDH,
HPRTI and YWHAZ). We used Gbroblasts from controls and individuals with
ATS and VSMGCs, obtained from aortic medin from two controls, from

individual [Vi] with ATS (from family 4) and from an individual with [D$%,
We grew cells in 6-cm dishes to 80% conflience, Exprossion levels were
determined in three independent experiments for each cell line, Differential
gene expression was considered significant when the difference was at least 50%
and the 95% confidence interval of the mean expression levels did not overlap
(equivalent to P < 0.05).

Acoesiion codes. GenBank; SLC2410 ¢DNA, NM_030777; SLCZAN coding
region, NT_011362.

Nate; Supplementary information is available on the Nature Genctics website.
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CHAPTERSS

Cardiomyopathies with congenital heart
malformations

5.1 Introduction

The contractile unit of cardiovascular muscle is made up of different sarcomeric proteins {Figure 1).
Hypertrophic cardiomyopathy {(HCM), dilated cardiomyopathy (DCM) and restrictive cardiomyopathy
(RCM) can be caused by mutations in several sarcomeric protein genes, including the genes encoding
alpha cardiac myosin heavy chain (MYH6), beta cardiac myosin heavy chain (MYH?), cardiac myosin-
binding protein C (MYBPC3), cardiac troponin T (TNNT2), cardiac troponin | (TNN/3), essential myosin
light chain (MYL3), requiatory myosin light chain (MYL2), alpha tropomyosin (TPM1), and alpha cardiac
actin (ACTCT). Noncompaction cardiomyopathy (NCCM), also referred to as left ventricular noncompac-
tion (LVNGC), can be caused by mutations in some of the sarcomeric protein genes, including MYHZ,
ACTCT and TNNT2 ', Recently, mutations in sarcomeric protein genes have also been implicated in
congenital heart malformations (CHM), including septal defects, and Ebstein anomaly {For review: see
Ref 7).

5.1.1 Cardiomyopathies with heterotaxy

Famitial heterotaxy is an infrequent condition that has only been reported in a few families 2. Muta-
tions in several genes, including LEFTY2 Y, NODAL 213, ACVR2B ¥, CFC1 5%, FOXHT "%, GDF1 V7, TDGF1 ',
CRELD1 '® and NKX2.5'* have been identified in patients with heterotaxy, but overall only a minority of
heterotaxy patients have demonstrable mutations '**. Monogenetic inheritance of heterotaxy with
cardiomyopathy has not yet been reported in the literature, although some patients with situs inversus
or heterotaxia also have hypertrophic or noncompaction cardiomyopathy 2%,

In this thesis a new family is described with autosomal dominant inheritance of noncompaction of the
ventricular myocardium, CHM including pulmonary valve stenosis, atrial septal defect (ASD) and per-
sistent azygous continuation and heterotaxy consisting of left bronchial isomerism (or bilateral bilobar
lungs), polysplenia and intestinal malrotation. Linkage analysis yielded suggestive lod scores for this
new syndrome with DNA markers on chromosome 6o . In a few recent reports similar patients are
described confirming that this association is a new recognizable syndrome 2%,
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5.1.2 (Cardiomyopathyies with septal defects

Several genes encoding transcription factors are implicated in the development of non-syndromic sep-
tal defects: ASD can be caused by mutations in 7TBX5 %%, NKX2.5 31, TBX20 * and GATA4 3, whereas VSD
can be caused by mutations in TBX5 ¢ and TBX20 % The first link between sarcomeric proteins and CHM
was provided by Ching et al. ¥ who reported mutations in the MYH6 gene in patients with ASD with
or without cardiormyopathy. Recently, several other authors have reported patients with septal defects
due to mutation in sarcomeric protein genes, induding MYBPC33%% (this thesis), MYH7" {this thesis) and
ACTCT 5%,

Familial HCM mainly affects adults, and is usually caused by autosomal dominant mutations in genes
encoding sarcomeric cardiac muscle proteins. Also young children with severe hypertrophic cardio-
myopathy have been reported, and 7 % of them have 2 mutations in one of the sarcomeric protein
genes ¥, which suggests that a gene-dosage effect might be responsible for manifestations of HCM at
a younger age. Few neonatal cases with severe cardiomyopathy due to horozygous or compound het-
erozygous truncating mutations in MYBPC3 have been described previously. Several of these patients
present with additional CHM, including septal defects and patent ductus arteriosus %7,

in this thesis two unrelated neonates are described with a severe form of cardiomyopathy resembling
left ventricular noncompaction associated with septal defects. Molecular studies showed that both pa-
tients were compound heterozygous for two common loss-of-function mutations in the sarcomeric
protein gene MYBPC3 encoding cardiac myosin-binding protein C.This demonstrates that the MYBPC3
gene is involved in left ventricular noncompaction, and also plays a role in septal devetopment.in the
family with NCCM, Ebstein anomaly, ASD and VSD, discussed in paragraph 5.1.3 and Chapter 5.5 a MYH7
mutation was found. This confirms that different sarcomeric protein genes are involved in septation.

5.1.3 Cardiomyopathyies with Ebstein anomaly

Ebstein anomaly of the tricuspid valve is a rare anomaly, occurring in less than 1% of CHM %, It is char-
acterized by adherence of the septal and posterior leaflets of the tricuspid valve to the underlying
myocardium, apical displacement of the tricuspid annulus, and dilatation of the atrialized portion of
the right ventricle, whereas the attached chordae are usually thin and ilf formed #'. Ebstein anomaly is
frequently associated with other forms of CHM: in 70-90 % ASD is present **%, and occasionally pulmo-
nary or aortic valve stenosis or atresia, mitral valve abnormalities, transposition of the great arteries,
or conduction system anomalies, including accessory conduction pathways (eg Wolff-Parkinson-White
syndrorme) occur ¢, NCCM is present in almost 20 % of patients 4,

Aithough most cases of Ebstein anomaly occur sporadically, familial occurrence has been reported in
approximately 20 families. As many of these families consist of only two affected patients the pattern
of inheritance is not always ¢lear, and only a few pedigrees with clear autosomal dominant inheritance
has been described. In some of these families Ebstein anomaly is associated with NCCM %2 Only in
a minority of cases the disease gene has been identified, with a few mutations in the NKX2.5 and TBX5
genes being reported 24,

In this thesis we report a clinical and molecular analysis of a Caribbean family with an autosomal
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dominant form of Ebstein anomaly associated with septal defects and NCCM. Mutation analysis of the
MYH7 gene revealed a novel missense mutation in the ATP-binding domain of the sarcomeric cardiac
B-myosin heavy chain protein. Subsequently, in another of our NCCM famnilies with a MYH7 mutation we
found a hypertrabeculated left ventricle with mild Ebstein anomaly in a 12-year-old girl, and confirmed
she also carried the familial MYH7 mutation 2. This corroborates the observation that sarcomeric protein
genes are not only involved in different cardiomyopathies including NCCM, but also in the develop-

ment of congenital heart malformations.,

Figure 1 | Musde cell with the different proteins
implicated in hypertrophic cardiomyopathies

Components of the thick myosin filament induding
Myosin-binding protein C (MYBP(3), Regulatory and
Essential iight chains (MYL2, MYL3), and Myosin heavy
chain (MYH7), components of the thin actin filament
induding Actin (ACTC), Tropomyosin 1 (TPM1}, Troponin
1 {THNI3), Troponin C{TNNCT}, and Troponin T (TNNT2),
mitochondrial transfer RNAs for glycine/isoleucine/
lysine (MTTG, MITL, and MTTK}, Caveoiin 3 (CAV3),
Noncataiytic AMP-activated protein kinase gamma
2 (PRKAGZ), lysosomal proteins including  Alpha
galactosidase (GLA), Lysosome-associated membrane
protein 2 {LAMP2), and Transthyretin (TR}, From
www,genedx.com www.genedx.com with permission.

ANP-activat
- proteininase - -
]

 bramafer RNA
-Gy

" Wtirochandrial
rransfer RNA
transfor KA bpine Frombrate
holeucine

Exzential
ayasin llght,




168

CHAPTER 5

References

1.

12

13.

14.

15.

16.

1.

18.

18.

20.

Budde BS, Binner P, Waldrmuiler 5, Hohne W, Blankenfeldt W, Hassfeld S, Bromsen J, Dermintzoglou A, Wieczorek M, May E, Kirst
E, Selignow ¢, Rackebrandt X, Muller M, Goody RS, Vosherg HP, Numberg P, Scheffold T. 2007. Noncompaction of the Ventricular
Myocardium Is Associated with a De Novo Mutation in the beta-Myosin Heavy Chain Gene. PLoS ONE 2:e1362.
Hoedemaekers YM, Caliskan K, Majoor-Krakauer B, van de Laar [, Michels M, Witsenburg M, Ten Cate FJ, Simoons ML, Doofjes D.
2007. Cardiac {beta)myasin heavy chain defects in two famifies with nen-compaction cardiomyopathy: linking non-compac-
tion to hypertrophic, restrictive, and dilated cardiomyopathies. Eur Heart J 28:2732-2737.

Kaneda T, Naruse C, Kawashima A, Fujino N, Oshima 7, Namura M, Nunoda S, Mori S, Konna T, Ino H, Yamagishi M, Asano M.
2008. A novel beta-myosin heavy chain gene mutation, p.Met5314Arg, identified in isolated left ventricular non-compaction in
humans, results in left ventricular hypertrophy that progresses to dilation in a mouse model. Ctin S¢ (Lond} 114:431-440.
Ktaassen S, Probst S, Oechslin E, Gerull B, Krings G, Schuler B, Greutmann M, Hurfimann D, Yegitbasi M, Pons L, Gramfich M,
Dranckhahn JD, Heuser A, Berger F, Jenni R, Thierfelder L. 2008, Mutafions in sarcomere protein genes in left ventricular non-
compaction. Circulation 117:2893-2901.

Monserat L, Hermida-Prieto M, Fernandez X, Rodriguez |, Bumont €, Cazon L, Cuesta MG, Gonzalez-Juanatey C, Peteiro J, Al-
varez N, Penas-Lado M, Castro-Beiras A. 2007. Mutation in the alpha-cardiac actin gene associated with apical hypertrophic
cardiomyopathy, left ventricutar non-compaction, and septal defects. Eur Heart ) 28:1953-1961.

Zaragoza MV, Arbustini E, Narula J. 2007. Noncompaction of the feft ventricle: primary cardiemyopathy with an elusive genetic
etiology. Curr Opin Pediatr 19:679-627.

Wessels MW, Willems PJ. 2008. Mutations in sarcomeric protein genes not only lead to cardiomyopathy but alse to congenitat
cardiovascular malformations. Clin Genet 74:16-19.

Alonsa S, Pierpant ME, Radtke W, Martinez J, Chen SC, Grant JW, Dahnert [, Taviaux S, Romey MC, Demaille J, et af. 1995. Het-
erotaxia syndrome and autgsomal dominant inheritance. Am J Med Genet 56:12~15.

Casey B, Cuneo BF, Vitali C, van Hecke H, Barrish J, Hicks J, Ballabic A, Hoo J). 1996. Autosomal dominant transmission of familial
faterality defects. Am J Med Genet 61:325-328.

Vitale E, Brancolini ¥, De Rienzo A, Bird L, Aliada V, Sklansky M, Chae CU, Ferrero GB, Weber J, Devoto M, Casey 8. 2001. Sugges-
tive linkage of situs inversus and other left-right axis anomalies to chromosome 6p. ) Med Genet 38:182-185.

Kosaki K, Bassi MT, Kosaki R, Lewin M, Belmont J, Schauer G, Casey B. 1999. Characterization and mutation analysis of human
LEFTY A and LEFTY B, homologues of murine geres implicated i left-right axis development. Am J Hum Genet 64:712-721.
Gehbia M, Ferrero GB, Pilia G, Bassi MT, Aylsworth A, Penman-Splitt M, Bird LM, Bamforth JS, Burn J, Schlessinger D, Nelson DL,
Casey B. 1997. X-linked situs abnormalities result from mutations in ZIC3. Nat Genet 17:303-308.

Mohapatra B, Casey B, Li H, Ho-Dawson T, Smith L, Fernbach 5B, Molinari 1, Niesh SR, Jefferies JL, Craigen W), Towbin JA,
Belmont JW, Ware SM. 2009. Identification and functional characterization of NODAL rare variants in heterotaxy and isolated
cardiovascular malformations. Hum Mol Genet 13:861-871.

Kosaki &, Gebbia M, Kosaki K, Lewin M, Bowers P, Towbin JA, Casey B. 1999, Left-right axis malformations associated with muta-
tions in ACYR2B, the gene for human activin receptor type IIB. Am ) Med Genet 82:70-76.

Bamford RN, Roesster E, Burdine RO, Saplakoglu U, deta Cruz J, Splitt M, Goodship JA, Towbin J, Bowers P, Ferrero GE, Marino
B, Schier AF, Shen MM, Muenke M, Casey B. 2000. Loss-of-function mutations in the EGF-CFC gene CFCT are associated with
human left-right laterality defects. Nat Genet 26:365-360.

Roassler E, Quspenskaia MV, Karkera JD, Velez Jl, Kantiporg A, Lachawan F, Bowers P, Belmont JW, Towbin JA, Goldmuntz E,
Feldman B, Muenke M. 2008, Reduced NODAL Signaling Strength via Mutation of Several Pathway Members Inctuding FOXHT
Is Linked to Human Heart Defects and Holoprosencephaly. Am J Hum Genet 83:18-29.

Karkera JD, Lee IS, Roessler E, Banerjee-Basu S, Quspenskaia MV, Mez J, Goldmuntz E, Bowers P, Towbin J, Belmont JW, Baxeva-
nis AD, Schier AF, Muenke M. 2007. Loss-of-function mutations in grawth differentiation factor-1 (GDF1) are associated with
congenital heart defects in humans. Am J Hum Genet 81:987-994.

Robinsan SW, Morris (D, Goldmuntz E, Refler MD, Jones MA, Steiner RD, Maslen CL. 2003. Missense mutations in CRELD1 are
associated with cardiac atrioventricular septal defects. Am J Hum Genet 72:1047-1052.

Watanabe Y, Benson DW, Yano S, Akagi T, Yoshino M, Murray JC, 2002, Two novel frameshift mutations in NKX2.5 result in novel
featuses including visceral inversus and sinus venosus type ASD. } Med Genet 39:807-811.

Agibasli M, Hamid R, Jennings HS, 3rd, Tiller GE. 2000. Situs inversus with hypertrophic cardiomyopathy in identical twins. Am
J Med Genet 91:327-330.



21.

26.

2.

28,

29,

30.

31

32.

33

35,

36.

37

38,

39,

41,

Cardiomyopathies with congenital heart malformations

Cochran PT, Wanamaker JL. 1975. diopathic hypertrophic subaortic stenosis in a patient with mirror-image dextrocardia. Chest
67:103-106.

Befeler B. 1975. Idiopathic hypertrophic subaortic stenosis in patients with situs inversus totalis. Chest 67:4-5,

Wells DE, Befeler B. 1975. Situs inversus totalis associated with subaortic and subpulmonic stenosis. Chest 67:101-103.

Dagan R, Dogan OF, Oc M, Duman U, Ozkutlu S, Celiker A, 2005, Noncompaction of ventricular myocardium in a patient with
congenitally corrected transposition of the great arteries treated surgically: case report. Heart Surg Forum 8:E110-113.

Boe NM, Rhee-Morris L, Towmer D, Moon-Grady AJ, 2008, Prenatal diagnosis of omphalocele and left atrial isomerism {paiysple-
nia} induding complex congenital heart disease with ventricular noncompaction cardiomyopathy. J Ultrasound Med 27:1117-
1121,

Friedberg MK, Urseli PC, Silverman NH. 2005. Isomerism of the left atrial appendage assodiated with ventricular noncompac-
tion. Am J Cardiol 96:985-990.

Wessels MW, De Graaf BM, Cohen-Overbeek TE, Spitaels SE, de Groot-de Laat LE, Ten Cate FJ, Frohn-Mulder IF, de Krijger R,
Bartelings MM, Essed N, Wiadimiroff JW, Niermeijer MF, Heutink P, Qostra BA, Doaijes D, Bertoli-Avella AM, Willems P). 2008.
A new syndrome with noncompaction cardioryopathy, bradycardia, pulmonary stenosis, atrial septal defect and heterotaxy
with suggestive linkage to chromosome 6p. Hum Genet 122:595-603,

Hildebrand H, Gunzenhauser D, Weber K, Frese W, Frober R, Wetter D. 2007. [Heterotaxia syndrome without congenital cardiac
defects in diated cardiomyopathy]. Dtsch Med Wochenschr 132:931-937.

Cho YH, Jin §J, Je HC, Yoon YW, Hong BX, Kwon HM, Kim TH, Rim $J. 2007. A case of noncompactien of the ventricular myocar-
dium combined with situs ambiguous with polysolenia. Yonsei Med 1 48:1052-1035.

Basson (T, Huang T, Lin RC, Bachinsky DR, Weremowicz S, Vaglio A, Bruzzone R, Quadrelli R, Lerone M, Romes G, Silengo M,
Pereira A, Krieger J, Mesquita SF, Kamisaga M, Marton CC, Pierpont ME, Muller CW, Seidman JG, Seidman CE. 1999. Different
TEXS interactiens in heart and limb defined by Holt-Oram syndrome mutations. Proc Natl Acad Sci U S A 96:2919-2024,
Schott ), Benson DW, Basson CT, Pease W, Silberbach GM, Moak 7, Maron B, Seidman CE, Seidman JC. 1998, Congenital heart
disease caused by mutations in the transcription factor NKX2-5. Science 281:108-111.

Kirk EP. Sunde M, Costa MW, Rankin SA, Wolstein 0, Castro ML, Butler T¢, Hyun C, Guo G, Otway R, Mackay JP, Waddell LB, Cole
AD, Hayward C, Keogh A, Macdenald P, Griffiths L, Fatkin D, Sholler GF, Zorn AM, Feneley MP, Winlaw DS, Harvey RP. 2007. Muta-
tions in cardiac T-box factor gene TBX20 are associated with diverse cardiac pathologies, induding defects of septation and
valvitogenesis ang cardiomyopathy. Am J Hurn Genet 81:280-291.

GargV, Kathiriya 1S, Barnes R, Schluterman MK, King IN, Butler CA, Rothrock CR, Ezpen RS, Hirayama-Yamada ¥, Joe K, Matsuoka
R, Cohen JC, Srivastava D1. 2003. GATA4 mutations cause human congenital heart defects and reveal an interaction with TBX5,
Nature 424:443-447.

Ching YH, Ghash TK, Cross SJ, Packham EA, Honeyman L, Loughna S, Rebinson TE, Dearlove AM, Ribas G, Banser AJ, Thomas
NR, Scotter Al, Caves LS, Tyrrell GP, Newbury-Ecob RA, Munnich A, Bannet D, Brook JD. 2005. Mutation in myosin heavy chain 6
causes atrial septal defect. Nat Genet 37:423-428,

Xin B, Puffenberger E, Tumbush J, Bockaven IR, Wang H. 2007. Homozygosity for a novel splice site mutation in the cardiac
mynsin-binding protein Cgene causes severe neonatal hypertrophic cardiomyopathy. Am J Med Genet A 143:2662-2667.
Lekanne Deprez RH, Muurling-Vlietman JJ, Hruda J, Baars M), Wiinaendts LC, Stolte-Dijkstra §, Alders M, van Hagen JM. 2006.
Two cases of severe neonatal hypertrophic cardiomyopathy caused by compound heterozygous mutations in the MYBPC3 gene,
J Med Genet 43:829-832.

Zahka K, Kalidas K, Simpson MA, Crass H, Keller B, Galambos C, Gurtz K, Patton MA, Croshy AH. 2008. Homozygous mutation of
MYBPC3 associated with severa infantile hypertrophic cardiomyopathy at high frequency amongst the Amish. Heart.

Matsson H, Eason J, Bookwalter C5, Klar 3, Gustavsson P, Sunnegardh J, Enell H, Jonzon A, Vikkula M, Gutierrez 1, Granados-
Riveran J, Pope M, Bu'lock F, Cox J, Rebinson TE, Song F, Brook DJ, Marston S, Trybus KM, Dahl N, 2008. Alpha-cardiac actin
mutations produce atrial septal defects, Hum Mol Genet 17:256-265.

Morita H, Rehm HL, Menesses A, McDonough B, Reberts AE, Kucherlapati R, Towbin JA, Seidman JG, Seidman CE. 2008, Shared
genetic causes of cardiac hypertrophy in children and adults. N Engl ) Med 358:1899-1908.

{Correa-Villasenor A, Ferencz C, Neill CA, Wilson PD, Boughman JA. 1994, Ebstein’s malformation of the tricuspid valve: genetic
and envivonmental factors, The Baltimore-Washington Infant Study Group. Teratology 50:137-147,

Madiwale CV, Deshpande JR, Kinare SG. 1957, Ebstein’s anomaly--an autopsy study of 28 cases. ] Postgrad Med 43:3-11.

