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Synopsis 

The aim of this thesis was to advance our insight on copy number variation in the genesis of 

congenital heart defects. The body of current knowledge on the genetics of CHD is scattered across 

publications, text books and genomic databases. To enhance the identification of chromosomal 

regions and genes recurrently linked to congenital heart defects, we developed a Wiki-based portal 

for standardized and curated integration of clinical and molecular data on CHD, termed CHDWiki, 

which is described in Part I of this thesis. 

In the first chapter we elaborate on the developmental process underlying CHDWiki, and we discuss 

on how this Wiki knowledge and analysis portal can serve the broad community that is studying 

CHDs, ranging from the pediatric cardiologist and clinical geneticist to the basic investigator of 

cardiogenesis (Part I, Chapter 1). Subsequently, all submicroscopic imbalances recurrently related to 

CHDs, compiled in CHDWiki, were evaluated in a systemic way to delineate overlapping imbalanced 

regions critical for heart development. We aimed to identify novel candidate genes for CHD within 

these regions, using computational gene prioritization tools. We provide an overview of these results 

in chapter 2 (Part I, Chapter 2), and we elaborate on the delineation of 3 novel CHD-related 

chromosomal syndromes in chapter 3: the 16p13.3 microduplication syndrome, a novel recurrent 

22q11 deletion and deletions on 10q22q23 (Part I, Chapter 3). 

Array comparative genomic hybridization is already widely used in a clinical setting for the diagnosis 

of individuals with congenital malformations. The interpretation of CNVs is challenging as infrequent 

disease-causing copy number changes should be distinguished from the abundant copy number 

variations without obvious major clinical significance. In Part II of this thesis, we discuss some of the 

challenges that arise upon the introduction of aCGH as a diagnostic tool in a clinical cardiogenetic 

setting, and introduce an algorithm for CNV interpretation (Part II, Chapter 1). We applied aCGH 

studies in large cohorts with syndromic CHD (Part II, Chapter 2) and sporadic non-syndromic CHD 

(Part II, Chapter 3). Based on our experience as well as those of others described in the literature, we 

outline the state-of-the-art and attempt to answer a number of outstanding questions, such as the 

yield of aCGH in different patient populations, the added value of higher resolution arrays, and the 

existence of predictive factors in syndromic cases. 

Studies addressing the role of somatic copy number variation (CNV) in the genesis of congenital heart 

defects are scarce. In Part III of this thesis, we explore the occurrence of CNV differences in 

monozygotic twins discordant for the presence of a congenital heart defect, as a model for exploring 

chromosomal mosaicism in CHD. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Samenvatting 

Congenitale hartafwijkingen zijn een belangrijke aangeboren oorzaak van mortaliteit en morbiditeit 

op kinderleeftijd. Deze thesis beoogde het inzicht in de rol van chromosomale kopij varianten in het 

ontstaan van aangeboren hartafwijkingen (CHD) te verbeteren. De huidige kennis over de genetica 

van CHD is versnipperd over publicaties, tekstboeken en genomische databases. Om de identificatie 

van chromosomale regio’s en genen, die betrokken zijn in het ontstaan van hartafwijkingen, te 

verbeteren, ontwikkelden we ‘CHDWiki’. Dit is een online werkbank, gebaseerd op Wiki technologie, 

voor de gestandardiseerde integratie van klinische en moleculaire gegevens over CHD, en wordt 

beschreven in Deel 1 van deze thesis. 

In het eerste hoofdstuk beschrijven we de ontwikkeling van dit platform, en tonen we aan hoe 

CHDWiki de dagelijkse praktijk van de ganse cardiogenetische gemeenschap, van kindercardioloog en 

klinisch geneticus, tot cardiogenetische wetenschapper, kan ondersteunen (Deel 1, Hoofdstuk 1). 

Vervolgens werden alle overlappende submicroscopische afwijkingen, die verzameld werden in 

CHDWiki, op een systematische wijze geëvalueerd, om kritische chromosomale regio’s voor 

hartontwikkeling af te lijnen. Deze chromosomale regio’s omvatten meestal een grote hoeveelheid 

genen. Om nieuwe kandidaatgenen voor CHD in deze regio’s te identificeren, maakten we gebruik 

van in silico methodes voor prioritisatie van CHD-gerelateerde genen. Een overzicht van deze 

resultaten is weergegeven in hoofdstuk 2 (Deel 1, Hoofdstuk 2). Drie voorbeelden van nieuwe 

chromosomale hartsyndromen worden uitgewerkt in hoofdstuk 3: het 16p13.3 microduplicatie 

syndroom, een nieuwe recurrente deletie op chromosoom 22q11, en deleties op 10q22q23 (Deel 1, 

Hoofdstuk 3). 

Moleculaire karyotypering of array comparative genomic hybridization (aCGH) is een techniek die 

toelaat om genoomwijd chromosomale kopij varianten (CNVs) op te sporen, en wordt inmiddels 

routinematig toegepast in de klinische diagnostiek van mensen met congenitale aandoeningen. De 

interpretatie van CNVs is een uitdaging, gezien zeldzame causale CNVs moeten onderscheiden 

worden van een overvloed aan CNVs zonder duidelijke klinische impact. Deel 2 van deze thesis is 

geweid aan de introductie van aCGH als diagnostische techniek in een klinische cardiogenetische 

setting. We introduceren een algoritme voor de interpretatie van CNVs (Deel 2, Hoofdstuk 1) en 

passen aCGH toe op twee patiëntenpopulaties met CHD: patiënten met syndromale CHD (Deel 2, 

Hoofdstuk 2) en sporadische patiënten met niet-syndromale CHD (Deel 2, Hoofdstuk 3). Gebaseerd 

op onze eigen ervaring en op deze van anderen beschreven in de literatuur, beargumenteren we de 

diagnostische waarde van aCGH in verschillende patiëntenpopulaties, de meerwaarde van aCGH met 



hogere resolutie, en de aanwezigheid van klinische predictoren voor de aanwezigheid van causale 

CNVs in patiënten met syndromale CHD. 

Studies over de rol van somatische chromosomale afwijkingen in het ontstaan van aangeboren 

hartafwijkingen worden vooral bemoeilijkt door de beperkte beschikbaarheid van gezond en 

afwijkend hartspierweefsel. In Deel 3 van deze thesis, bestuderen we de aanwezigheid van CNV 

verschillen tussen monozygote tweelingen, die discordant zijn voor de aanwezigheid van CHD, als 

een model voor chromosomaal mosaicisme in CHD. 
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INTRODUCTION 

Definitions 

Congenital heart defects (CHDs) represent a group of disorders involving a structural anomaly of the 

heart, that arises before birth. They result from abnormal embryonic heart development, and can be 

anatomically classified in abnormalities of the valves, the septa, the outflow tract or the inflow tract 

of the heart. CHDs are distinguished from cardiomyopathies, which are diseases of the heart