169



170

CHAPTER 5

42.

43.

45,

47.

48,

49.

50

51,
32

53.
54

55,
6.

5T
58.
59.

60.
61.

62,

63.

Barbara DW, Edwards WD, Connolly HM, Dearani JA. 2008, Surgical pathology of 104 tricuspid valves {2000-2005) with classic
right-sided Ebstein’s malformation. Cardiovasc Pathol 17:166-171,

Attenhofer Jost CH, Connolly BM, Edwards WD, Hayes D, Warnes CA, Darielson GK. 2005, Ebstein’s anomaly - review of a multi-
facated congenital cardiac condition. Swiss Med Wiy 135:269-281.

Munaoz-Castelianos L, Espinola-Zavaleta N, Kuri-Nivon M, Keims (. 2007, Ebstein’s Anamaly: anatomo-echocardiographic cor-
relation. Cardiovasc Uttrasound 5:43.

Attenhofer fost CH, Cannolly HM, Dearani JA, Edwards WD, Danielson GX. 2007. Ebstein’s anomaly. (irculation 115:277-285.
Celermajer DS, Cullen S, Deanfield JE, Sullivan ID. 1997. Congenially corrected transpasition and Ebstein's anornaly of the sys-
temic atrioventricular vaive: asseciation with aortic arch obstruction. J Am Coll Cardiol 18:1056-1058,

Attenhofer fost CH, Connolfy HM, O'Leary PW, Warnas CA, Tajik AJ, Seward JB. 2005. Left heart lesions in patients with Ebstein
anomaly. Mayo Clin Proc 80:361-368.

Attenhofer jost CH, Connolly HM, Warnes CA, O'Leary P, Tajik AJ, Peliikka PA, Seward JB. 2004. Noncompacted myocardium in
Ebstein’s anomaly: initizl description in three patients. J Am Soc Echocardiogr 17:677-680.

Donegan (G, Je., Moore MM, Wiley TM, Jr, Hernandez FA, Green JR, Jr., Schiebler GL. 1968, Familial Ebstein’s anomaly of the
tricuspid valve. Am Heart J 75:375-379.

Gueron M, Hirsch M, Stem J, Cehen W, Levy MJ, 1966. Familial Estein’s anamaly with emphasis on the surgical treatment. Am
J Cardiol 18:305-111.

Simcha A, Bonham-Carter RE. 1971, Ebstein's anomaly. Clinical study of 32 patients in chifdhood. Br Heart ) 33:46-49,

Watson H. 1974, Natural history of Ebstein's anomaly of tricuspid valve i childhood and adelescence. An internationat co-
operative study of 505 cases. Br BeartJ 36:417-427.

Lo KS, Loventhal JR. Walton JA, Jr. 1979. Familia} Ebstein’s anomaly. Cardiology 64:246-255,

Mclntosh N, Chitayat D, Bardanis M, Feuran JC. 1992, Ebstein anomaly: report of a familial occurrence and prenatal diagnesis.
Am J Med Genet 42:307-309.

Grant JW. 1996. Congenital malformations of the tricuspid valve in siblings. Pediatr Cardiol 17:327-329.

Uyan C, Yazici M, Uyan AP Akdemir R, Imirzalioglu N, Dokumacdi B. 2002, Ebstein's anomaly in siblings: an original observation,
Int } Cardiovas¢ Imaging 18:435-438.

Margalit-Stashefski R, Lorber A, Margalit E. 1998, [Familial occurrence of Ebstein anomaly]. Harefuah 134:762-764, 832.
Rosenmann &, Arad |, Simcha A, Schaap T. 1976. Familial Ebstein’s anomaly. } Med Genet 13:532-535.

Davide A, Maarek M, Jullier Jt, Corone P. 1985. [Ebstein’s disease associated with Fallot’s tetralogy. Apropos of a familial case,
review of the literature, embryelogic and genetic implications], Arch Mal Coeur Vaiss 78:752-756.

Pierard LA, Henrard L, Demoulin JC. 1985. Persistent atrial standstill in familiat Ebstein’s anomaly. Br Heart J 53:594-597.
Betrian Blasco P, Gallardo Agromayar E. 2007. Ebstein’s anomaly and left ventricular noncompaction association. Int J Cardici
119:264-265.

Sinkovec M, Kozelj M, Podnar 7. 2005, Familial biventricular myocardial noncompaction associated with Ebstein's malformation.
int J Cardiol 102:297-302.

Benson DW, Silberbach GM, Kavanaugh-McHugh A, Cottrill C, Zhang Y, Riggs S, Smalls O, johnsan MC, Watson MS, Seidman JG,
Seidman CE, Plowden J, Kugler JB. 1999. Mutations in the cardiac transcription factor NIX2.5 affect diverse cardiac develop-
mental pathways. J Clir: Invest 104:1567-1573.

Tengsong T, Charprapaph P. 2000, Prenatal senographic diagnosis of Holt-Oram syndrome. J Clin Ultrasound 28:98-100.



5.2

Clin Genet 2008: 74: 16-19
Printed in Singapore. All rights reseroed

HotSpots

Mutations in sarcomeric protein
genes not only lead to
cardiomyopathy but also to
congenital cardiovascular
malformations

Marja W. Wessels® and Patrick .J. Willems®

“Department of Cinical Genetics. Erasmus Medical Center,
Dr. Molewaterpleln 50, 3015 GE, Rotterdam, the Netherlands.
g-mail; mwwessels@erasmusme.nl

BGENDIA (GENetic DIAgnostic network), Antwarp. Belgium

Noncompaction of the ventricular myocardium
is associated with de novo mutation in the beta~
myosin heavy chain gene
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Homozygosity for a novel splice site mutation in
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Alpha-cardiac actin mutations produce atrial
septal defects
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The contractile unit of cardiovascular muscle is
made up of different sarcomeric proteins. Muta-
tions in nine of these genes are known to cause
hypertrophic cardiomyopathy (HCM): this in-
cludes the genes encoding alpha cardiac myosin
heavy chain (M YHG), beta cardiac myosin heavy
chain (M YH7), cardiac myosin-binding protein C
(MYBPC3), cardiac troponin T {TNNTZ), cardiac
troponin I (TNNI3), essential myosin light chain
(MYL3), regulatory myosin light chain (MYL2),
alpha tropomyosin {T'PM]), and alpha cardiac
actin (ACTCI). After the identification in 1991 of
HCM-causing mutations in the cardiac f-myosin
heavy chain gene (MYH7), more than 400
different mutations in these nine genes have been
associated with HCM (1). Overall, mutations in
MYBPC3 and M YH7 are the most frequent (for
review, see 2). Mutations in several of these
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sarcomeric protein genes, including TNNTZ2,
TNNI3, MYBPC3. MYH6, MYH7, ACTCI
and TTN, can also lead to dilated cardiomyop-
athy (DCM). DCM is a very heterogeneous form
of cardiomyopathy that can be caused by
mutations in more than 20 different genes (for
review, see 3). Additionally, non-compaction
cardiomyopathy (NCCM} can be caused by
mutations in some of the sarcomeric protein
genes, including MYH7 and MYBPC3 (4-7).
NCCM is characterized by left ventricular
hypertrophy with deep trabeculations with or
without associated left ventricular dilation. This is
believed to be due to an arrest of myocardial
morphogenesis (for review, see 8).

Recently, congenital cardiovascular malforma-
tions including atrial septal defect (ASD), ven-
tricular septal defect (VSD). Ebstein anomaly,
patent ductus arteriosus (PDA) and aortic
aneurysms have been reported in families with
mutations in sarcomeric protein genes (5, 9-12)
{Table 1}.

Septal defects

Several genes encoding transcription factors are
implicated in the development of non-syndromic
septal defects: ASD can be caused by mutations
in TBX5 (13). NKX2.5 (14). TBX20 (15) and
GATA4 (16}, whereas VSD can be caused by muta-
tions in TBXS (13) and TBX20 (15). Mutations in
some of these transcription factors can also lead
to cardiomyopathies. NXX 2.5 mutations can cause
progressive cardiomyopathy (17), TBX20 muta-
tions are implicated in DCM (15), and expression
of GATA proteins regulates cardiomyocyte hyper-
trophy in several mice models (18, 19). although
human GATA4 mutations are not known to
cause cardiomyopathy (20). These transcription
factors interact with each other and regulate
expression of sarcomeric genes such as ACTCI,
MYH7 and MYHG (19, 21, 22) (Fig. 1). The first
link between sarcomeric proteins and congenital
cardiovascular malformations was provided by
Ching et al. (22). who reporte¢ mutations in
MYHG in patients with ASD with or without
cardiomyopathy. Recently. several other authors
have reported patients with a combination of
cardiomyopathy and congenital cardiovascular
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genes as these are implicated in many different
congenital beart malformations. Additionally, sar-
comeric protein genes are good candidates as
a mutation in M ¥YH7 was recently described in
a family with Ebstein anomaly and NCCM (35).
which is a frequent association (26, 27).

Aortic aneurysm and PDA

Aortic aneurysms can be caused by several genes
of the transforming growth factor B (TGFP) signal-
ing pathway, such as fibrillinl (FBENI), trans-
forming growth factor B receptor 1 (TGFSRI)
and 2 (FGFBRZ) and the glucose transporter
GLUTI0 (SLC2A410) (28). Mutations in these
genes lead to upregulation of the TGFp signaling
pathway. Some patients with arterial tortuosity
syndrome caused by SLC2A410 mutations also
show cardiomyopathies (29). Interestingly, treat-
ment of cardiomyocytes with TGFBI1 leads to
increased expression of sarcomeric proteins, such
as beta cardiac myosin heavy chain (MYH7).
resulting in cardiac hypertrophy (30). Also the
sarcomeric protein genes MYHI! and ACTAZ
are implicated in some forms of familial acrtic
aneurvsms (Table 1). Mutations in the MYHI!
gene lead to thoracic aortic ancurysm and/or
dissection (TAAD) associated with PDA (9).
Recently, mutations in the smooth muscle -
actin gene ACTA2 were also shown to cause
TAAD (12). Both the ACT A2 and MYH!I genes
encode sarcomeric proteins of smooth muscle
cells (SMCs) that are crucial in the structure and
contractile force of the aorta. Not only patients
with a MYHI1] mutation but also a minority of
the patients with a AC742 mutation show PDA.
As closure of the ductus arteriosus at birth
requires SMC to contract, impaired contractile
force of SMCs might lead to PDA. In a small
proportion of patients with a ACTA2 mutation,
bicuspid aortic valves are present (12).

Conclusions

It is well known that mutations in genes encoding
sarcomeric proteins lead to different forms of
ventricular cardiomyopathy, including HCM,
DCM and ventricular non-compaction. Recently,
several of these genes have also been implicated
in the development of various congenital cardio-
vascular malformations such as septal defects,
Ebstein anomaly, aortic aneurysm and PDA.
Several models have been proposed to explain
how dominant mutations in sarcomeric protein
genes disturb sarcomere structure and function
and lead to cardiomyopathies: (i) haploinsuffi-
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clency because of inactivation of one allele, (ii)
dominant-negative effect of a mutant protein that
interferes with normal protein function (protein
suicide) and (iii) gain-of-function of the mutant
protein that has acquired novel functions. It is
unclear which of these three theoretical alter-
natives is correct, but most research supports the
idea that incorporation of mutant protein with
altered mechanical properties into the normal
sarcomere is central in the pathogenesis (9). Also
the effect of these mutations at the biomecharical
level is still a matter of debate: some studies
suggest a decrease in the motor function of the
sarcomers and compensatory hypertrophic res-
ponse., whereas others suggest angmented myosin
motor function resulting in hypertrophy. In any
case, inefficient ATP utilization, increased energy
consumption, and disrupted Ca2+ homeostasis
seem to lead to myocyte disarray, apoptosis and
premature death of myocytes resulting in cardio-
myopathies (31, 32). The aortic pathology caused
by ACTA2 and MYH1I mutations with disarray
of SMCs, and focal SMC hyperplasia (9, 12, 33)
is reminiscent of the myocyte disarray and hyper-
trophy in cardiomyopathies caused by mutations
in sarcomeric protein genes. It remains unclear,
however, how deficiencies in the sarcomeric pro-
tein network could lead to congenital cardiovas-
cular malformations such as septal defects and
valve anomalies.
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Abstract We report a threg-generation family with nine
patients affected by a combinadon of cardiac abnormalities
and left isomerism which. to our knowledge, has not been
described before, The cardiac anomalies include non-com-
paction of the ventricular myocardium, bradycardia. pul-
monary valve stenosis, and secundum atrial septzl defect.
The laterality sequence anomalies include left bronchial
isomerism, azygous continuation of the inferior vena cava,
polysplenia and intestinal malrozation, all compatible witk
left isomerism. This new syndrome is inherited in an auto-
somal dominant pattern. A genome-wide linkage analysis
suggested linkage to chromoseme 6p24.3-21.2 with a maxi-
mum LOD score of 2.7 at marker D65276. The linkage
interval is located between markers D6S470 (telomeric
side) and DG6S/610 (centromeric side), and overlaps with
the linkage interval in another family with heterotaxy
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reported previously. Taken together, the genomic region
could be reduced to 9.4 ¢cM (12 Mb) containing several
functional candidate genes for this complex heterotaxy
phenotype.

Introduction

Non-compaction of the venticular myocard is a congenital
cardiomyopathy. presenting with arrhythmias, heart failure
or cardicrembolic events. It usually involves the apical.
mid-lateral and mid-inferior ventricuiar segments of the left
ventricle. Non-compaction cardiomyopathy is a heteroge-
neous disorder that ¢an be isolated, or associated with other
anomalies. Isolated left ventricular non-compaction
(LVNC) can be X-linked (Bleyl et al. 1997a, b) or auto-
somal dominant (Kurosaki et al. 1999; Sasse-Klaassen et al.
2003). LVNC is frequently associated with neuromuscular
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disorders and mitochondrial disorders (Stollberger and Fin-
sterer 2006). Mutations in the G4.5 gene (Tafazzin) have
been identified in patients with X-linked isolated LVNC
{Chen et al. 2002; D" Adame ctal. 1997; Xing et al. 2006).
This gene has alse been implicated in X-linked infantile
cardiomyopathy, and X-linked endocardial fibroelastosis or
Barth syndrome. LYNC may aiso be part of the phenotypic
spectrum of the laminopathies due to a mutation in lamin
A/C (Hermida-Pricto etal. 2004). Mutations in LDB3
(Cypher/ZASP) were described in 2 subset of patients with
LVNC (Vatta et al. 2003).

Non-compaction of the ventricular myocardium has alse
been described in association with congenital heart malfor-
mations, including obstractive right- and lefi-ventricular
anemalies. ventricular septal defect {VSD) and atrial septal
defect (ASD) (Cavusoglu ctal. 2003: Dagdeviren et al.
2002; Ichida et al, 2001: Sengupta et al, 2001). In a Japa-
nese family with this type of non-corpaction cardiomyopathy
a mutation in the w-dystrobrevin gene (DTNA) has been
identified (Ichida et al. 20013,

Autosomal dominant heterotaxy is a very infrequent
condition that has only been reported in a few families with
variable expression and non-penctrance (Alonso ctal
1995; Casey et al. 1996; Vitale et al. 2001). Mutations in
several genes. including LEFTYA (Kosald etal. 1999a),
NODAL (Gebbia etal. 1997), ACVRZB (Kosaki etal.
1999b), CFCI (Bamford et al. 2000), CRELD] (Robinson
et al, 2003) and NKX2.5 (Watanabe et al. 2002) have been
identified in a few patients with heterotaxy.

In this report we describe a three-generation famity with
non-compaction of the ventricular myocardium, congenital
heart malformations. and heterotaxy consisting of left
isomerism with left bronchial isomertsm, azygous continuation
of the inferior vena cava, polysplenia and intestinal
malrotation. Linkage analysis yielded suggestive lod scores
for this rew syndrome with markers on chromosome 6p,

Methods

Genomic DNA was isolated from peripheral blood follow-
ing standard procedures (Miller et al. 1988). DNA (20 ng)
was amplified in 7.5 u. PCR reactions, using 1x Gene-
Amp PCR Gold buffer, 1.5 mM MgCl, 10 pmol of sach
primer (forward primer labeled with FAM, TET or HEX),
250 uM dNTPs and 0.4 U of AmpliTag Golé DINA poly-
merase {Applied Biosystems). PCR preducts were loaded
or an ABI3100 automated sequencer, data were analyzed
using the GeneMapper v 2.0 software (Applied Biosys-
tems).

A systernatic genome scan with short tandem repeat
polymorphisms (STRs) from the Cooperative Human Link-
age Center (CHLC) Human Screening Set/Weber version 6

@ Springer

was performed. Additional markers for fine mapping were
obtained from the Généthon marker set (see “Electronic-
darabase™ section),

There were only limited amounts of DNA from individu-
als in generation IV (Fig. 1) due to their young age, and
from the deceased patient III-4 onty DNA from paraffin-
embedded tumor dssue was available, Therefore. for the
initial genome scan we used DNA samples from patients H-
1, I-3. -5, IIE-1 and JF1-2. and from: 2n vnaffected individ-
uai -2, Chromosomal regions with positive LOD scores
were further investipated by including DNA samples from
additional affected family members IV-2, IV-3. IV-4, and
Hi4.

Two-point linkage analysis was performed using the
MLINK and LINKMAP programs of the LINKAGE pack-
age (version 5.1). Maximum LOD and location scores were
calcolated for cach marker assuming the disease in this
family to be an zutosomal dominant disorder with pene-
trances varying from 50 to 99%, and with a gene frequency
of 1:10,000. No phenocopies were allowed and equal alicle
frequencies of the genotyped markers were used in the cal-
culations. Haplotypes were constructed based on the mini-
mal number of recombinations.

Web resources: for genetic maps: hitpi//www.nebi.nih.
zov; for marker information: http://pdbwww.gdb.org/.

Results

Patient reports

The family is presented in Fig. I and Table 1.
Patients IV-2, IV-3, [V-4 {triplets)

The parents of a triplet pregnancy (Fig. 1) were referred to
our Center for Prenatal Diagnosis after detection in another
hospital of fetal bradycardia. The Caucasian couple was
non-consanguineous and had a healthy 4-year-old son (FV-
1). Clomiphene citrate treatment for ovulatory dysfunction
had resulted in this wiptet pregnancy. Ultrasound examina-
tion at 20 weeks gestation showed tri-amniotic triplets with
persistent bradycardia between 90 and 100 beats per minute
in all three, Growth parameters were normal for gestational
age in all three fetuses.

The female fetus FV-2 was diagnosed with biventricular
hypertrophy. an enlarged main pulmonary artery and severe
pulmonary valve stenosis. Doppler flow examiration
revezled a severcly reduced flow across the pulmonary
valve, and tricuspid valve regurgitation of more than 2.5 m
per second, Azygous contintation of the inferior vena eava
was observed (Fig. 2). The second fetus (IV-3) alse had
bradycardia and moederate hypertrophy of both veatricles
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Fig. 1 Pedigree of the nine
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(Fig. 3}. The third fetus (IV-4) showed bradycardia but no
other abnormalities. Amniocentesis was offered 1o the par-
ents but declined. In the following weeks fetal heart rates
were monitored and persistent bradycardia (90—100 beats
per minute) was observed in the three fetuses. At 235 weeks
gestation the pulmonary valve stenosis in fetus IV-2 had
developed into functional pulmonary valve atresia with
severe myocardial thickening of the right ventricle. At that
time fetus IV-3 showed small bowel dilation suggestive of
intestinal obstruction. The stomach was located in 2 normal
positon. The wiplets were born vaginally at 34 weeks after

an induced delivery because of progressive CTG (cardioto-
cographic) abmormalites in fetus IV-3. Patient V-2, a
female, had Apgar scores of 8 and 9 after 1 and 5 min,
respectively, and her birth weight was 1.870 g, Cardiac
anomalies included sinus bradycardia, a small hypertrophic
right ventricle, pulmonary valve atresia with intact
ventricular septum, secundum ASD and azygous continyation,
Prostaglandin infusion was given to maintain patency of the
ductus arteriosus. Echography of the abdomen showed
intestinal malrotation, Cardiac function and systemic ¢ircu-
lation became progressively insufficient and she died of
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‘Table 1 Clinical features of the
family members

Symptoms Patients
V-2 V-3 Iv-4 -2 I0-f M4 -5 1.1 11-3

Noncompaction/cardiomyopathy + + + “* + - + o+ 7
Conrducrion ahnormalities

Bradycardia/sick sinus syndrome + + + + + + o+
Bundle branch block + 4+
Congenital heart maiformation

ASD secundum -+ + -+
Pulmonury valve stenosis + +

Situs abnormalitics

Bronchial left isomerism +

Azypous continugtion of the vena cava inferior -+ +
Abdominzl situs ambiguous + + +
Polysplenia + + + +

Fir- 2 Prenatal ultrasound demonstrated azygous continuation of the
inferior vena cuva in fetus TV-2

cardiac failure 2 weeks after birth. Autopsy showed atrial
situs solitus. concordant atrio-ventricular and ventriculo-
arterial connections with pulmonary valve atresia, intact
atrial and ventricular septa, a small dysplastic wicuspid
valve, a small right ventricle with a hypertrophic wall and
endocardial fibroelastesis. abnormal trabeculations in the
left veatricle and anteroseptal hypertrophy. Additionally,
bilateral bi-lobed hungs (bronchial left isomerism). a cen-
trally placed liver, intestinal malrotation and polysplenia
were found, Microscopy of the cardiac conduction system
revealed a normally placed sinus node with minimal fibro-
$1s, The atrial transitional zone showed edema and fibrosis.
The penetrating bundle was absent, as was the connection
between the branching bundle and the right bundle branch.

The second triplet, a boy (IV-3) was bomn with a weight
of 1.305 g (<P3). and Apgar scores of 7 and 8 after | and
5 min, respectively. External examination showed glandu-
lar hypospadias. He also showed sinus bradycardia at 60—
70 beats per minute after birth. Echocardiography revealed

@ Springer

Fig, 3 Prenaw! ultrasound demonstrated biventricular hypertrophy in
fetus IV-3

mild hypertrophy of both ventricles and mild vaive pulmo-
nary stenosis. Re-cvaluation of the cchocardiography
showed increased trabeculisation of the left ventricle,
Echography of the abdomen revealed polysplenia. whereas
a dilated small bowel associated with jejunal atresia with
intestinal melrotation and volvulus were found at explor-
atory laparotomy, Primary anastomosis was performed
after partial bowel rescetion and repair of the intestinal mal-
rotation and mddgut velvulus,

His brother®s (IV-4) birth weight was 1,920 g. Sinus bra-
dycardia persisted after birth, and echocardiography
showed increased trabeculisation of the left ventricle. He
was diagnosed with mild intestinal malrotation (caecum in
the right upper abdomen). No pelysplenia was found.

Patient [If-2

The father (TII-2) of the triplets {Fig. 1) was known to have
had bradycardia frem the age of 11 years. Investigation at
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the age of 22 following an episode of palpitations identified
sinus bradycardia, paroxysmal atrial fibrllation and left
ventricular hypertrophy. He had been lost to cardiologic
follow-up for a few years, until the birth of the triplets. Car-
diologic re-evaluation revealed sinus bradycardia, junce
tional escape beats with episodes of atrial fibrillation,
dilation of both atria, a small secundum ASD, and non-
compaction of the left and right ventricular myocard
(Fig. 4). Echography of the abdomen showed a normal
position of the stomach, liver, galibladder and spleen, A
chest X-ray showed absence of the fissura minor and bilat-
eral long hyparterial bronchi, consistent with left bronchial
isomerism (Fig. 5). This was confirmed on a CT of the tho-
rax which also demonstrated a jarge azygous vein with an
incomplete inferor vena cava. Clinical examination
revealed ne dysmeorphic abnormalities. Chromosome anaty-
sis revealed a normal male karyotype, and a 22q11.2 dele-
tion was excluded by FISH.

Parient HI-]

The sister of patient III-2 (III-1) was diagnosed at the age of
3 years with pulmonary valve stenosis, a large secundum
ASD and interrupted inferior vena cava with azygous con-
dnuation. Valvulotomy and later pulmonary valve replace-
ment were performed. At the age of 15, sick sinus
syndrome rtequired pacemsaker implantation. At 32 years
the ECG demonsirated a complete left bundle branch block.
Echocardiography revealed an enlarged left awrinm and left
ventricle with left ventricular non-compaction of the myo-
card. The right atriom and ventricle were eniarged. Poly-
splenia and malrotation of the gur was present. Bronchial
situs was normal,

Fip. 4 Apical three-chamber
view of the heart of patient ITI-2
showing prominent trabecula-
tion of the teft venticle on twe-
dimensiona contrast echocardi-
ography (5)
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Distance Marker
(M)
10.08 $470
2043 5422 Qur family
24.24 5276
2779 105 SRa
2.3 1014
36.27 291
20.26 $1610
39.48 s2427 Vitale et al, 2001
5351 $1960

Fig. 5 Linkage intervals in our family and the family described by Vi-
tale et al, (2001) The linkage region in our faraily is located in a 29 Mb
interval berween 63470 and DES1610, The linkage interval in the
family reported by Vitale etal. (2001) is situated between D65105 and
D68 1960, The smallest region of overlap (SRO) between both regions
is o 12 Mb interval between D6S105 and D6S1610

Patiens {4

A brother of the father of the triplets (ITi-4) was diagnosed
at the age of 20 years with a grossly enlarged. hypokinetic
heart with biventricular hyperrophy, sick sinus syndrome
and atrial fbrilladon. He died of a malignant anaplastic
large-cell lymphoma at the age of 29. Autopsy was not per-
formed.

Patient 11-5

The grandfather of the triplets (IE-5) had no medical history
until he was hospitalized because of severe heart failure
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after a pulmonary infection at the age of 59. He was diag-
nosed with cardiomyopathy. ECG showed atrial fibrillation
with ventricular response of 70 beats per minute and 3 com-
plete left bundle branch block,

Echocardiography showed dilatation of both atria and a
dilated and hypokinetic left ventricle. Both ventricles
showed apical hypertrophy with hypertrabeculation. A
small secundum ASD was found, At the age of 62 he sud-
denly died. Autopsy confirmed the cardiac abnormalities
and accessory spleens were found. The heart showed exces-
sively prominent trabeculations and deep intertrabecular
recesses of the left ventricle, consistent with non-compac-
tien of the left ventricular myocard. Microscopy of the con-
duction tissue revealed that the penetrating bundle was
present. but there existed discontinuity between the AV
node and the penetrating bundle. The right bundle branch
was interrupted.

Pariens If-1

A sister of the grandfather (II-1) was asymptomatic, how-
ever cardiologic evaluation showed complete left bundle
branch block on ECG. Echocardiography demonstrated a
dilated, hypekinetic left ventricie with non-compaction of
the myocard. Bronchial and abdominal situs were normal.

Patient 11-3

The brother of the grandfather (II-3) was asymptomatic,
Cardiologic evaluation revealed a sinus arrhythmia of 53
beats per minute. Echocardiography was suggestive for
nen-compaction of the right ventricle. but not conclusive.
No abnormalities of bronchial or abdominal situs could be
identified,

Additional family members

Cardiologic examination. ECG, echography of the heart
and abdomen. and a chest X-ray were performed in two
additional asymptomatic sibs (II-2 and Ti-4) of the grandfa-
ther, but no abnormalities could be detected,

Linkage analysis

We performed a semi-automated $ystematic genome scan
in thig family. and obtained positive LOD scores for adja-
cent markers on chromaseme 6 (D65422 and D65276) and
chromosome 12 (D128336, DJASiGI7, D125345,
DJ25326, DI28351 and D/2579). Further analysis of these
regions by saturation with additional markers and the inclu-
sion of additional individuals (Fig. 1) confirmed the
findings for chromosome 6, but not for chromosome 12,
Two-point linkage analysis yielded a maximum LOD score

2 Springer

of 2.70 at #=0 for marker D65276 (Table 2}. Changing
aliele frequencies of the polymorphic markers and setding
the penetrance at 50% did not significantly alter LOD and
location scores, To extract the full informaton from the
genotypic data, haplotypes for 15 adjacent markers on chro-
mosome 6 were constructed by parsimeny, and several
recombinants that defined the limits of the discase suscepti-
bility region were detected. The recombination event in
individual -3 suggests that the linkage region is limited by
marker D6S7/670 on the centromeric side (Fig, 1). This
mdividual is probably affected in view of his bradycardia
and echocardiography suggestive of non-compaction of the
right ventricle. A recombinational event for marker
D6Si574 in patient IT-1 (who is clearly affected) limits the
¢ritical region on the telomeric site. If we assume the dis-
ease to be fully penetrant, unaffected individual -2 shows
a recombination between D65470 and DES399 on the telo-
meric side. In that case the critical region is flanked by
D6S470 (telomeric side) and DGSI6J0 (centromeric side).
and spans approximately 35.5 eM {29 Mb. National Center
for Biotechnology Information. NCBI build 36,2} (Figs. 1. 5).

Discussion

The common finding in all nine affected members from this
three-generation farmily (Fig. 1) Is non-compaction of the
ventrieular myocard (Fig. 4) with conduction abnormalities.
In most affected individuals the cardiomyopathy involves
both ventricles.

Non-compaction cardiomyepathy 15 caused by an arrest
in the normal development of the myocard, resulting in &
thickened left ventricular wall with deep intertrabecular
recesses, Characteristics on echocardiography have been

Table2 Two-point lod scores for markers on chromosome 6p

Recombination fragtion (f)

Marker 000 001 005 0OIC 020 030 040
Telomeric

D6S1574 ~500 -L04 —000 037 055 0456 025
DES309 040 086 097 103 087 0359 028
068470 —-0.86 057 =016 0.02 {11 009 002
0151263 036 035 031 027 017 008 002
D6S259 044 043 038 033 023 015 007
D651567 068 066 059 050 032 017 005
D6S422 1,10 107 0% 081 053 027 007
D6S105 103 1O 093 083 063 043 022
068276 270 265 246 220 164 1.02 040
068291 058 0356 049 040 025 012 0.03
D6S1610 -4.76 -097 -03§8 -0.17 -001 0.04 0.02
Centromeric
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defined as non-compacted trabecular endocard with deep
endomyocardial spaces.

Although non-compaction of the ventricular myocard is
characterized by a hypertrophy of the left ventricle. the right
ventricle might also be affected in some cases. Microscopic
exarnination of the heart at autopsy in two deceased patients
from our family (patients IV-2 and II-5) revealed exces-
sively prominent trabeculations with deep intertrabecular
recesses, which is characteristic for non-compaction of the
ventricular myocard, also referred to as spongy myocar-
dium (Ichida et al. 2001; Kurosaki et al, 1999; Rigopoulos
etal. 2002). The disorder was initially misdiagnosed as
hypertrophic cardiomyopathy in our family. Eight of the
nine patients in this family alse bad cardiac arrhythmia, in
most cases sinus bradycardia, whercas both autopsy cases
showed nodoventricular discontinuity and a right bundie
branch block. Non-compaction of the ventricular myocard
is often associated with conduction defects, most commonly
bundle branch block and tachyarrhythmias (Ichida etal
2001: Kurosaki et al, 1999; Ritter et al, 1997), In our family,
non-compaction of the ventricular myocardium was not iso-
lated as structural heart malformations were present in five
of the nine patients. including secundum ASD and/or abnor-
malities of the right sided valve structures such as pulmeo-
nary valve stenosis/atresia and tricuspid valve dysplasia.

LVNC is a heterogeneous disorder, assoclated with neu-
romuscular and mitochondrial disorders and often has a
genetic basis. Mutatons in G435 (Tafazzin) (Chen etal.
2002: D'Adamo etal. 1997; Xing etal. 2006), DTNA
(alpha-dystrobreviny (Echida etal. 2001), LDB3 (Cypher/
ZASP) (Vatta etal. 2003} and Lamin A/C (Hermida-Prieto
ct al, 2004) have been described in a minority of patients.
In the majority of LVNC cases the disease gene is
unknown. An autosomal dominant pattern of inheritance is
present in most cases (Sasse-Klaassen et al. 2003), and one
form of autosomal dominant LVNC has been mapped to
human chromosome 11pl5 (Sasse-Klaassen etal. 2004),
but the disease gene has not yet been identified. Non-com-
paction of the ventricular myocardium can also be caused
by deletion of chromosome 5q encompassing the NKX2E
gene (Pauli et al. 1999), and trabecular muscle overgrowth
is found in some patients with a NKX2E mutation
(Pashmforoush etal, 2004). Mice lacking Nkx2e specifi-
cally in the ventricular chambers show extensive trabeculae
and myocardial non-compaction (Pashmforoush etal.
2004). Targeted iractivation of the murine Fkbpl2 (Shou
et al. 1998), PBP (Crawford et al. 2002), Peg/ gene (King
etal. 2002). Jmj (Lee eral. 2000) TACE (Shi etal. 2003)
and Bmp1 {Chen et al. 2004} genes lead to nen-compaction
of the ventricular myocard.

Apart from non-compaction of the ventricular myocard.
situs abnormalities are typical of our family. At least six of
the nine patients had anomalies compatible with the left

isomerism spectrum, including left bronchial isomerism.
azygous continuation of the inferior vena cava, polysplenia
and intestinal malrotation. The association of non-compac-
tion with bronchial/abdominal situs abnormalities has not
yet been reported in the literature, although some patients
with situs inversus also have hypertrophic cardiomyopathy
(Agirbasli et al. 2000} or subaortic hypertrophic stenosis
(Befeler 1975; Cochran and Wanamaker 1975; Wells and
Befeler 1973). The association of situs abnormalities with
azygous continuation of the inferior vena cava, and sick
sinus syndrome without left atrial isomerism is typical in
this family, and has only been reported in a few Japanese
patients (Fukuzawa et al. 1993: Kakura et al. 1998: Nogu-
chi et al, 1997). However, cardiomyopathy or noncompac-
tion of the ventricular myocard as present in our family,
was not reported in these patients (although one patient
had cardiomegaly) (Noguchi et al. 1997). As a mild pheno-
type with sinus bradycardia and abdominal ambiguous
situs with mild or no other cardiac anomalies, is present in
some family members (e.g.. patents IV-4 and II-3)
(Table 1}, the pherotype of these Japanese patients and
that of the family reported here could be due to allelic
mutations. Recently. a patient with non-compaction of the
left ventricle and dextroversion was reported (Friedman
etal. 2007), and Friedberg et al. (20035) described seven
fetuses with non-compaction of the ventricular myoecard
and heterotaxy, including left atrial appendage. heart block
and various structural heart malformations. Overall, non-
compaction of the veatricular myocard is clinically and
genetically heterogeneous, and a disease-causing mutation
has been identified in only a small fracton of paticnts
(Xing ct al. 2006).

Only a few families with autosomal dominant laterality
defects have been reported (Alonso et al. 1995; Casey et al,
1996; Vitale et al. 2001), and in these families congenital
heart malformations in association with left—right axis
malformations are present. In humans, a few genes have
been associated with heterotaxy, with mutations found in a
minority of patients. These genes include Z/C3 (Gebbia
etal. 1997y LEFTYA (Kosaki ctal. 1999a)., NODAL
{Gebbia etal. 1997) ACVR2B (Kosaki etal. 1999b) and
CFC! (Bamford et al. 2000). Recently single cases with
Nkx2,5 (Watanabe etal, 2002) and CRELD (Robinson
et al. 2003) muotations were reported. Additionally, Vitale
etal. (2001) found suggestive linkage (LOD scores of
2.95) to chromosome 6p21 in a large five-generation fam-
ily with autosornal dominant inheritance of left—right axis
malformations. This chromosomal 6p region was also the
only region with suggestive linkage in our family. The
candidate regions in these two families as defined by
recombination events are overlapping (Fig. 5). The candi-
date interval in the family described by Vitale et al. (2001)
is located between D6SJ/05 (telomeric boundary) and
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DG6SI96G (centromeric boundary). whereas the candidate
region in our family is located between D63470 (telomeric
boundary) and D65J670 (centromeric boundary). As both
families have autosomal dominant heterotaxy, a very infre-
quent disorder, it 18 possible that both conditions are alle-
lie, although cardiomyopathy or non-compaction of the
ventricular myocard. pulmonary stenosis, ASD and sinus
bradycardia were not reported in the clinical deseription of
the farmily of Vitale et al, {2001).

I we assume that the same disease gene causes these
two forms of heterotaxy, this gene must be located between
DGSIO5 (telomeric side) and D6S/670 (centromeric side)
in 3 region of approximately 9.4 ¢M {12 Mb} (Fig. 3). This
interval containg a few interesting functional candidate
genes, including the Kinesin-like 2 gene (KNVSL2). the axo-
nemal dynein heavy chain 6 {DNAAHG), the axonemal
dynein heavy chain 8 gene (DNAHS). and the tubulin beta
gene (FUBB), These genes are good candidate genes as
dyneins. tubulins and kinesing have been associated with
heterotaxy. The region also includes the NOTCH 4 gene.
which plays a critical role in heart development. Notch sig-
naling may be required for endocardial cushion differentia-
tion and/or vascular smooth muscle cell development
(Armstrong and Bischofl 2004, Noseda et al, 2004), Notch
signaling is also required for normal left-right determina-
ton in mice (Przemeck et al. 2003). It is therefore possible
that NOTCH4 is implicated in non-compaction and/or
hetrotaxy.

To our knowledge, the autosomal dominant complex of
anomalies with non-compacticn of the ventricular myocard.
congenital heart malformations and left isomerism has not
been reported before, although different autosomal domi-
nant ¢cembinations of several features of this new syndrome
have been described previously. The three-gencration pedi-
gree with male-to-male transmission supports autosomal
dominant inheritance of an unknown mutant gene affecting
cardiac morphogenesis.
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Compound heterozygosity for truncating mutations in the
MYBP(3 gene causes severe cardiomyopathy with left ventricular
noncompaction and septal defects resulting in neonatal death
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Abstract

Aims Familial hypertrophic cardiomyopathy is usually caused by autosomal dominant mutations in
genes encoding sarcomeric cardiac muscle proteins. The disease mainly affects adults, but young chil-
dren with severe hypertrophic cardiomyopathy have been reported. We describe here two unrelated
necnates with a severe form of hypertrophic cardiomyopathy, and performed molecular studies to
identify the genetic defect.

Methods and Results Two unrelated neonates with lethal cardiormyopathy were studied at the clinical,
pathological and molecular level. Both patients were compound heterozygous for two common less-
of-function mutations in the MYBPC3 gene. One of the patients also presented with a ventricular septal
defect, whereas the other patient had an atrial septal defect.

Conclusions Whereas heterozygous mutations in sarcomeric protein genes usually Jead to hypertroph-
ic cardiornyopathy with clinical symptoms starting in child- or adulthood, homozygosity or compeund
heterozygosity for 2 truncating mutations in the MYBP(3 gene can cause severe neonatal cardiomy-
opathy with features of left ventricular noncompaction. Furthermore, mutations in sarcomeric protein
genes seem also to be implicated in congenital heart malformations.

Introduction

Hypertrophic cardiomyopathy (HCM) is a major cause of sudden cardiac death in people younger than
35 years of age under physical stress, and a major cause of mortality and morbidity in the elderly, with
an estimated prevalence of 1 in 500 individuals according to echocardiographic criteria. In approxi-
mately 60% of cases a mutation in one of the sarcomeric contractile protein genes is found 2
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Familial HCM is usually transmitted as an autosomal dominant condition due to heterozygous gene
rmutations with incomplete penetrance. After the identification in 1990 of HCM-causing mutations in
the cardiac f-myosin heavy chain gene (MYH7) 34, muytations in genes encoding proteins involved in
the sarcomere, cytoskeleton and Z-disk, calcium handling, mitochondrial and lysosomal functions have
been associated with HCM 2%, More than 400 different mutations have been found in the genes that
encode sarcomeric proteins, such as B-cardiac myosin heavy chain (MYH7), cardiac myosin-binding pro-
tein-C (MYBPC3), a-cardiac myosin heavy chain {MYH§), regulatory myosin light chain (MYL2), essential
myosin light chain (MYL3), cardiac troponin T (TNNT2), cardiac troponin [ (TNNI3), tropomyosin {TPMT},
cardiac actin (ACTCT), and titin (TTN) (see: http://cardiogenomics.med.harvard.edu).

Partly due to the genetic heterogeneity, interfamilial clinical variability in HCM is high. Also intrafa-
milial variability is considerable, and it has proven difficult to establish good genotype-phenotype
correfations in HCM. In addition to the primary genetic defect, the effects of modifier genes or ad-
ditional mutations in other sarcomeric genes may contribute to the phenotypic expression of HCM 7,
Childhood-onset cardiac hypertrophy is also genetically determined in the majority of cases, and two
thirds of familial cases of childhood-onset cardiac hypertrophy are caused by a mutation in one of the
sarcomeric protein genes 8,

Here we describe two unrelated chitdren with severe cardiomyopathy, ventricular noncompaction and
septal defects, due to compound heterozygosity for truncating mutations in MYBPC3, resulting in neo-
natal death.

Methods

Clinical diagnosis

Two unrelated families with an index patient with severe neonatal cardiomyopathy were studied after
informed consent at the clinical, pathological and molecular level, Clinical evaluation included clinical
history and physical examination, electrocardiography {(ECG) and 2D and M-mode echocardiography.
Non-compaction of the left ventricle was diagnosed based upon 3 echocardiographic criteria defined
by Jenni et al, *including i) a thick non-compacted (NC) endocardial layer in end systole at the paraster-
nal short-axis views (ratio NC/C »2) with numerous, excessively prominent trabeculations and deep
intratrabecular recesses, ii) that are perfused on color Doppler studies and iii} predominantly apical
localization.

Patholegic studies
Microscopic examination and electronmicropscopy of cardiac autopsy material of patient 1 was per-
formed with standard techniques.

Molecular analysis

Genomic DNA of the patients was isolated from blood samples. All coding regions and intron-exon
boundaries of the MYBP(3Z gene were analyzed by direct sequence analysis. Sequence analysis of M13-
tagged PCR products was carried out on an ABI3730x| capillary sequencer using Big-Dye Terminator
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v 3.1 chemistry (Applied Biosystems). (Details of metheds and primer sequences are available on re-
quest.) Analysis of sequence data was performed using SeqScape analysis software (v2.5, Applied Bio-
systems). In addition to sequence analysis, MLPA analysis of the MYBPC3 gene was carried out (MRC
Holland SALSA MLPA kit P100) to detect possible genomic rearrangements. Exons of the MYBPC3 gene
were numbered 1-34 according to international standards with the Adenine of the translation initiation
start site (ATG) numbered +1 and the ATG in exon 1 {(www.HGVS.org). Subsequently, using the same
techniques, the complete coding regions and intron-exon boundaries of 8 other sarcomeric genes
{MYH7Z, TNNTZ, TNNI3, MYL2, MYL3, TNNC, TPMT and ACTCT) were analyzed to exclude that additional
pathogenic mutations in these genes contributed to the phenotype observed in the patients.

Results

Patient 1

This male patient was born after an uncomplicated pregnancy at 40 weeks gestation with a birth weight
of 3110 grams and Apgar scores of 9/9. He was the second child of healthy Dutch non-consanguineous
parents. At the age of 1 week cyanosis was noticed during crying and the child experienced feeding
difficulties. At the age of 5 weeks he was hospitalized because of feeding problems, perspiration and
facial cyanosis. X-thorax showed a grossly enlarged heart. Echocardiography revealed a moderately
dilated left ventricle with severe systolic dysfunction. The apical wall of the left ventricle was excessively
thickened with prominent hypertrabeculation. The left and right atria showed mild dilatation. A small
secundum atrial septal defect (ASD) was also present. He was treated for heart failure with Furosemide,
Captopril, Carnitine and Digoxin. Viral serclogy showed no abnormalities. Metabolic screening of urine,
including oligosaccharide spot test, was normal. Plasma carnitine and amino acid levels were normal.
After stabilization, the child was released from hospital, but two weeks later he was readmitted to the
hospital presenting with a pallor color and progressive feeding problems. X-thorax and echocardiogra-
phy revealed further enlargement of the heart (heart-thorax ratio + 0.7) with severe hypertrophy with
a fractional shortening of the left ventricle of less than 10%. The child died from cardiac failure at the
age of 12 weeks, Macroscopic examination of the heart revealed severe cardiomegaly and dilatation
with a total weight of 115 gr (normal weight at this age: 30 gr}. Right ventricular thickening was noted,
espedcially of the LV posterior wall. Also the anterior wall of the left ventricle was severely thickened, and
showed abnormal trabeculation and multiple intertrabecular recesses as seen in non-compaction car-
diomyopathy. The secundum ASD was confirmed. No other congenital malformations were found. Mi-
croscopic examination of cardiac tissue (Figure 1A) showed myofibrillar disarray in both the ventricular
septum and the left ventricular wall. No significant amount of interstitial fibrosis was observed. Hyper-
trophic myocytes with a diameter varying between 20 and 30 micrometers {(normal 12 micrometers)
and multiple vacuoles on electron microscopy were suggestive of a glycogenosis (Figure 1B). As the
echocardiography images and ECG were not suggestive of Pompe disease and urine oligosaccharide
analysis was normal, no a-glucosidase enzyme or molecular assay was performed.

Sarcomere mutation analysis was initiated by screening of the complete coding region and intron-exon
boundaries of the MYBPC3 gene. This analysis revealed that the patient was compound heterozygous
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for the ¢.2373dupG mutation and the ¢.2827C>T (p.Arg943X) mutation. Mutation analysis of additional
sarcomeric genes (MYH7Z, TNNT2, TNNIZ, MYL2, MYL3, TNNC, TPMT and ACTCT) did not result in the iden-
tification of additional pathogenic mutations. Large deletions of mitochondral DNA, and several mito-
chondrial missense mutations associated with hypertrophic cardiomyopathy were excluded. Mutation
analysis in both parents identified the ¢.2373dupG mutation in the mother and the p.Arg943X mutation
in the father (Figure 2).

At the time of diagnosis of cardiomyopathy in their newborn child, both parents had no cardiac symp-
toms. Echocardiography revealed no abnormalities in the mother at age 32 years and the father at age
31 years. ECG in the father showed mild repolarisation abnormalities (ST-elevation of 0,5 mm in V1 fol-
fowed by a negative T in V1-V4), Re-evaluation of both parents after 7 years, revealed moderate septal
hypertrophy (HCM) with an interventricular septum of 14 mm in the mother, and interventricular septal
measurements at the upper flimit of the normal range (12 mmy) in the father. Family history indicated
that there were several family members with cardiac symptoms, sudden death, and/or diagnosed with
HCM on both sides of the family (Figure 2).

Fatient 2

This male patient was born at 38 weeks gestation with a birth weight of 3345 gr. He was the second
child of non-consanguineous parents. He experienced feeding problems in the first weeks of life. At the
age of four weeks dyspnoea was noticed and he was referred to the hospital. He was mildly hypotonic.
A grossly enlarged heart was observed on the X-thorax and low oxygen saturation blood levels were
found. He was referred to the pediatric cardiology center for further evaluation. Echocardiography re-
vealed moderately dilated ventricles with severe diastolic and systolic dysfunction. Hypertrabeculation
with flow perfused intertrabecular recesses was present in both ventricles, including the apical walls
{Figure 3). An apical muscular VSD was visualized, although deep recessal flow complicated interpreta-

Figure 1 | A, Migoscopic examinztion of postmortem heart muscle from patient 1. Eypertrophic myacytes with myofibrillar disarray typical of HCM due to
sarcomeric protein mutations, was prasent, albeit without significant amount of interstitial fibrosis.
B. Eiectron micrograph showing a large, iegular vacuole
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Figure 2 | Pedigree of patient 1 who had severe neanatal cardiomyopathy () due to compound heterozygosity for the ¢ 2373dupG and p.Arg943X mutations
in the MYBPC3 gene. 0n both sides of the pedigree, there are multiple affected individuals with adult HCV (3 DN) that are heterozygous for one of the
mutations,

fion of the imaging. A muscle CT scan showed na signs of atrophy, and a muscular biopsy revealed no
congenital myopathy. Biochemical studies, including lactate, pyruvate, creatine kinase, amino acids,
carnitine and sialotransferrines levels, and metabolic screening of urine, including oligosaccharides,
were normal. Viral serology showed no abnormalities. The patient was treated for heart failure with
Furosemide, Captopril and Digoxin. He deteriorated at the age of 12 weeks, and died.

The complete coding region and intron-exon boundaries of the MYBPC3 gene were analyzed. Com-
pound heterozygosity for the c2373dupG and the c2827C>T (p.Arg943X} in the MYBPC3 gene was
found. Molecular analyses of other sarcomeric genes (MYH7, TNNT2, TNNI3, MYL2, MYL3, TNNC, TPM1
and ACTCT) revealed no additional disease-causing mutation. The parents declined pathological stud-
ies of the heart of their deceased child, nor did they decide on further cardiologic evaluation for them-
selves or pedigree analysis.

Discussion

Hera we describe two unrelated newbormns with severe cardiomyopathy resulting in necnatal death due
to compound heterozygosity for null mutations in the MYBPC3 gene. Although initially their cardiomy-
opathies were described as severe atypical HCM, HCM with left ventricular non-compaction (LVNC) was
considered after re-evaluation of serial ultrasounds and pathologic examination. LVNC is a genetically
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heterogeneous disease associated with mutations in TAZ(G4.5) ', DTNA ", LDB3 2, SCN5A, and LMNA 3
in a fimited number of families ™. Recently, LVNC was shown to be due to heterozygous mutations in
genes encoding sarcomeric proteins, including B-cardiacmyosin heavy chain (MYH7) 158 alpha-cardiac
actin (ACTC) '8 and cardiactroponin T (TNNT2) 8. Here we report that mutations in another sarcomeric
protein gene MyBF(C3 also lead to LVNG, as we previously reported . This suggests that LVNC, HCM,
dilated cardiomyopathy (DCM) and restrictive cardiomyopathy (RCM) are allelic diseases that share
similar pathophysiclogicat mechanisms.

In the majority of patients with familial cardiomyopathy due to a mutation in cne of the genes encod-
ing sarcomeric proteins, a single autosomal dominant mutation is found. In contrast our 2 patients
are compound heterozygotes for 2 truncating MYBPC3 mutations, suggesting a cumulative effect of
these mutations. Mutations in the MYBPC3 gene, encoding cardiac myosin binding protein C, are one
of the most common genetic causes of HCM in rmany populations, found in approximately 20-40%
of individuals with HCM 2, Autosomal dominant mutations in the MYBPC3 gene, mostly truncating
mutations and sometimes missense mutations, give rise to HCM with an age of onset after the third
decade, moderate left ventricular hypertrophy and a favorable prognosis 4, As mutations in MYBPC3
{and MYH?Z) are the most common genetic cause of familial HCM & compound heterozygous or ho-
mozygous mutations should be considered in a neonate which presents with severe HCM or LVNC,
even in the absence of symptoms in the parents or a negative family history. This is shown here where
both patients with severe neconatal cardiomyopathy are compound heterozygotes for the 2 most fre-
quent HCM mutations in the Netherlands, the ¢.2373dupG mutation and the p.Arg943X mutation. The
€.2373dupG mutation alone accounts for nearly one-fourth of all HCM cases in the Netherlands, and
has previously been shown to be an important founder mutation in the Dutch 2 population and also
to be present in other 22° populations. The mutation creates a new aberramt splice donor site leading
to skipping of exon 24, resulting in a frame shift after p.GIn791 and a premature stop #. No truncated
protein product from the ¢.2373dupG allele could be detected in the sarcomere using antibodies, sug-
gesting that the truncated protein was unstable, or the aberrant transcript was degraded by cell sur-

Figure 3 | Echecardiographicstudies in patient 2 showing cargiomyopathy
with LY non~compaction, The four chamber shows excessive trabeculation
{amows} 2t the apical left ventricular wall, whereas the right ventricular
wal! also showad numerous deep trabeculae and recesses.
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veillance mechanisms such as nonsense mediated decay . The second mutation found in both our
patients is the p.Arg943X mutation, This mutation was identified as an additional founder mutation in
the Dutch population (D.D. unpublished results). PArg943X is a nonsense mutation in exon 27, leading
to a premature stop codon and protein truncation beyond domain C 7 of MYBPC3. Even in the absence
of nonsense mediated decay of the mutant MYBPC3 mRNAs the p.Arg943X mutation is thought to lead
to reduction in MYBPC3 due to protein instability and/or loss of the C-terminus of MYBPC3 that binds
myosin thick filaments and titin, which is required for normal MYBPC3 incorporation into the A-band of
the sarcomere 2, As a consequence, in our patients no MYBPC3 protein is expected to be incorporated
into the sarcorere, which might explain the early and severe presentation of the cardiomyopathy in
both patients._

In larger series approximately 3-5 % of HCM patients are compound or double heterozygotes for two
disease-causing mutations in the same or different sarcomeric protein genes 22, However, most of
these mutations are missense mutations of which the pathogenic nature is not always easy to establish.
In these patients generally a more severe HCM phenotype is seen, characterized by an age of onset
around the second decade or in childhood {Table 1) 2122392 |n a recent study on sarcomeric protein
gene mutations in childhood-onset HCM 6 out of 84 children (7 %)} had compound mutations & This
suggests that a gene-dosage effect might be responsible for manifestations at a younger age.

Not only clinical features such as the neonatal onset of severe symptoms, but also the pathology of the
heart in patient 1 initially suggested a metabolic origin eg giycogenosis (Figure 1), It is known that mu-
tations in genes regulating glycogen metabolism, including AMP-activated protein kinase , (PRKAG2) in
Wolff-Parkinson-White associated cardiomyopathy, lysosome-associated membrane protein 2 (LAMPZ)
in Danon disease, -galactosidase (GLA) in Fabry's disease, and acid -1,4-glucosidase (GAA) in Pompe’s
disease can cause left ventricular hypertrophy that mimics HCM ®. Conversely, metabolic diseases
might also be misdiagnosed in patients with HCM due to sarcomeric protein mutations, as shown in our
patient. Mutations in genes regulating glycogen metabolism cause myocyte hypertrophy by stimulat-
ing glycogen-filled vacuoles but cause neither myocyte disarray nor interstitial fibrosis, which typically
occur with defects of sarcomere-protein genes.

Few neonatal cases with severe cardiomyopathy due to homozygous or compound heterozygous trun-
cating mutations in MYBPC3 have previously been described 2343738, A homozygous splice site muta-
tion p.AsSp1064GIyfsX38 in MYBPC3 (leading to a frame shift and premature truncation} was recently
described in 3 neonates with severe neonatal HCM that all died at the average age of 3-4 months in
an inbred Old Order Amish pedigree with severe HCM ¥, This homozygous MYBPC3 mutation was also
reported in another cohort of 10 neonates with severe infantile HCM from Old Order Amish descent,
suggesting that this mutation is a founder mutation in the Amish 3, It is remarkable that several of
the affected neonates from the Old Order Amish with homozygous truncating mutations in MYBPC3,
present with septal defects including apical muscular VSD, and ASD and patent ductus arteriosus. Sep-
tal defects were also present in the neonates with severe HCM due to compound heterozygous trun-
cating mutations described by Lekanne et al. ** and the two cases described here. Recently, different
congenital heart malformations (septal defects, patent ductus arteriosus, aortic aneurysm and Ebstein
anomaly) have been reported in families with mutations in sarcomeric protein genes, including MYB-
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PC3, MYH6, MYHZ, MYHT1, and ACTCT 1693745 This suggests that sarcomeric cardiac musclie proteins
are not anly involved in cardiomyopathies but also in congenital heart malformations *.

In conclusion, the absence of functional MYBPC3 from the sarcomere can lead to a phenotype of severe
HCM with features of ventricular noncompaction and septal defects, which appears to be lethal in the
postnatal period.

Acknowledgements

We are grateful to the family members of the two patients and the referring physicians for their con-
tributions. The authors kindly thank Dr Koert P, Dingemans for providing a electronic micrograph and
Tom de Vries Lentsch for graphical support.



Table 7 next page



194 i CHAPTER §

MYBPC3 J p.Arg273His
MYBPC3 [ p.Asp6OSAsh
MYBP(3 / ¢.2373dupG
MYBP(3 / p.Glu1096X
MYBPG3 / p.Aa833Thr
MYBP(3 [ p.Nai256lle
MYBPC3 [ p.Arg943X
MYBPC3 F p.Phe1113lle
MYBPC3 / p.Arga95GIn

MYBP(3 / p.Pro873His
MYBP(3 { p.Arg810His
MYBPC3 / p.Arg502Trp
MYBPC3 / p.Ala954fs
MYBPC3 [ p.Alag27Val
MYBPG3 / p.Pro§73His
MYBPC3 [ p.Giu542GIn
MYBP(3 / p.Gln76X
MYBPC3 / p.Tar10285er
MYBPC3 / p.Arg502Trp
MYBP(3 [ p.ile54Thr

MYBPC3 / pGln76X

MYBP(3 / 1624+16>A
MYBP(3 / p.Arg943X
MYBPC3 / p. Asp1064GlyfsX38
MYBP(3 / p.Arg943X

MYBPG3 / p.Arg943X

MYBP(3 mutation with mutation in other sarcomeric gene

Compound heterozygote or homozygote mutations in MYBP(3

Double truncating mutations in MYBP(3

MYH7 { pArg719GHn
MYH7 { p.GluB9AGly
MYH7 [ p.Arg694(ys
MYH7 [ p.Glud83Lys
TNNT2 [ n.Arg286His
TNAT2 / p.Arg92Trp

TNNI3 [ pSeri66Phe
TPMT/ pile172Thr

TNNI3 / p.Arg141Gin

MYBP(3 /p.Pro873His
MYBPC3 ] p.Arg810His
MYBP(3 /p.GlySArg
MYBPG3 fp.Glu258Lys
MYBFC3 [ p.Ala627Val
MYBP(3 [ pAspT45aly
MYBPC3 [ p.Ala851Val
MYBP(3 [ pHis257Pro
MYBPC3 [ (349042126
MYBP(3 /p.SerB58Asn
MYBP(3 [ p.Asp605del

MYBPC3 [ pla7sX

MYBPC3 [ c2373dupG
MYBP(3 [ p.Glu1096fs
MYBP(3 / p. Aspl064GlyisX38
MYBP(3 . 2373dupG
MYBPC3 { c2373dupG

Childhaod HCAM™*

HM
HCM
HCM
HCM
HCM
HCM
HCM
HM
Childhood HOW™
(hildhood HCM**
Childhood HCM**

Neanatal HCM
Neonatal HCM
Negnatal BCM/YSD

Neonatel HCW/ASD, VSD

Neonatal HCM/ASD
Neonatal HCM/VSD

*The pathogenicity of some of the missense mutations listed here is uncertain

**More severe HCM and highest incidence of myectomie as compared te patients with single MYBPC3 mutations?
***Diagnosis at a younger age (hetween 0.2 and 37.4-yrs) as compared to patients with single MYBPC3 mutations™
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Moderate /severe 35and 15yrs ®
AN Heke g
Al AHH n
Severe 33and 56 yrs B
e EAK 2
A% 2
A K Z
o - P
Before 15yrs 8
Moderate /severe 27yrs ®
Severe 30yrs 3
*1 *2 2
1 #2 2
Severe 47 yrs n
Severe 25yrs #»
Severe 34yrs 4
Mild symptoms yrs a
Before 15 yrs ¢
Before 15 yrs #
Before 15 yrs ¢
Death 9 months n
Death 5 weeks 3days M
Death 6 weeks 2 weeks *
Death 6 weeks-7 months 1-3 weeks w3
Ceath 3 months 5weels This study
Death 3 months 4 weeks This study
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Abstract

Background Ebstein anomaly of the tricuspid valve occurs in less than 1% of all patients with a con-
genital heart malformation. Many cases appear sporadic, but familial cases with autosomal dominant
inheritance have been reported. No disease gene involved in Ebstein anomaly has been identified yet.
Methods and Resulits \We describe a large family with autosomal dominant inheritance of Ebstein
anomaly in association with ventricuiar septal defect and noncompaction cardiomyopathy. A novel
heterozygous missense mutation was identified in the MYH7 gene encoding the sarcomeric cardiac
(3-myosin heavy chain.

Conclusions The association of Ebstein anomaly with ventricular septal defect and noncompaction car-
diomyopathy is an autosomal dominant condition that can be caused by mutations in the MYH7 gene.
This indicates that this sarcomeric protein, which is implicated in familial cardiomyopathy, also plays a
role in the development of the tricuspid valve and atrial and ventricular septum.

Introduction

Ebstein anomaly of the tricuspid valve is a rare congenital heart malformation (CHM) occurring in less
than 1% of CHM ™. It was first described by Wilhelm Ebstein in 1866, and in 1927 Alfred Arnstein sug-
gested the name Ebstein anomaly. This anomaly is characterized by adherence of the septal and pos-
terior leaflets of the tricuspid valve to the underlying myocardium, apical displacement of the tricuspid
annulus, and dilatation of the atrialized portion of the right ventricle, whereas the attached chordae
are usually thin and iil formed 2. Ebstein anomaly is frequently associated with other forms of CHM: in
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70-90 9% an interatrial communication is present, and occasional findings include pulmenary or aortic
valve stenosis or atresia, mitral valve abnormalities, transposition of the great arteries, or conduction
system anomalies, including accessory conduction pathways (eg Wolff-Parkinson-White syndrome) .
Noncompaction cardiomyopathy (NCCM) is present in almost 20 % of patients 57,

Environmental as well as genetic factors may play a role in the etiology of Ebstein anomaly. Maternal
exposure to benzodiazepines and maternal lithium therapy may increase the risk of Ebstein anomaly
1%, Several chromosomal anomalies and inherited animal models with Ebstein anomaly have been re-
ported *77. Although most cases of Ebstein anomaly occur sporadically, familial occurrence has been
reported: several reports of sibs ®2* or multiple family members with Ebstein anomaly in different
generations '*2% suggest that Ebstein anomaly might be caused by autosomal recessive or dominant
mutations. The association of Ebstein anomaly with NCCM of both the left and the right ventricle® has
been reported in several cases 7, and also a few familial cases with autosomal dominantinheritance
of this association have been described 4.

Here we report a clinical and genetic analysis of a family with an autosomal doeminant form of Ebstein
anomaly associated with noncompaction cardiomyopathy. Mutation analysis of the MYH7 gene en-
coding the sarcomeric cardiac B-myosin heavy chain revealed a novel missense mutation in the ATP-
binding domain.

Methods

Clinfeal Evaluation

The proband, his father and paternal uncle were examined at 2 tertiary referral centers {Erasmus Medi-
cal Center Rotterdam and Leiden University Center, The Netherlands). Two other family members were
studied at the Texas heart Center Houston, USA. Additional family members were investigated by vari-
ous cardiologists.

The diagnosis of left ventricular noncompaction was made based upon echocardiographic criteria es-
tablished by Jenni et al.  {with the exception of the presence of a CHM). Informed consent was ob-
tained from all participants.

Medical records of the deceased children and participating family members were reviewed by one of
us (MWW),

Molecular Analysis

Genomic DNA of the proband’s father {patient IV-5) and his brother (IV-4) was isolated from periph-
eral blood samples. All coding regions and intron-exon boundaries of the MYH7 gene were analyzed
by direct sequence analysis. Sequence analysis of M13-tagged PCR products was carried out on an
ABI3730xl capillary sequencer using Big-Dye Terminator v 3.1 chemistry (Applied Biosystems). Details
of methods and primer sequerices are available on request. Analysis of sequence data was performed
using SegScape analysis software (v2.5, Applied Biosystems). Subsequently, using the sare techniques,
the complete coding regions and intron-exon boundaries of MYBPC3, TNNTZ, TNNIZ, TNNCT, TPM1, and
ACTCT, the Z-disk genes TCAP and CSRP3, the Ca-handling genes CALM1, CASQ2, CALR3, PLN, SLN, SR,
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LMNA and NKX2-5 were analyzed to exclude that additional pathogenic mutations in these genes con-
tributed to the phenotype observed in the patients.

Results

Clinical Evaluation .

The family presented here (Figure 1) was first referred to us because of the prenatal diagnosis of mild
Ebstein anomaly in a fetus (patient V-1) at 22 weeks of gestation. No tricuspid regurgitation was present
and the pregnhancy continued uneventfully. A girl was born at term in good condition with a weight
of 4400 grams. The prenatal diagnosis of Ebstein anomaly was confirmed by echocardiography. At the
present age of 2 years the child has mild Ebstein anomaly without tricuspid regurgitation or ventricular
wall thickening. She is developing normally without medication.

The father of patient V-1 (IV- 5) had no medical history or signs of cardiac disease. After the diagnosis of
Ebstein anomaly in his daughter he was referred for cardiac evaluation at the age of 40. Clinical exami-
nation including ECG, echocardiography and MRI revealed NCCM. A paternal uncle (patient [V-7) of the
proband died at the age of one month because of a severe congenital heart malformation. At autopsy
{records from 1972) a grossly enlarged heart was found, with dilated and hypertrophic ventricles, A
ventricular septal defect (VSD) of 8 mm was present just beneath the insertion of the septal leaflet of
the tricuspid valve. The aorta was in a slightly anterior position. Lung ederna was seen with thin-walled
dilated arteries and dilatation lesions, as seen in pulmonary hypertension.

Another paternal uncle of the proband (patient IV-4} was diagnosed with mild Ebstein anomaly at the
age of 10 years. Atthe age of 40 echocardiography showed tricuspid leaflets inserting 21 mm below the
mitral valve. Severe mitral regurgitation and decreased systolic function were present. Both the right
and left atria were enlarged. A small right ventricle with hypertrabeculation, and a left ventricle with
hypertrabeculation and many crypts were present, confirming NCCM of both ventricles. An aneurysm
of the perimembraneous interventricular septum was observed, but no septal defect was visualized
(Figure 2).

The paternal grandparents of the proband were consanguineous (first-degree cousins). The paternal
grandfather of the proband (IlI-6) was asymptomatic, but was never evaluated by a cardiologist, His
sister (patient 11-3) has atrial fibrillation and cardiomyopathy with left ventricular dysfunction and heart
failure. A brother (patient 111-5) was diaghosed with a VSD. He died suddenly at the age of 40. Another
brother of the paternal grandfather was asymptomatic but had three children with a CHM. The first
born, a girl {patient IV-1), was diagnosed at birth with a grossly enlarged heart, pulmonary valve steno-
sis, severe Ebstein anomaly with a hypoplastic right ventricle and a large right atrium. She died at the
age of 3 weeks during cardiac surgery. Autopsy confirmed the cardiac malformations. The second girl
(patient IV-2) was born with a weight of 4050 grams and had no clinical symptoms. She was examined
at the age of three weeks because of the family history of congenital heart malformations. She was
diagnosed with a grossly enlarged heart with a V5D, patent ductus arteriosus, double-chambered right
ventricle and left ventricular hypertrophy. At the age of 5 months and 2 years the child was in goed
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condition, according to the medical files and family history she did not receive further cardiological
follow up. The third child (patient IV-3}, 2 boy, was born with a weight of 3450 grams. Within the first
days a systolic murmur was heard. At the age of 2 months he was admitted to the Texas Heart Insti-
tute for cardiac evaluation, Catheterization revealed a patent foramen ovale, a small VSD with a large
trabeculated left ventricle, and a double-chambered right ventricle with and a smooth-walled atrialized
sinus portion, He was treated for congestive heart failure. At the age of 2 years he was reevaluated and
primary closure of the VSD and atrial septal defect (ASD) was performed. The VSD was a type 2 and of
moderate size {6-7 mm} with pedunculated aneurysm. An unusual anatomy of the tricuspid valve was
noted, with a leaflet overlaying the septal defect, as seen in Ebstein anomaly. The 2 sibs IV-2 and V-3
are alive at the age of 33 and 32 years, respectively, but no further cardiac evaluations have been per-
formed since childhood.

The paternal grandmother {lll-7) died suddenly at the age of 45 years. She had experienced heart pal-
pitations during the last years of her life. No medical records of cardiac evaluations could be obtained
from her or her sibs. Her brother was operated before the age of 50 years because of heart vaive insuffi-
ciency. One sister had a history of cardiac palpitations and a heart murmur. A daughter of another sister
has an enlarged heart, but no detailed information could be obtained. It is unclear whether the CHM
present in IV-4, IV-5 and V-7 was inherited through the father [II-6 or the mother 1iI-7.

1 2 3 4 5 & ¥ B, o il 1 12
il h
AF SD4¢yrs SR A5 yre CHM
oeM vED
k] 2 3 4 5 3 7 ]
v
Thatein V3D Ebsteln Ebatoln NOGM vap Enlarged hoart
ASD PDA vap NCCh Cverriding Aorte
PRA CCRY  ASD HOM/DCW
PA HCM R
Hypapl.RV Trebaculated LV
HEM

Ebstain

Figure 1 | Pedigree of the family with Ebstein anomaly, septal defects and NCCM

Blackened family members are affected with CHM: 4 family members have Ebstein anomaly, 5 have septal effects, 2 have NCOM and several others have
cardiomyopathy. It is unclear whether the NCCM and/or CHM present in V=4, V=5 and IV=7 was inherited through the father lIl-6 or the mother II-7. The
p.Phe230Ser mutation was present in patients V-4 and V-5,

Abbrevigtions: AF, atrial fibrillation; ASD, atrial septal defect; DCM, dilated cardiomyopathy; BCRY, double-chambered right ventricle; HCM, hypertrophic
cardiomyopathy; LV, left ventricle; PA, pulmonary atresia; PFO, patent foramen ovale; PDA, patent ductus arteriosus; NCCM, noncompaction cardiomyopathy;
RY, right ventricle; S0, sudden death; ¥S, ventricular septal defect,
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Molecuiar Analyses

Molecular diagnostic work-up of patient IV-4 with Ebstein anomaly and NCCM included sequencing of
all coding regions and the intron-exon boundaries of the following genes: the sarcomeric genes MYH?7,
MYBPC3, TNNT2, TNNI3, TNNCI, TPM1, and ACTCT, the Z-disk genes TCAF and CSRP3, the Ca-handling
genes CALMT, CASQ2, CALR3, PLN, SLN, SR! and FKBP1B, and NKX2-5 and LMNA. No disease-associated
mutation could be found in all these genes. A heterozygous missense mutation c.689T>C in exon 8
of the MYH7 gene was identified, predicting the substitution of a phenytalanine by a serine at amino
acid position 230 (p.Phe2305er). This mutation was also identified in his brother {patient {V-5) who has
NCCM, and in the affected proband (patient V-1) with Ebstein anomaly. No other family members were
available for molecular testing.

Figure 2 | Echocardiogram {4-chambered view,
apex up) of patlent V-4 with NCCM and Ebsteln
anomaly. Prominent trabeculations are visible,
mainly in the left ventricular apex and an apical
displacement of the septal and posterior leaflet from
the atrioventricular ring.

The c.689T>C {p.Phe2305er) mutation is a novel mutation, neither present in the literature nor in any
database. In our own data set of more than 200 sequenced MYH7 genes we never encountered this
mutation. The phenylalanine residue at position 230 shows complete cross-species conservation un-
til zebrafish (Figure 3}, and computer prediction software {SIFT) identifies this missense mutation as
pathogenic.

Discussion

We describe an extended Caribbean family with autosomal dominant inheritance of non-syndromic
congenital heart malformations. Ebstein anomaly was present in 4 and sepal defects in 5 family mem-
bers. Several family members were diagnosed with cardiomyopathy, and in two patients NCCM was
diagnosed.

Familial Ebstein anomaly is rare and only around 20 families have been described in literature.
As many of these families consist of only two affected patients the pattern of inheritance is not al-
ways clear '*%_ Only in a few families autosomal dominant inheritance of Ebstein anomaly has been
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described. Balaji et al. * described a family with an autosomal dominant association of Ebstein anomaly
with joint anomalies (restricted finger extension and extension limitation of larger joints). Schunkert
et al. # described a family with autosomal dominant inheritance of Ebstein anomaly with valvulosep-
tal defects and atrioventricular canal. Some families with autosomal dominant inheritance of Ebstein
anomaly also show NCCM 324043 Multiple loci for Ebstein anomaly have been suggested from studies
in humans and animals. In humans Ebstein anomaly has been reported in patients with mutations in
the NKX2.5 % and TBX5 genes *°. Also several chromosomal abnormalities are associated with Ebstein
anomaly, including 1p36 deletion, 8p23 deletion, trisomy 9p, 10p13-14 deletion, 11q deletion, 15q du-
plication, trisomy 21, and 22q11 deletion/duplication. As most of these chromosomal abnormalities
were occasional findings it is unclear whether the chromosome imbalance was responsible for Ebstein
anomaly >V (for review: see Miller et al.”"). In Labrador retrievers autosomal dominant tricuspid valve
malformation is clinically similar to Ebstein anomaly in humans, and a gene locus has been mapped to
a region of canine chromosome 9, which is syntenic to human 17q12-g23 ' Finally, several knockout
mice exhibit cardiac abnormalities similar to the anomalies seen in humans with Ebstein anomaly. Mice
with targeted deletion of Alk3, a type 1A receptor for Bone Morphogenetic Proteins (BMPs), signaling
proteins involved in endocardial cushion formation, reveal displacement and adherence of the poste-
rior leaflet of the tricuspid valve, as seen in human Ebstein anomaly . Mice with null mutations of peri-

©.PheldlSer (F23038)
281 * 250
Human IGDRSEKDQS PGHGTLEDQI IQANPALEAF GNAKTVRNDN SSRFGKFIRI
Chimpanzee IGDRSKKDOS PGKGTLEDQI IQANPALELF GNAKTVRNDY SSRFVSVILW
Horse IGDRSKKDOT SGHGTLEDQI IEANPALEAT GNAKTVANLDN SSRFGKFIRI
Cow IGDRSKKDQT PGKGTLEDQI IQANPALEAF GUAKTVRNDY SSREGKFIRI
Rat IGDRSKKDGT PGKGTLEDQI IQANPALEAF GMAKTVRKDN SSRFGKFIRI
Mouse ICGDREKXECQA TGHGTLEDOI IQANPALEAF CNAKTVRNDN SSRFGKFIRI
Chicken IGHRKKEVAN SSKGTLEDQI IQANPALEAF CGNAKTVRNDN SSREGKFIRI
Frog VGGKR----D SSKGETLEDQI IQANPALEAF GMNAKTVRNDN SSRFGKFIRI
Zebra fish --SPTKXETT EXKGTLEDQL IQCNPALEAF GNAKTIRNDN SSREGKFIRI
Drosophila  -~SKKTDEAA KSKGSLEDQV VQINPVLEAF GHAKTVRNDN SSRFGHFIRI

251 300

Hutran HFGATGKLAS ADRIETYLLEK SRVIFQLKAE RDYHIFYDIL SNXKPELLDM
Chimpanzee DFSLRLFLSS VSISLYLLEK SRVIFQLKAE RDYHIFYQIL SNKKPELLDM
Horgse EFGATGKLAS ADIETYLLEK SRVIFQLHAZ ROYHIFYQIL SNEXPELLIM

Cow EFGATGELAS ADIETYLLEK SRVIFQLEAZ RDYHIFYQIL SMKMPELLOM

Rat KFGATCKLAS ADIETYLLEK SRVIFQLEAE RDYHIFYQIL SNKKPELLDM

Mouae EFGATCGKLAS ADIETYLLEK SRVIFQLEAE ROYHIFYQIL SKEKPELLIM
Cnicken EFGATGKLAS ADIETYLLEK SRVIFQLKAZ RNYHIFYGIL SNXKPELLEM
Frog HFGASGKLAS ADIETYLLEK SRVIFQLKSE BRNYHIFYQIL SKKKPELLIM

Zebra L£ish  HFAANGKLAS ADIETYLIEK SRVIFQLKAE RDYHIFYQIL SQKKPELLEM
Drospephila HPGPTGKLAG ADIETYLLEK ARVISOQOSLE REYHIFYQIM SGSVPGVKDI

p.Lou301G1ln (L3C1O)
* 356

Human  LLITKNPYDY AFISQGETTV ASIDDAEELM ATDNAFDVLG FISEEENSMY
Chimpanzee LLITNNPYDY AFISQCETTV ASIDDAEELM ATOHNSFEQLN FINEKLOQEF
Horoe LLITHNNPYDY AFISQGETTV ASIDUDAEELM ATONAFDVLG FTSEEKNEMY

Cow LLITNNPYDY AFISQGETTV ASICDARELM ATONAFDVLG FITEEKNSMY

Rat LLITNNPYDY AFFSQGETTV ASIDDSEEHM ATDSAFDVLG FIPEEKNSIY

Mouae LLITNNPYDY ASISQGETTY ASIDDSEELM ATQSAFDVLEG FIPEEENSIY
Chicken LLITHREPYDY SYVSQCEVTV ASIDDISEELL ATDSAFDVLG FTAEEKAGVY
Trog MLVINNPYDY SYISQGEVTV ASIDDADELM ATDSAFDVLG FTABEKVGVY

Zebra fish LLITANPYDY AFISQGETOQV ASINDADELM ATDEAFDVLG FTQEEKNSIY
Drosophila CLLTDNIYDY HIVSQUKVIV ASIDDAEEFS LTOQAFDILG FIKQEXEDVY

Figure 3 | Alignment of the regions flanking the novel p.Phe2305er and the known
p-Leu3016In mutation in MYHZ, The alignment illustrates the evolutionary conservation of
the mutated MYH7 residues p.Phe230 and p.leu301, and the respective flanking amino acids
ACross spedies.
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Figure 4 | Position of the p.Phe2305er and p.Leu301GIn mutations
n a protein mode of the myosin heavy chain

A, Visuzlisation cf the clustering of amino acid changes found in patients
with NCCM and/or Ebstein anomaly in a pratein model of the 3D structure of
the chicken myosin heavy chain 51 fragment {PDB code 2MYS).

B. Close up view of the ATP binding site and the residues homologous to the
human MYH7 gene. Mutations in the ATP hindirg site resulting in NCCM
are indicated. The mutated residues p.Phe230 and p.Leu301 described here
are indicated in red. Other positions in this area known t¢ be mutated with
NCCM are shown in brown. The sulfata in the ATP binding site is indicated
in yellow, the catalytic serine residue p.Ser322 in margenta. The ATP/
Mg2+ { orange) is from a myasin structure of the slime mold Dictyostellum
discoideurn (PDB code 1MM@}.

C The p.Phe2305er mutation is situated in a hydrophobic pocket formed
by the side chains of residues p.Ala229, p.lle285, p.Met349, p.Trpd38, and
p.Met439.

ostin, an extraceliular matrix protein involved in atrioventricular valve formation, show various tricuspid

valve anomalies resembling human Ebstein anomaly 7.

Apart from the autosomal dominant inheritance of Ebstein anomaly, our family is also unusual in that
Ebstein anomaly is associated with NCCM in two family members (patient V-4 and [V-5), and cardiomy-
opathy is present in several additional family members, As cardiological examinations in the deceased
children took place in 1973/1974, and echocardicgraphy records or pathological specimens were no
longer available for re-valuation, it is unclear whether myocardial abnormalities in these children would
have fitted the diagnosis NCCM. Patient IV-3 might alsc have had NCCM as he was diagnosed with
a large trabeculated left ventricle and double- chambered right ventricle at the age of two months.
The association of Ebstein anomaly and NCCM is well known, and NCCM is present in up to 20% of
patients with Ebstein anomaly 7. As this association is also reported in families compatible with auto-
somal dominant inheritance this might be a specific subgroup of Ebstein anomaly with a monogenic
origin 3244 NCCM is genetically heterogeneous as mutations in several genes, including the TAZ-G4.5
gene encoding taffazin®, the Cypher-ZASP gene (LDB3) encoding LIM domain binding protein 3%, and
the DTNA gene encoding a-dystrobrevin,® have been reported, albeit in a limited group of patients
439_Several studies 5% indicate that NCCM can also be caused by mutations in sarcomeric protein
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genes that are also implicated in different cardiomyopathies thypertrophic, ditated and restrictive). Re-
cently, Budde et al. ** described a large family with autosomal dominant NCCM {12 family members)
and Ebstein anomaly {4 family members) caused by a p.Arg281Thr mutation in the MYH7 gene. Three
of the four patients with Ebstein anomaly also had an ASD. To investigate the possible involvement in
our family of one of the genes known to be implicated in familial cardiomyopathies, we sequenced
the complete coding regions and intron-exen boundaries of a large number of sarcomeric and other
candidate genes, and identified a novel missense mutation ¢.689T>C (p.Phe230Ser} in the MYH7 gene.
In another of our NCCM families with a MYH7 mutation {p.Leu301GIn) described by Hoedemaekers
et al. # we recently found a hypertrabeculated left ventricle with mild Ebstein anomaly in a 12-year-
old girl, and confirmed she also had the familial p.Leu301GIn mutation. The observations in these 3
families indicate that a subset of cases with Ebstein anemaly, in particular those associated with NCCM,
may be due to mutations in the MYH7 gene encoding cardiac B-myosin heavy chain gene, As NCCM is
not reported in all familial cases of Ebstein anomaly, other genes might be involved. However, NCCM
can be overlooked, indicating that serial examinations are mandatory in patients with familial Ebstein
anomaly, even with mild valvular abnormalities to monitor development of cardiomyopathy. Further
studies are needed to explore the contribution of sarcomeric mutations in isolated and familial cases of
Ebstein malformation, with or without NCCM.

MYH7 mutations are very commeon in familial forms of cardiomyopathy, including hypertrophic cardio-
myopathy (MCM), dilated cardiomyopathy (DCM), restrictive cardiomyopathy (RCM), and distal myopa-
thies with mild cardiac involvement such as Laing distal myopathy, central core disease and myosin
storage myopathy. Most mutations leading to the different cardiomyopathies are located in the head
and neck regions, much more than in the rod region, whereas MYH7 mutations leading to distal myopa-
thies with limited cardiomyopathy are located in the rod region. Seven of the 9 MYH7 mutations associ-
ated with NCCM, including the p.Phe2305Ser mutation in our family, cluster in the head region of MYH7,
more in particular in the ATPase active site encoded by exons 8-11 of MYH7.#5152 The ATPase active site
is an evolutionary conserved region of MYH7 (Figure 4A and 4B). The p.Phe230 residue is located in a
hydrophobic pocket formed by the side chains of residues p.Ala229, p.lle285, p.Met349, p.Trp438, and
p.Met439. Thus this residue keeps the C-terminus of the helix p.Asp218 to p.Phe230 (which is close to
the ATP binding site) in proper place. Substitution of the p.Phe230 residue by the smaller and highly
polar serine side chain would disturb this hydrophobic cluster (Figure 4C). As the ATPase active site is
reguired for normal force production, impaired force generation might play a role in the aeticlogy of
the abnormal tricuspid development and the septal defects seen in these families.

Ebstein anomaly is characterized by downward displacement of the posterior and septal tricuspid leaf-
lets with a normally positioned anterior leaflet. This is interesting from an embryonic point of view as
the anterio-superior leaflet of the tricuspid valve originates from different structures than the inferior
and septal leaflets: the anterior-superior leaflet develops out of the endocardial tissue of the atriov-
entricular canal and the outflow segment, whereas both the septal and posterior leaflets develop out
of the endocardial cushion and ventricular musculature. The two latter leaflets are formed by dela-
mination from the underlying myocardium; a process that includes formation of the papillary muscles
attached to the leaflets and that takes place during weeks eight through 12. In Ebstein anomaly this
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process is disturbed, and the septal and inferior leaflets remain “plastered” to the ventricular myocar-
dium, reminiscent of the topography of the developing tricuspid valve in week eight of development 3,
NCCM is regarded as a developmental arrest in the same embryonic period, when the ventricular myo-
cardium is remodeled and transformed from noncompacted to compacted. We therefore suggest that
Ebstein anomaly and NCCM can both be caused by the same developmental arrest between week eight
and 12, and therefore sometimes occur together. It has also been established that the development of
the tricuspid valve is associated with septation, and the ventricular wall in Ebstein anomaly reveals a de-
crease or total absence of myocardial fibers in the inlet portion of the interventricular septum 5%, The
presence of septal defects in several members of our family suggests that the MYH7 protein also plays
a important role in septation, and that this developrmental process occurs in the same embryologi-
cal time window as ventricular compaction and formation of the tricuspid valve. This corroborates the
earlier observation that mutations in sarcomeric protein genes such as MYH6 and ACTCT not only cause
different cardiomyopathies including NCCM, but also developmental defects resulting in congenital
heart malformations 5758,

207



208

CHAPTER 5

References

1. Correa-Villasenor A, Ferencz C, Naill CA, Wilson PD, Boughman JA. 1994. Ebstein’s malformation of the tricuspid vaive: genetic
and environmental factors, The Baltimore-Washington Infant Study Group. Terataloqy 50:137-147.

b Madiwale CV, Deshpande JR, Kinare $G. 1997. Ebstein’s anamaly—an autopsy study of 28 cases. ) Postgrad Med 43:3-11.
Barbara DW, Edwards WD, Connolly HM, Dearani JA. 2008. Surgicai pathology of 104 tricuspid valves {2000-2005) with classic
right-sided Ebstein’s malformation. Cardiovasc Pathol 17:166-171.

4. Munoz-Castellanos L, Espinola-Zavaletz N, Kuri-Nivon M, Keirms C. 2007. Ebstein’s Anomaly: anatomo-echocardiographic
correlation. Cardiovasc Ultrasound 5:43.

5. Attenhofer Jost CH, Connolly HM, Dearani JA, Edwards WD, Danielsen GK. 2007. Ebstein’s anomaly. Circulation 115:277-285.

6. Atterhofer Jost CH, Connolly HM, 0’Leary PW, Wamnes CA, Tajik AJ, Seward JB. 2005. Left heart lesions in patients with Ebstein
anomaly. Mayo Clin Proc 80:361-368.

7, Attenhofer Jost CH, Connelly HM, Warnes CA, O'Leary P, Tajik A), Pellikka PA, Seward JB. 2004. Noncompacted myocardium in
Ebstein’s anomaly: initial description in three patients. J Am Sot Echocardiogr 17:677-680.

8. Cohen LS, Friedman JM, Jefferson JW, Johnsen EM, Weiner ML. 1994. A reevaluation of risk of in utero expasure to lithium. Jama
271:146-150.

S, Paez MT, Yamamoto T, Hayashi K, Yasuda T, Harada N, Matsumoto N, Kurosawa K, Furutani Y, Asakawa S, Shimizu N, Matsuoka R.
2008. Two patients with atypical interstitial deletions of 8923.1: mapping of phenotypical traits, Am J Med Genet A 1464:1158-
1163.

10. Baekvad-Hansen M, Tumer Z, Delicado A, Erdogan F, Tommerup N, Larsen LA. 2006. Delineation of a 2.2 Mb microdeletion at
535 associated with microcephaly and congenital heart disease. Am J Med Genet A 140:427-433.

HR Miller MS, Rao PN, Dudovitz RN, Falk RE. 2005, Ebstein anomaly and duplication of the distzl arm of chromoseme 15: report of
two patients. Am ) Med Genet A 130A:141-145,

12. Nakagawa M, Kato H, Aotani H, Kondo M. 7999, Ebstein’s anomaly associated with trisomy 9p. Clin Genet 55:383-385.

13. de Lonlay-Debeney P, de Blois MC, Bonnet D, Amiel J, Abadie V, Picq M, Lyonnet S, Sidi D, Munnich A, Vekemans M, Cormier-
Daire V. 1998. Ebstein anamaly associated with rearrangements of chromosamal region 114. Am } Med Genet 80:157-159.

14. Battaglia A, Hoyme HE, Dallapiccola B, Zackai E. Hudgins L, McDonald-McGinn D, Bahi-Buisson N, Romano C, Williams CA,
Brailey LL, Zuberi SM, Carey JC. 2008. Further delineation of deletion 1p36 syndrome in 62 patients: a recognizable phenotype
and common cause of developmental delay and mental retardation. Pediatrics 121:404-410.

15. Andelfinger G, Wright KN, Lee HS, Siemens LM, Benson DW. 2003. Canine tricuspid valve malformation, a modet of human
Ebstein anomaly, maps to dog chromosome 9. § Med Genet 40:320-324.

16. Gaussin¥, Morley GE, Cox L, Zwijsen A, Vance KM, Emile L, Tian ¥, Liu J, Hong C, Myers D, Conway SJ, Depre C, Mishina ¥, Behringer
RR, Hanks MC, Schreider MD, Huylebroeck D, Fishman Gl, Burch JB, Vatner SF. 2005, Alk3/Bmpria receptor is tequired for
development of the atrioventricular cznal into valves and annulus fibrosus, {irc Res 97:219-226,

17, Norris RA, Moreno-Rodriguez R4, Sugi Y, Hoffman S, Amos J, Hart MM, Potts JD, Goodwin RL, Markwald RR. 2008. Periostin
regulates atrioventricular vaive maturation. Dev Biol 316:200~213.

18. Gueron M, Hirsch M, Stern J, Cohen W, Levy MJ. 1966, Familial Ebstein’s anomaly with emphasis on the surgical treatment. Am
H{ardiol 18:105-111.

19. Simcha A, Bonham-Carter RE. 1971. Ebstein's anomaly. Clinical study of 32 patients in childhood. Br Heart J 33:46-49.

20, Watson H. 1574, Naturat history of Ebstein’s anomaly of tricuspid valve in chitdhood and adolescence, An international co-
operative study of 505 cases. Br Heart J 36:417-427.

21, Lo KS, Loventhal JP, Walton J4, Jr. 1979, Familial Ebstein’s anomaly. Cardiclogy 64:246-255.

22, Mcintash N, Chitayat D, Bardanis M, Fouren JC, 1992, Ebstein anomaly: report of 2 familial eccurrence and prenatai diagnosis.
Am J Med Genet 42:307-309.

3. Grant JW. 1996. Congenital malformations of the tricuspid valve in siblings. Pediatr Cardiol 17:327-329,

24 Margalit-Stashefski R, Lorber A, Margalit E. 1998. [Familial occurrence of Ebstein anomaly]. Harefuah 134:762-764, 832,

25. Uyan €, Yazici M, Uyan AP, Akdemir R, Imirzalioglu N, Dokumaci B. 202, Ebstein’s anomaly in siblings: an ariginal observation.
IatJ Cardiovasc Imaging 18:435-438.

26. Donegan CC, ir.,, Moore M, Wiley TM, Jr., Hernandez FA, Green JR, Jr,, Schiebler GL. 1968. Familiaf Ebstein’s anomaly of the
tricuspid valve, Am Heart ) 75:375-379.

7. Rasenrnann A, Arad |, Simcha A, Schaap T. 1976. Familial Ebstein’s anomaly. J Med Genet 13:532-335.



23,
29.

30.

31

32.

33.

34,

35.

36.

37.

38

39.

41,

42,

43,

45.

47.

49,

50.

5.

(ardiomyopathies with congenital heart malfermations

Pierard LA, Henrard L, Demoulin JC. 1985. Persistent atrial standstill in familial Ebstein's anomaly. Br Heart ] 53:594-597.
Zalzstein E, Karen G, Einarson T, Freedom RM. 1990, A case-cortrol study on the assediation between first trimester exposure to
lithium and Ebstein’s anomaly. Am ) Cardiol 65:817-818.

Balaji S, Dennis NR, Keeton BR. 1991. Familial Ebstein’s aremaly: a report of six cases in two generations associated with mild
skeletzl abnormalities. 8r Heart J 66:26-28.

Davida A, Maarek M, Jullien JL, Corane P. 1985, [Ebstein’s disease associated with Fallot’s tetralogy. Apropos of a familial case,
review of the literature, embryologic and geneticimplications]. Arch Mal Coeur Vaiss 78:752-756.

Sinkevec M, Kozelj M, PodnarT. 2005, Familial biventricular myocardial noncompaction associated with Ebstein's maiformation,
IntJ Cardiol 102:297-302.

de Agustin JA, Perez de Isla L, Zamerano JL. 2008. Ebstein anomaly and hypertrophic cardiomyopathy. Eur Heart J.
El-Menyar A&, Gendi SM, Numan MT. 2007, Noncompaction: cardiomyopathy in the State of Qatar. Saudi Med J 28:429-434.
Kiernan TJ, Fahy G. 2007. Multiple atcessory pathways, dual AV nodal physiclogy, non-compacted myocardium and patent
foramen ovale in a patient with Ebstein’s anomaly: report of a case, Int J Cardiol 114:412-413.

Arslan S, Gurlertop HY, Gundogdu F, Senocak H. 2007. Left ventricular roncompaction and mid-caviter narrowing associated
with Ebstein’s anomaly: three-dimensionzl transthoracic echocardiographicimage. IntJ Cardicl 115:e52-55.

lercil A, Barack J, Malore MA, Barold 55, Herweg B. 2006. Association of noncompaction of left ventricular myocardium with
Ebstein's anomaly. Echocardiography 23:432-433.

Bagur RH, Lederlin M, Montauden M, Latrabe ¥, Comeloup 0, Iriart X, Laurent F. 2008. Images in cardiovascular medicine.
Ebstein anomaly associated with left ventricular noncompaction. Circulation 118:e662-664.

Song ZZ. 2009. A combination of right ventricular hypertrabeculation/noncompaction and Ebstein’s anomaly. Int J Cardiol.
Betrian Blasce P, Gallardo Agromayor E. 2007. Ebstein's anomaly and left ventricular nencompaction assodation, Int J Cardiol
119:264-265,

Jerni R, Oechslin EN, van der Loo B, 2007. Isolated ventricular non-compaction of the myocardium in adults. Heart 93:11-15,
Schunkert H, Bracke! U, Kromer EP, Elsner D, Jacob H), Riegger GA. 1997. A large pedigree with valvuloseptal defects. Am J
Cardiol 80:968-970.

Budde BS, Binner P, Waldmuller S, Hohne W, Blankenfeldt W, Hassfeld S, Bromsen J, Dermintzoglou A, Wieczorek M, May E, Kirst
E, Seligriow C, Rackebrandt K, Muller M, Goody RS, Yosberg B, Nurnberg P Scheffold T. 2007. Noncompaction of the ventricular
myocardiurn is associated with a de novo mutation in the beta-myosin heavy chain gene. PLoS ONE 2:e1362.

Bensen DW, Silberbach GM, Kavanaugh-McHugh A, Cottrill C, Zhang Y, Riggs S, Smalls 0, Johrson MC, Watsen MS, Seidman
1G, Seidman CE, Plowden J, Kugler JD. 1999, Mutations in the cardiac transcription factor NKX2.5 affect diverse cardiac
developmental pathways. J Clin Invest 104:1567-1573.

Tongsong T, Chanprapaph 2. 2000. Prenatal senographic diagnosis of Holt-Oram syndrome. J Clin Ultrasound 28:98-100.

Brady AN, Shehata B, Fernhoff PM. 2006, X-linked fetal cardiomyopathy caused by a novel mutation in the TAZ gene. Prenat
Diagn 26:462-465.

Vatta M, Mohapatra B, Jimenez §, Sanchez ¥, Faulkner G, Perles 7, Sinagra G, Lin JH, Yu TM, Zhou , Bowles KR, Di Lenarda A,
Schimmenti L, Fox M, Chrisco MA, Murphy RT, McKenna W, Elliott P, Bowles NE, Chen J, Valle G, Towbin JA. 2003, Musations in
Cypher/ZASP in patients with dilated cardiomyopathy and left ventricular non-compaction. J Am Coll Cardic! 42:2014-2027.
Ichida F, Tsubata 5, Bowles KR, Haneda N, Uese K, Miyawaki T, Dreyer W), Messina J, Li H, Bowles NE, Towbin JA. 2001. Novel
gene mutationsin patients with left ventricular noncompaction or Barth syndrome. Circulation 103:1256-1263.

XingY, Ichida F, Matsuoka T, Isobe T, Ikemoto Y, HigakiT, Tsuji T, Haneda N, Kuwabara A, Chen R, Futatani T, Tsubata S, Watanabe
S, Watanabe K, Hirono K, Uese K, Mivawaki T, Bowles KR, Bowles NE, Towbin JA. 2006, Genetic analysis in patients with left
ventricular noncampaction and evidence for genetic heterogeneity, Mol Genet Metab 88:71-77.

Kenton AB, Sanchez X, Coveler KJ, Makar KA, Jimenez S, Ichida F, Murphy RT, Elliott PM, McKenna W, Bowles NE, Towbin JA,
Bowles KR, 2004. Isolated left ventricular noncompaction is rarely caused by mutations in G4.5, alpha-dystrobrevin and FK
Binding Protein-12. Mol Genet Metab 82:162-166.

Klaassen 5, Probst S, Oechslin E, Gerull 8, Krings G, Schuler B Greutmann M, Hurlimane D, Yegithasi M, Pons L, Gramlich M,
Drenckhahn 1D, Heuser A, Berger F, Jenni R, Thierfelder L. 2008, Mutations in sarcomere protein genes in left ventricular
noncompaction. Circulation 117:2893-2901.

209



210

CHAPTER 5

5.

53

54.

55.

56.

57.

58,

Hoedemaekers YM, Caliskan K, Majoor-Krakauer D, van de Laar |, Michels M, Witsenburg M, ten Cate FJ, Simoons ML, Dootjes D.
2007. Cardiac beta-myosin heavy chain defects in twe families with non-compaction cardiomyopathy: linking non-compaction
te hypertrophic, restrictive, and dilated cardiomyopathies. Eur Heart ) 28:2732-2737.

Kaneda T, Naruse C, Kawashima A, Fujino N, Oshima T, Namura M, Nunoda S, Meri S, Konne T, Ing H, Yamagishi M, Asano M.
2008, A novel beta-myosin heavy chain gene mutation, p.Met531Arg, identified in isolated left ventricular non-compaction in
kurans, results in left ventricular hypertrophy that progresses to dilation in & mouse model. Cin Sci (Lond} 114:431-440.
Monserrat L, Hermida-Prieto M, Femnandez X, Rodriguez |, Dumont C, Cazon L, Cuesta MG, Genzalez-Juanatey C, Peteiro J,
Alvarez N, Penas-Lado M, Castro-Beiras A, 2007. Mutaticn in the alpha-cardiac actin gene assodated with apical hypertrophic
cardiomyopathy, left ventricular non-compaction, and septal defects. Eur Heart | 28:1953-1961.

Lamers WH, Viragh S, Wessels A, Moorman AF, Anderson RH. 1995. Formation of the tricuspid vaive in the human heart.
Creulation 91:111-121.

Anderson KR, Lia J7, 1979, The right ventricular myocardium in Ebstein’s anomaly: a morphometric histopathologic study, Mayo
Clin Proc 54:181-184.

Ching YH, Ghosh TK, Crass 5J, Packham EA, Honeyman L, Loughna S, Robinson Tz, Dearlove AM, Ribas G, Benser AJ, Thomas
NR, Scotter AJ, Caves LS, Tyrrell GF, Newbury-Ecob RA, Munnich 4, Bannet D, Brook J. 2005, Mutation in myosin heavy chain 6
causes atrial septal defect. Nat Genet 37:423-428.

Wessels MW, Willems PJ. 2008. Mutations in sarcomeric protein genes not only lead te cardiomyopathy but also to congenitat
cardiovascutar malformations. Clin Genet 74:16-19.



CHAPTERS

 General discussion







213

CHAPTER 6

General discussion

In the past decade significant progress has been made in the dissection of the molecular biology of car-
dicgenesis. An important contribution to this understanding was made by the identification of disease
genes implicated in syndromic forms of congenital heart malformation {CHM). These human genes
identified important molecular pathways that could be further studied in animal models leading to the
identification of more candidate genes for human CHM, Examples of this approach are the discovery of
the network of transcription factors in Holt-Oram syndrome and related disorders, the TBX1 pathway
in neural crest-related disorders, the RAS-MAPK pathway implicated in Noonan syndrome and related
disorders, the NOTCH pathway in Alagille syndrome and related disorders, and the TGF8 signaling path-
way in Marfan syndrome and related disorders. However, only a minority of CHM without additional
malformations (non-syndromic CHM) is caused by mutations in these genes. As non-syndromic CHM
is much more frequent than syndromic CHM, the future challenge is to identify genes implicated in
non-syndromic CHM. Most non-syndromic CHM occurs sporadically, and extended families with clear
monogenic inheritance of non-syndromic CHM are scarce, thereby precluding the identification of dis-
eases genes involved in non-syndromic CHM by a classical positional genetics approach.

In this thesis families with monogenic forms of syndromic CHM {arterial tortuosity syndrome, X-linked
heterotaxy, and Kartagener syndrome) and non-syndromic CHM {LVOTC, valvular defects, cardiomy-
opathy, and Ebstein anomaly) were studied at the clinical level to delineate the phenotypes and at the
molecular level to identify the genetic defect in known or novel disease genes. It is clear from several
studies in this thesis that specific associations of different CHM may result from the same genetic de-
fect: the association of heterotaxy with VACTERL anomaly caused by repeat amplification in the ZIC3
gene (Chapter 2), the association between cardiomyopathy and septal defects caused by mutations
in the MYBPC3 and MYHY genes (Chapter 5), the association of cardiomyopathy with Ebstein anomaly
and/or septal defects caused by mutations in the MYH7 gene (Chapter 5), and the association between
cardiomyopathy and heterotaxy caused by an unknown gene on chromosome 6 (Chapter 2). These as-
sociations could only be recognized through family studies, as different family members had different
forms of CHM.

Different genetic strategies were used in this thesis to search for genes involved in cardiovascular
anommalies in both syndromic and non-syndromic families. The gene for Arterial tortuocsity syndrome
was identified after homozygosity mapping in several consanguineous families from an inbred North
African population (Chapter 4). Homozygosity mapping is a very successful method to identify auto-
somal recessive disease genes in inbred families. However, families with autosomal recessive forms of
CHM are rare, and most monogenetic CHM has an autosomal dominant mode of inheritance. Linkage
analysis in autosomal dominant diseases requires large pedigrees with multiple affected family mem-
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bers in multiple generations. However, extended families with clear autosomal dominant inheritance
of non-syndromic CHM are scarce. Although autosomal dominant pedigrees with noncompaction and
heterotaxy (Chapter 2), and LVOTO with valve defects (Chapter 3} could be identified, only sugges-
tive linkage to large chromosomatl regions containing multiple candidate genes could be obtained,
as the families were too small to yield high lod scores. To identify the disease gene in those families
two approaches will be followed. The first approach will be a traditional positional genetics approach:
additional families with the same type of CHM will be used to narrow down the linkage region. This
approach requires identification of families with similar phenotypes presumably caused by the same
disease gene, However, as most cardiac phenotypes are genetically heterogeneous and many genes
involved in cardiogenesis have pleiotropic effects, it is not always obvious to classify CHM. The second
approach is using next-generation sequencing. Whereas sequencing of large candidate regions ob-
tained after initial linkage studies used to be too time - and cost consuming, this has recently become
a realistic approach by the development of new technologies for high-throughput massive parallel
sequencing on so-called "next-generation sequencers”. Next-generation sequencing of large linkage
intervals will facilitate the identification of CHM genes in autosomal dominant families such as pre-
sented in our thesis.

Although the families with non-syndromic CHM studied in this thesis are amenable to positional clon-
ing of the disease gene, they are unique families. Overall, most non-syndromic CHM occurs sporadi-
cally. Only in a low fraction (less than 5%) of non-syndromic CHM single gene mutations with high
penetrance have been found. As adequate genetic counseling of these families requires identification
of the genetic defect, the most prominent challenge is to identify these mutations. The traditional ap-
proach of serial sequencing of candidate genesis very costly and time-consuming, and therefore ineffi-
cient. Also here next-generation sequencing holds great promise. For many genetically heterogeneous
diseases including non-syndromic CHM, diagnostic sequencing platforms consisting of a large series
of candidate genes are constructed that can be sequenced on next-generation sequencers. These plat-
forms allow the parallel sequencing of billions of nuclectides, so that many genes can be simultaneous-
ly sequenced in many samples at low cost. The first platforms for hypertrophic (HCM) and dilated (DCM}
cardiomyopathy are already available and diagnostic platforms for CHM most likely will follow. It is
anticipated that such technologies will facilitate the sequencing of entire genomes-exomes at relatively
low cost ', There is littie doubt that next-generation sequencing will be instrumental in the dissection
of the genetics of non-syndromic CHM. However, as the recurrence risk of non-syndromic CHM is rela-
tively low, only a small proportion of CHM might prove to have a true monogenetic origin being caused
by a single mutation. It is likely that next generation sequencing will yield rare variants with unknown
significance, often novel, missense mutations in many CHM patients. Even if the functional importance
of (each of) these rare variants can be determined by functional studies, the difficulty will be to deter-
mine the combined penetrance of these variants, as many will have reduced penetrance. It has been
hypothesized that non-syndromic CHM is most likely due to multifactorial inheritance involving a mul-
titude of commeon variants that may be superposed on unfavorable environmental factors (Chapter 1).
Nevertheless, until now little evidence for "multifactorial model”has been provided for human genetic
disease, including CHM. Polymorphisms in genes encoding different enzymes MTHFR, MTHFD1, MTRR,
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SCL19A1 and NNMT known to be implicated in the methylation cycle through the conversion of homo-
cysteine into methionine by a 1-carbon (methyl) transfer, have a limited effect on the risk of CHM, and
represent common variants with low penetrance. No Genome-Wide Association Studies (GWAS) for
CHM have been reported, but not much is expected from such approach as GWAS for several common
disorders have shown that “common variants” contribute little to its genetic basis 2 Interestingly, so-
matic mutations not present in non-cardiac tissue have been found in affected cardiac tissue in a large
fraction of CHM. The concept of somatic mutations leading to non-inherited genetic disease has been
established in cancer by Knudson 40 years ago, but has not yet been convincingly proven for CHM as
these studies originate from a single research group, and therefore await confirmation.

How can patients benefit from the progress of understanding the molecular and genetic mechanisms
involved in cardiogenesis? Clinical geneticists counseling patients and families with CHM are confront-
ed with 3 main guestions: i) What is the genetic defect leading to this CHM, ii) What is the recurrence
risk, and is prenatal diagnosis possible, and iii} Is there any (future) treatment for this genetic disease?
The first 2 questions can be answered when the disease gene and disease-causing mutations are identi-
fied given the difficulties addressed above. Identification of the genetic defect may also pave the way
towards therapeutic strategies interfering with the molecular pathways involved in specific CHM. This
is illustrated by the clinical wials with drugs interfering with the TGFB pathway in patients with Marfan
syndrome and related disorders with aortic pathology . Apart from the development of specific treat-
ments for specific forms of CHM caused by specific genes, there might be broader therapeutic implica-
tions. The large network of transcription factors including GATA, TBX, FOG, HAND and NKX not only acts
as a developmental regulator of cardiogenesis, but is also re-employed in the adult heart in response
to acute injury, or longstanding ischernia. Here they are thought to mediate the re-expression of the
“fetal program” of cardiac genes * There is currently great interest in the therapeutic manipulation of
these transcription factors in the adult heart to promote cardiac repair. Obviously, such strategies in-
clude drug-induced orientation of stem cells into specific cardiac cell types that can be used for cellutar
replacement in the damaged heart ° ¢,
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Summary

Congenital heart malformations {CHMs) are among the most common congenital defects, occurring
in 8 out of 1000 live births. In the past decade significant progress has been made in the identification
of genes implicated in the signaling pathways involved in cardiovascular development. Human syn-
dromes with CHM {(syndromic CHM) have been instrumental in the discovery of these disease genes
and developmental pathways. More recently, also a number of disease genes have been identified in
families with non-syndromic CHM. Several of these disease genes have been discovered through posi-
tional genetics starting from multiplex families with CHM. In this thesis clinical and molecular studies
of a broad spectrum of syndromic and non-syndromic forms of CHM are reported, including laterality
defects (Chapter 2}, left ventricular outflow tract obstruction {LVOTQ) anomalies {Chapter 3), arterial
malformations (Chapter 4), and CHM associated with cardiomyopathies (Chapter 5).

In Chapter 1 the most important forms of syndromic CHM with the different cardiovascular signaling
pathways are summarized. Also the etiological factors implicated in non-syndromic CHM, including
environmental factors, disease genes with high-penetrance mutations, susceptibility genes with inter-
mediate- or low-penetrance mutations, and somatic mutations are reviewed.

In Chapter 2 clinical and genetic studies in patients with different forms of laterality defects are re-
ported. Laterality defects refer to a group of disorders with embryonic disruption of normal left- right
patterning. They can be subdivided into two groups: malformations caused by ciliary defects (includ-
ing primary ciliary dyskinesia and hepatorenal fibrocystic syndromes), and malformations caused by
defects in the nodal signaling pathway. Families with defects in both of these subgroups are reported
in this thesis.

Two fetuses and one newborn with mild cerebral ventriculomegaly and a suspected and/or confirmed
diagnosis of primary ciliary dyskinesia (PCD) are described. These cases show that fetal cerebral ven-
triculomegaly can be a prenatal sonographic marker of PCD, certainly in fetuses with laterality defects
or a history of a sib with PCD.

Three families with acilia syndrome, which is an infrequent form of primary ciliary dyskinesia (PCD)
characterized by total absence of cilia, are reported. No evidence could be found for the involvement of
the DNAT or DNAHS5 genes that are commonly involved in PCD. Consequently, it is very likely that acilia
syndrome forms a separate entity within the heterogeneous group of PCD.

A newborn with features of X-linked heterotaxy and VACTERL association is reported. In this patient
we identified a 6-nucleotide insertion in the X-linked heterotaxy gene ZIC3 that is predicted to expand
the amino-terminal polyalanine repeat from ten to twelve polyalanines. It is likely that this novel and
de novo polyalanine expansion in the ZIC3 gene causes the VACTERL association in this patient, ZIC3 is
thereby the tenth gene implicated in polyalanine expansion diseases.

in Chapter 3 various families with autosomal dominant inheritance of Left Ventricular Qutflow Tract
Obstruction (LVOTO) are reported. LVOTO in these families shows a wide clinical spectrum with some
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family members presenting with severe anomalies such as hypoplastic left heart syndrome, and others
with only minor anomalies such as mild aortic valve stenosis. This supports the notion that all anoma-
lies of the LVOTO spectrum are developmentally related and can be caused by a single gene defect.
Two additional large pedigrees with autosomal dominant inheritance and incomplete penetrance of
LVOTO in combination with heart valve anomalies are reported. These families provide evidence that
left-sided obstructive defects and thoracic aortic aneurysm may be accompanied by right-sided heart
defects and septal defects. The disease genes in these families remain unknown: NOTCHT mutations
were excluded, and genome-wide linkage analysis is currently being performed.

In Chapter 4 clinical and molecular studies of arterial tortuosity syndrome (ATS) are reported. ATS is
a rare autosomal recessive condition characterized by cardiovascular anomalies including tortuosity,
aneurysm and stenosis of major arterigs. Nine new ATS patients from three consanguineous Moroccan
families are describad, and a clinical review of a total of 35 patients with this infrequent disease is pre-
sented. In collaboration with the University of Ghent, Belgium, a genome-wide screen by homozygosity
mapping of these three consanguineous multiplex families was performed, which resulted in the map-
ping of the ATS gene to chromosome 20q13 in a candidate region of 1.2 Mb region ¢ontaining 7 genes.
Mutations in one of these genes SLCZATO, which encodes the facilitative glucose transporter GLUTTO,
were identified in 6 ATS families. GLUT10 deficiency is associated with upregulation of TGFB signaling in
the arterial wall, a finding also observed in Loeys-Dietz syndrome, which is a similar syndrome with aor-
tic aneurysms and tortuosity. Therapeutic compounds intervening with TGF3 signaling might represent
a new, attractive treatment strategy for such discrders.

In Chapter 5 the association of cardiomyopathies with congenital heart malformations, including het-
erotaxy, septal defects and Ebstein anomaly, is described.

A three-generation family with nine patients affected by CHM and left isomerism is reported. The car-
diac anomalies include noncompaction of the ventricular myocardium, bradycardia, pulmonary valve
stenosis, and secundum atrial septal defect. The laterality sequence anomalies include left bronchial
isomerism, azygous continuation of the inferior vena cava, polysplenia and intestinal malrotation, all
compatible with left isomerism. This new syndrome has an autosomal dominant pattern of inheritance,
A genome-wide linkage analysis suggested linkage to chromosome 6p.

Two unrelated neonates with septal defects and a lethal cardiomyopathy were shown to be compound
heterozygous for two common loss-of-function mutations in the sarcomeric MYBPC3 gene. Whereas
heterozygous mutations in sarcomeric protein genes usually lead to hypertrophic cardiomyopathy
with clinical symptoms starting in adulthood, homozygosity or compound heterozygosity for 2 trun-
cating mutations in the MYBPC3 gene can lead to severe hypertrophic cardiomyopathy with ventricular
noncompaction and septal defacts.

A large family with autosomal dominant inheritance of Ebstein anomaly in association with ventricular
septal defects and noncompaction cardiomyopathy is reported to have a mutation in the MYH7 gene.
This further indicates that sarcomeric proteins, which are implicated in familial cardiomyopathies, also
play a role in CHM.



Summary

in Chapter 6 the results of this thesis are discussed and put in perspective. As adequate genetic coun-
seling of families with CHM requires identification of the genetic defect, the most prominent challenge
is to identify these mutations. However, only in a minority of families a disease-causing mutation can
currently be identified. New technologies of high-throughput parallel sequencing on “next-generation
sequencers” hold great promise for the identification of disease genes and mutations: these new tech-
nologies offer cost-effective sequencing of large linkage intervals in families such as presented in this
thesis in order to identify the disease gene, or panels with large series of candidate genes in order to
identify the disease-causing mutation. Eventually, next-generation sequencing of whole genomes or
exomes will identify all variants contributing to non-syndromic CHM.

221






Samenvatting

Samenvatting

Congenitale hartafwijkingen zijn de frequentste aangeboren aandoeningen met een prevalentie van 8
op de 1000 levendgeboren kinderen. De laatste jaren is er grote vooruitgang geboekt in de identificatie
van de genen die een rol spelen in de verschillende signaaltransductie netwerken die betrokken zijn
bij de hartontwikkeling. Humane syndromen met hartafwijkingen (syndromale hartafwijkingen) heb-
ben een belangrijke rol gespeeld bij de opheldering van deze genen en signaaltransductie netwerken.
Recent heeft 0ok onderzoek in families met niet-syndromale hartafwijkingen tot de identificatie van
ziektegenen geleid. Meerdere van deze genen werden ontdekt door positionele klonering in families
met vele personen met een aangeboren hartafwijking.

In dit proefschrift worden klinische en moleculaire studies beschreven in families met uiteenlopende
vormen van syndromale en niet-syndromale hartafwijkingen. Samengevat betreft het onderzoek in fa-
milies met lateralisatieafwijkingen (Hoofdstuk 2), hartafwijkingen van de finker hart structuren (LVOTQ}
{Hoofdstuk 3), arteriéle afwijkingen (Hoofdstuk 4), en aangeboren hartafwiikingen in combinatie met
cardiomyopathieen (Hoofdstuk 5).

In Hoofdstuk 1 worden de meest helangrijke vormen van syndromale hartafwijkingen en de bijbeho-
rende signaaltransductie netwerken samengevat. De verschillende etiologische factoren betrokken bij
niet-syndromale aangeboren hartafwijkingen, waaronder omgevings-factoren, ziektegenen met hoog
penetrante rutaties, ziektegenen met verminderd of laag penetrante mutaties en somatische muta-
ties, worden besproken.

In Hoofdstuk 2 worden verschillende klinische en moleculaire studies in patiénten met lateralisatieaf-
wijkingen beschreven, Lateralisatieafwijkingen zijn een groep van aandoeningen waarbi] er een versto-
ring is van de normale links-rechts asymmetrie van de organen en vaatstructuren in het lichaam. Er zijn
twee subgroepen lateralisatieafwijkingen: aandoeningen die verocorzaakt worden door een verstoorde
opbouw en/of functie van de trilharen of ¢ilia (waaronder primaire ciliaire dyskinesie en hepatorenale
fibrocysteuze syndromen), en aandoeningen die veroorzaakt worden door verstoring van de werking
van het zogenaamde NODAL signaaltransductie netwerk. in deze thesis worden families beschreven
met lateralisatieafwijkingen die behoren tot heide groepen.

Twee foetussen en een pasgeborene met milde verwijding van de achterhoornen van de Zijventrikels
van de hersenen en een bevestigde en/of vermoedde diagnose van primaire ciliaire dyskinesie (PCD)
worden beschreven. Deze casussen illustreren dat een milde cerebrale ventriculomegalie een prena-
tale marker kan zijn voor PCD, in het bijzonder als er ook een lateralisatieafwiiking aanwezig is of een
voorgaand kind met PCD.

Drie families met het acilia syndroom, een zeldzame vorm van PCD waarbij er afwezigheid is van de tril-
haren, worden gerapporteerd. Moleculaire studies toonden geen aanwijzingen voor mutaties in DNA/T
en DNAHS, de 2 genen die het vaakst betrokken zijn bij PCD. Het is daarom zeer waarschijniiik dat acilia
syndroom een aparte entiteit is binnen de heterogene groep van PCD. Omdat mutaties in het Foxj1
gen in de muis acilia syndroom veroorzaken, werd dit gen in onze families onderzocht, maar mutaties
werden niet gevonden.
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Een pasgeborene met kenmerken van de X-gebonden vorm van heterotaxie en VACTERL associatie
(anus atresie, larynx- en cesophagus atresie met tracheo- oesophageale fistel, dextropositie van het
hart, persisterende vena cava superior links en een unilaterale multicysteuze nier) wordt beschreven.
in deze patiént werd een insertie van & nucleotiden in het ZIC3 gen geidentificeerd, welke leidt tot een
polyalanine expansie van 10 naar 12 alanines. Deze nooit eerder beschreven en de novo mutatie is zeer
waarschijnlijk de oorzaak van de VACTERL associatie in deze patiént. ZIC3 is daarmee het 10% gen in de
groep van polyalanine aandoeningen.

In Hoofdstuk 3 worden verschiliende families met autosomaal dominant overervende linkszijdige
obstructieve aangeboren hartafwijkingen (LVOTO) gepresenteerd. LVOTQ in deze families bestaat uit
een breed spectrum van aangeboren hartafwijkingen, waaronder ernstige aanlegafwijkingen zoals
onderontwikkeling van de linker hartkamer (hypoplastisch linker hart} maar ook milde afwijkingen,
zoals een bicuspide aortaklep. De observatie dat dit brede spectrum van hartafwijkingen kan worden
veroorzaakt door één enkele mutatie ondersteunt de hypothese deze afwijkingen gerelateerd zijn in
de embryonale hartontwikkeling.

Twee families met autosomaal doeminant overervende LVOTO met wisselende expressie en penetrantie
worden beschreven, Hoewel er bij de meeste aangedane familieleden LVOTO bestond, werden ook an-
dere aangeboren hartafwijkingen geobserveerd, zoals septale defecten en afwijkingen van de rechts-
zijdige hartstructuren zoals pulmonaalstenose. Dit wijst erop dat LVOTQ ook met rechtzijdige hartaf-
wijkingen geassocieerd kan zijn.

In Hoofdstuk 4 worden klinische en moleculaire studies in families met arterial tortuosity syndroom
IATS) gerapporteerd. ATS is een autosomaal recessief overervende aandoening gekenmerkt door aan-
geboren afwijkingen van de grote en middelgrote slagaders, zoals kronkeling (tortuosity), verwijding
(aneurysma) en vernauwing {(stenosis) van de acrta en andere arterin. Negen patiénten met ATS af-
komstig uit 3 families worden beschreven, en de tot 2004 gepubliceerde patiénten met ATS worden
besproken. In samenwerking met het Universitair Ziekenhuis Gent, Belgié, werd middels een genocom
scan homozygositeits mapping verricht in 3 consanguine Marokkaanse families, vermoedelijk afkom-
stig uit dezelfde regio in Marokko. Dit resulteerde in de lokalisatie van het ATS gen in een kandidaat
regio van 1.2 Mb regio op chromosoom 20q13.1 waarin 7 genen waren gelegen. Tenslotte werden in 6
ATS families mutaties geidentificeerd in het SLC2ZAT0 gen, dat codeert voor een glucose transport eiwit
GLUTTO. GLUT1O deficiéntie is geassocieerd met upregulatie van het TGF netwerk in de arterie wand,
een hevinding die ook wordt geobserveerd in het Loeys-Dietz syndroom, een vergelijkbaar syndroom
met aorta aneurysma en kronkeling. Deze observatie biedt mogelijk een aanknoepingspunt voor medi-
camenteuze therapie met TGFf antagonisten zoals Losartan.

In Hoofdstuk 5 wordt gerapporteerd over de associatie van cardiomyopathieen met aangeboren hart-
afwijkingen waaronder [ateralisatieafwijkingen, septale defecten en Ebstein anomaiie.

Een drie-generatie familie met 9 patiénten met aangeboren hartafwijkingen en links isomerisme wordt
beschreven, De cardiale afwijkingen betreffen noncompaction cardiomyopathie, bradycardie, pulmo-
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naalklep stenose en atrium septum defect. De Jateralisatieafwijkingen betreffen bronchiaal links iso-
merisme, azygos continuatie van de vena cava inferior, polysplenie en malrotatie van de darmen, allen
passend binnen het spectrum van links isomerisme. Met een genoom wijde scan werd in deze famifie
vermoedelijke koppeling gevonden met de chromosoom ép21 regio.

Bij twee pasgeborenen met septale defecten en lethale cardiomyopathie wordt heterozygotie voor
twee vaak voorkomende truncerende mutaties in het MYBPC3 gen vastgesteld. Heterozygote mutaties
in genen die coderen voor sarcomeer eiwitten leiden meestal tot klinische symptomen op volwassen
leeftijd, terwijl homozygote mutaties of heterozygotie voor twee truncerende mutaties in het MYBPC3
gen leiden tot een ernstige cardiomyopathie met kenmerken van noncompaction en met septale de-
fecten.

In een grote famitie met autosomaal dominant overervende Ebstein anomalie in associatie met non-
compaction cardiomyopathie en septale defecten wordt een mutatie in het MYH7 gen beschreven. Dit
ondersteunt eerdere observaties dat defecten in sarcomeer eiwitten een rol spelen bij het ontstaan van
aangeboren hartafwijkingen.

In Hoofdstuk 6 worden de resultaten van de studies van deze thesis besproken. Aangezien voor een
adequaat genetisch advies aan patiénten en/of families met aangeboren hartafwijkingen identificatie
van de ziekteveroorzakende mutatie(s) van groot belang is, ziin technieken voor kost-effectieve de-
tectie van deze genmutaties essentieel. Nieuwe technieken zoals next-generation sequencing bieden
grote mogelijkheden om deze mutaties op te sporen, Sequencing van grote linkage intervals in families
zoals gepresenteerd worden in dit proefschrift wordt mogelijk zodat nieuwe ziekte genen géidentifi-
ceerd kunnen worden. Grote panels van kandidaat genen voor aangeboren hartafwijkingen kunnen
in individuele patiénten worden geanalyseerd. Uiteindelijk zal deze next-generation sequencing ook
toelaten om complete genomen of exomen van patiénten te sequencen om zo de ziekteveroorzakende
mutatie(s) te identificeren.
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Hyperrabeculated heart musculature of the salamandra,
e

from: Onthe heart and arterial arches of salamandra macwiosa faur and
ambystoma mexicanum shaw during metamerphesis. H.).) Teral {my grandfather), thesis,
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the young specimens consists in a homogenecous connective tissue,
becomes fibrous in the older animals. We cannot discover any
muscular elements in this structure. The dorsal and ventral valves
are in a few larvae conneeted by a small endocard ridge at the
left lateral ostium edge. In the adult animals this ridge is more

strongly developed and can, @aﬁkwﬁmé small hollowness
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Fig. 13. Transverse section through the heart of adult Selemendre maculosa
Laur.

v., ventricle; s.c., sulcus coronarius; a.v.r., auriculo-ventricular ring; d.v.,
dorsal valve; v.v., ventral valve; La., left atrium; s.v., sinus venosus; v.p.,
ulmonary vein; p., pericardium.

even take the structure of a left lateral valve. The cavity of the
ventricle 1s, from the ostium atric-ventriculare to the entrance
of the bulbus cordis, more or less L-shaped. This space Is sur-
rounded by a spongy musculature, consisting of septa arranged
chaotically and enclosing larger or smaller chambers (fig. 13).
This spongy structure is developed most strongly in the apex
of the ventricle and in the cranial part of the ventricle especiaily
most strongly on the ventral and ventrally right ventricle wall.
This latter spongy structure, in the cranial part of the ventricle
only, is in specimen no 1 only very feebly developed (fig. 12). In
that specimen the musculature is not yet cross-striped (fg. 14, A).
The septa change gradually into the ventricle wall (corticalis).

This ventricle wall consists in vounger animals of a very thin
epicardial layer, connected with the myocardium, into which the


043530
Doorhalen





239

Dankwoord

Allereerst dank ik de vele patiénten en familieleden, die de basis vormen van dit proefschrift, voor hun
openhartigheid, medewerking, en het vertouwen dat zij in mij hebben getoond.

Lieve Patrick, dankzij jouw steun, toewijding, suggesties, discussies, vele correcties en liefde is dit proef-
schrift ontstaan en afgerond. [k kon je vaak niet bijbenen, maar gelukkig liet je me toch mijn eigen pas
lopen. Mijn dank aan jou is verweven met al dat andere wat je voor mij beteken

Prof.dr. Frank Grosveld dank ik voor de vrijheid en hulp die hij mij gaf om dit proefschrift af te ronden.

Prof.dr. Ben Qostra, Prof.dr. Wim Helbing en Prof.dr.ing. Paul Coucke wil ik hartelijk bedanken voor hun
bereidheid zitting te nemen in de promotiecommissie en voor de viotte beoordeling van het manus-
cript.

Prof.dr. Martinus Niermeijer, U wil ik bedanken voor uw steun en aanmoedigingen gedurende mijn
werkzaamheden als arts-echoscopist, mijn opleiding tot idinisch geneticus, mijn werk als staflid, en de
tot standkoming van dit proefschrift. Het was een voorrecht door u te worden opgeleid.

lk dank Prof.dr H. Galjaard voor zijn vertrouwen om mij eerst aan te stellen als arts-echoscopist op de
afdeling Prenatale Diagnostiek, en later de opleiding tot klinisch geneticus te laten volgen.

Prof.dr Juri Wladimiroff dank ik voor het vertrouwen dat hij mij gaf tijdens mijn werkzaamheden als arts-
echoscopist op de afdeling Prenatale Diagnostiek, en de mogelijkheden die ik kreeg om mij verder te
verdiepen in foetale hartafwijkingen en de overstap te maken naar de klinische genetica.

De meeste families, die de basis vormen van dit proefschrift, kwamen onder mijn aandacht vanwege
een aangedane zwangerschap. Dit was deels in de tijd dat ik zelf op de afdeling Prenatale Diagnostiek
werkte, maar later ook na verwijzing door de echo-artsen/gynaecologen. Aan de jaren op de afdeling
Prenatale Diagnostiek heb ik heel goede herinneringen dankzij mijn coliega’s destijds: Dr Jahoda, He-
len Brandenburg, Hajo Wildschut, Marjolein Wijman, Patricia Stewart, Jacqueline Laudy, Nicolette den
Hollander, Titia Cohen-Overbeek, Ernst Schoonderwaldt, Irene Groenenberg, Margreet Husen, Anne-
Marie Westerveld, en 'de meiden’ van het secretariaat. Veel dank aan diegenen die families verwezen
voor verder onderzoek. Veel heb ik in die jaren ook geleerd van Dr. Frans Los. Beste Frans, vaak heb ik je
moeilijke situaties in alle rust zien oplossen, met grote deskundigheid. lk kon altijd orm je huip vragen,
waarvoor dank.



240

Het uitwerken van deze thesis kwam tot stand tijdens mijn werkzaamheden op de afdeling Klinische
Genetica. Jeannette Hoogeboom, een van mijn ‘opleiders”. Lieve Jeannette, naar je pluis niet-pluis ge-
voel heb ik altijd geluisterd (nog steeds). Ik ben je ook dankbaar voor wat je hebt neergezet in het
Amphia Ziekenhuis, jouw enthousiasme voor het vak is daar zeker overgenomen ! Dank ook voor je
extra supervisie op maandag. Marleen Simon, mijn kamer-maatje. Lieve Marleen, je hebt langer dan
verwacht een deel van de genetische zorg in het Amphia ziekenhuis op je genomen en daarbij cok nog
dagelijkse beslormnmeringen met mij gedeeld op onze chaotische kamer. Ineens stond er dan een plant-
je op mijn buro, ging je mijn 10 beschimmelde koffiekoppen afwassen of hingen er kerstballen aan
mijn lamp, Dank ! Ingrid van de Laar, mijn cardio maatje. Lieve Ingrid, vanaf 2005 gingen we intenser
samenwerken en het is mede dankzij jou dat we in de afgelopen jaren zoveel hebben kunnen epbou-
wen binnen de cardiogenetica. Doordat je er in slaagde een Hartstichting beurs te krijgen kwamen er
middelen om aan meer families verder te werken. Je bent een fantastische collega en ik verheug me er
op nog lang samen te werken; nu ben jij aan de beurt | Lieve Judith V., een jaar lang heb je je ingespan-
nen voor de cardio counselingen en ik heb een beroep moeten doen op je zelfstandigheid. Doordat
aites zo goed liep heb je voor rust gezorgd en mij heel erg geholpen, dank je. Ik hoop natuurlijk dat je
uiteindelijk binnen het cardioteam blijft. Dr Grazia Mancini, lieve Grazia, dank voor je inspanningen en
betrokkenheid bij de ATS familie.

Ook de overige collega’s wil ik bedanken voor de collegialiteit en goede sfeer: Alice Brooks, Anja Wag-
ner, Anneke Maat-Kievit, Fred Petrij, Gretef Gudesluijs, Rogier Oldenburg, Margriet Colles, Marieke van
Dooren, Robert-Jan Galjaard, Lutgarde Govaerts, Yolande van Bever, en natuurlijk de assistenten, psy-
chologen en genetisch consulenten.

Fred, dank voor al je inspanningen om de organisatie van de cardiogenetica te verbeteren.

Het secretariaat en administratief medewerkers wil ik bedanken voor alle hulp en gezelligheid. Vooral
Agnes natuurlijk, een rots in de branding.

Praf.dr. Ben Qostra, beste Ben, dank voor de mogelijkheden die je biedt om binnen het DNA researchlab
aan cardiovasculaire afwijkingen te werken. En dat we dit in samenwerking met Dr. Aida Bertoli-Avella
kunnen doen ! Dear Aida, dankzij jouw inspanningen lopen de projecten rondom de verschillende
‘cardio-families, en het is altijd een plezier om met je te overleggen, Dr Dennis Dooijes, Beste Dennis,
heel jammer vind ik het dat je weg gaat; je hebt de hele cardio DNA diagnostiek in Rotterdam opgezet
en het loopt perfect dankzij jou. Ook je enthousiasme bij nieuwe bevindingen zal ik missen, maar we
hebben nog het een en ander af te maken en blijven hopelijk samenwerken. Prof.dr. Peter Heutink en
Bianca de Graaf dank ik voor het werk aan de lateralisatie familie.

Het cardiogenetica team is breder en heeft kunnen groeien dankzij het enthousiasme en de energie
van de cardiologen en kindercardiologen van het Thoraxcentrurn en Sophia kinderziekenhuis. De afge-
lopen jaren is de samenwerking sterker geworden mede dankzij de inspanningen van colfega’s die de
patiénten naar ons verwijzen, Dr Jolien Roos-Hessglink, dear Jolien, mede dank zjj jouw toenemende
verwijzingen van patiénten en families met aortapathologie, is er de afgelopen jaren een groot bestand
opgebouwd van families met EVOTO en aneurysma’s. We hebben allerlei plannen en ik heb zin in de
voortzetting van onze samenwerking ! Ingrid Frohn-Mulder, kindercardiologe. Lieve Ingrid, al vanaf de



tijd bij de Prenatale Diagnostiek overleg ik met je, en ben jij ons belangrijkste aanspreekpunt geworden
voor de cardiogenetica in het Sophia kinderziekenhuis. Omdat je ook in de zorg rondom de (familiaire)
cardiomyopathieén actief betrokken bent bij de ‘vrijdag cardiogenetica bespreking; sla je een brug
tussen kinder- en volwassen cardiologie. Dank je ook voor het gezellige overleg bij jou thuis ! Hierbij
bedank ik tevens de andere cardiclogen betrokken bij de volwassen cardiogenetica, Prof.dr. Folkert
ten Cate en Dr. Michelle Michels, voor hun bijdrage aan het onderzoek in de verschiliende families met
{noncompaction) cardiomyopathie, beschreven in deze thesis. De volwassen cardiogenetica poli is de
afgelopen jaren steviger neergezet dankzij de inzet van Dr. Danielle Majoor-Krakauer en het vele werk
dat Judith Phefferkorn, genetisch consulente, heeft verricht, Lieve judith, door jouw inzet en betrok-
kenheid bij de families met cardiomyopathieén loopt de volwassen cardiogenetica poli zo goed, je hebt
bergen werk verzet. Ock Yvonne Hoedemaekers en Conny van de Meer hebben een belangrijk aandeel
geleverd!

Mieke Kerstiens-Frederikse en de ‘Groningse groep’ dank ik voor de NOTCHT analyses in de LVOTO fami-
lies en de samenwerking met betrekking tot LVOTO afwijkingen; hopelijk gaan we die nog uitbreiden.

Alle mede-auteurs wil ik bedanken voor hun bijdrage.

Prof.dr Paul Coucke, beste Paul, dank je voor het {DNA) werk wat jij en je collegas van het Universitair
Ziekenhuis Gent hebben verricht in de Rotterdamse ATS families. Daarnaast dank ik jou en Veerle voor
de vriendschap en gastvrijheid die je hebt geboden aan mij, collega’s en familie !

In 2005 begon ik als buitengewoon staflid in het Amphia Ziekenhuis, nadat Prof.dr. Hanne Meijers mij
vroeg een poli op te zetten in samenwerking met de gynaecologen en kinderartsen. Beste Hanne, ik
ben je heel dankbaar dat je me destijds deze mogelijkheid bood, het heeft mij veel plezier en voldoe-
ning in mijn werk bezorgd.

Dr. Roger Heydanus, dr. Dimitri Papatsonis, en dr. Simone Lunshof, gynaecologen van de Prenatale Di-
agnostiek in het Amphia ziekenhuis. Beste Roger, Dimitri en Simone, dank voor alle verwijzingen en de
prettige samenwerking. Dank ook voor jullie flexibiliteit om deze laatste maanden wat meer ruimte te
krijgen voor het afronden van dit proefschrift en jullie belangstelling hiervoor. Helmi, Miranda en Mar-
gie, dank voor jullie perfecte {en gezellige) ondersteuning van de prenatale-genetica poli, waardoor
het elke keer weer zo plezierig is om aan het spreekuur te beginnen.

De kinderartsen waarmee ik intensief samenwerk dr, Stella de Man en dr. Coranne Aarts. Lieve Stella,
jou wil ik bedanken voor de manier waarop je ruimte schept om, in een gezamenlijk spreekuur, samen
na te denken over genetische diagnostiek bij kinderen met een ontwikkelingsachterstand/aangeboren
afwijkingen. lk denk dat we een vrij unieke formule hebben ! Dank ook voor alle fijne gesprekken, je
bent meer dan alleen collega voor mij. Lieve Coranne, ook jou dank ik voor de fijne samenwerking.
Carla Verkooijen, lieve Carla, je bent van onschatbare waarde voor de kinder-genetica poli in het Amp-
hia en ik ben je heel erg dankbaar dat je mijn zaken ook ‘een beetje in de gaten houdt.

241



242

De mannen van de ‘Erasmus room of Horror’: Tom de Vries Lentsch en Ruud Koppenol. Beste Tom, het
spijt me voor de ‘puinhoop’ die ik je aanleverde, waardoor je heel hard hebt moeten werken. Ik ben je
enorm dankbaar voor je professionele hulp ! Ruud, ook jij bedankt voor je bijdrage, en voor de brood-
nodige humor ! Graag geen poppetjes op mijn promotiedag.

Lieve Aswin, jou vriendschap is nog steeds heel belangrijk!

Lieve Carolien, al jaren zijn we vriendinnen en hebben lief en leed gedeeld. Bijha elke maandag logeer
ik bij je en hierdoor heb ik niet alleen heel efficiént kunnen werken maandagavond, maar kon ik ook
elke week met je bijpraten, en de kids zien. Dank je dat je er altijd bent voor mij.

Mijn paranimfen en vriendinnen Alice Brooks en Nicolette den Hollander. Ik ben heet blij dat jullie naast
mij staan. Lieve Alice, stelling 10 gaf je mij, en het typeert ook meteen wat wij hebben. Bij jou kan ik
terecht voor alle 'matters of the heart, tijdens het werk en daarbuiten ! Dank voor je vriendschap, die
mij heel dierbaar is. Lieve Nicolette, je bent als familie voor mij. Ontelbare keren heb je me moed inge-
sproken en goede raad gegeven. Wat moet ik zonder jou ? Dank voor alles wat je voor mij, Patrick en
Stijn betekent!

Mijn familie en (belgische) vrienden dank ik voor alle steun, aandacht, belangstelling en afleiding. Lieve
Els, Godelieve, Suzanne en Maja, ik zig jullie veel te weinig maar ik denk vaak aan alle goede momenten,
jullie zijn een deef van mij.

Mijn peter en meter, die ook voor mij zorgen. Lieve Piet, dank voor alle troost en steun die je me gaf,
Liesbeth, jouw liefde en steun aan mama, papa, de rest van de familie en aan mij is ongelofelijk. Door
jou (en papa) kon ik af en toe ongestoord verder werken, heel erg bedankt. Je bent een ware orma voor
Stijn. Mama zou er blij om zijn.

Lieve papa, dank je voor alles wat je voor mij hebt gedaan. Jouw en mama’s liefde voor de natuur was
een rode draad door ons leven thuis en daarna. Ik hoop dat je dit ook aan Stijn kunt meegeven. Dank je
dat je er voor Stijn altijd bent, hij is dol op opa!

Ik begon en sluit af met jou. Lief Patje, compahero, dank je...... voor alles



	Genetics of Congenital Heart Malformations : Clinical and Molecular Studies = Genetische aspecten van aangeboren hartafwijkingen : Klinische en moleculaire studies
	Table of Contents
	Abbreviations
	CHAPTER 1 - General introduction
	1.1 - Introduction
	1.2 - Introduction - REVIEW - Genetic and environmental factors in non-syndromic congenital heart malformations
	1.3 - Aim and outline of the thesis

	CHAPTER 2 - Laterality disorders
	2.1 Introduction
	2.2 - Mild fetal cerebral ventriculomegaly as a prenatal sonographic marker for Kartagener syndrome.

Wessels MW, den Hollander NS, Willems PJ.

Prenat Diagn. 2003 Mar;23(3):239-42.

PMID:12627427[PubMed - indexed for MEDLINE] 
	2.3 - Candidate gene analysis in three families with acilia syndrome.

Wessels MW, Avital A, Failly M, Munoz A, Omran H, Blouin JL, Willems PJ.

Am J Med Genet A. 2008 Jul 1;146A(13):1765-7. No abstract available. 

PMID:18512228[PubMed - indexed for MEDLINE] 
	2.4 - Polyalanine expansion in the ZIC3 gene leading to X-linked heterotaxy with VACTERL association: a new polyalanine disorder?

Wessels MW, Kuchinka B, Heydanus R, Smit BJ, Dooijes D, de Krijger RR, Lequin MH, de Jong EM, Husen M, Willems PJ, Casey B.

J Med Genet. 2010 May;47(5):351-5.

PMID:20452998[PubMed - indexed for MEDLINE] 

	CHAPTER 3 - Valvular defects and Left Ventricular Outflow Tract Obstruction (LVOTO)
	3.1 Introduction
	3.2 - Autosomal dominant inheritance of left ventricular outflow tract obstruction.

Wessels MW, Berger RM, Frohn-Mulder IM, Roos-Hesselink JW, Hoogeboom JJ, Mancini GS, Bartelings MM, Krijger R, Wladimiroff JW, Niermeijer MF, Grossfeld P, Willems PJ.

Am J Med Genet A. 2005 Apr 15;134A(2):171-9.

PMID:15712195[PubMed - indexed for MEDLINE] 
	3.3 - Autosomal dominant inheritance of cardiac valves anomalies in two families: extended spectrum of left-ventricular outflow tract obstruction.

Wessels MW, van de Laar IM, Roos-Hesselink J, Strikwerda S, Majoor-Krakauer DF, de Vries BB, Kerstjens-Frederikse WS, Vos YJ, de Graaf BM, Bertoli-Avella AM, Willems PJ.

Am J Med Genet A. 2009 Feb;149A(2):216-25.

PMID:19161153[PubMed - indexed for MEDLINE] 

	CHAPTER 4 - Arterial malformations
	4.1 Introduction
	4.2 - Three new families with arterial tortuosity syndrome.

Wessels MW, Catsman-Berrevoets CE, Mancini GM, Breuning MH, Hoogeboom JJ, Stroink H, Frohn-Mulder I, Coucke PJ, Paepe AD, Niermeijer MF, Willems PJ.

Am J Med Genet A. 2004 Dec 1;131(2):134-43.

PMID:15529317[PubMed - indexed for MEDLINE] 
	4.3 - Homozygosity mapping of a gene for arterial tortuosity syndrome to chromosome 20q13.

Coucke PJ, Wessels MW, Van Acker P, Gardella R, Barlati S, Willems PJ, Colombi M, De Paepe A.

J Med Genet. 2003 Oct;40(10):747-51.

PMID:14569121[PubMed - indexed for MEDLINE] Free PMC Article
	4.4 - Mutations in the facilitative glucose transporter GLUT10 alter angiogenesis and cause arterial tortuosity syndrome.

Coucke PJ, Willaert A, Wessels MW, Callewaert B, Zoppi N, De Backer J, Fox JE, Mancini GM, Kambouris M, Gardella R, Facchetti F, Willems PJ, Forsyth R, Dietz HC, Barlati S, Colombi M, Loeys B, De Paepe A.

Nat Genet. 2006 Apr;38(4):452-7. Epub 2006 Mar 19.

PMID:16550171[PubMed - indexed for MEDLINE] 

	CHAPTER 5 - Cardiomyopathies with congenital heart malformations
	5.1 Introduction
	5.2 - Mutations in sarcomeric protein genes not only lead to cardiomyopathy but also to congenital cardiovascular malformations.

Wessels MW, Willems PJ.

Clin Genet. 2008 Jul;74(1):16-9. Epub 2008 Apr 8.

PMID:18400036[PubMed - indexed for MEDLINE] 
	5.3 - A new syndrome with noncompaction cardiomyopathy, bradycardia, pulmonary stenosis, atrial septal defect and heterotaxy with suggestive linkage to chromosome 6p.

Wessels MW, De Graaf BM, Cohen-Overbeek TE, Spitaels SE, de Groot-de Laat LE, Ten Cate FJ, Frohn-Mulder IF, de Krijger R, Bartelings MM, Essed N, Wladimiroff JW, Niermeijer MF, Heutink P, Oostra BA, Dooijes D, Bertoli-Avella AM, Willems PJ.

Hum Genet. 2008 Jan;122(6):595-603. Epub 2007 Oct 16.

PMID:17938964[PubMed - indexed for MEDLINE] 
	5.4 - Compound heterozygosity for truncating mutations in the MYBPC3 gene causes severe cardiomyopathy with left ventricular noncompaction and septal defects resulting in
neonatal death
Submitted
	5.5 - Ebstein anomaly can be caused by mutations in the MYH7 gene encoding the cardiac beta myosin heavy chain Submitted

	CHAPTER 6 - General discussion
	Summary
	Samenvatting
	Curriculum Vitae
	PHD Portfolio Summary
	List of publications
	Dankwoord

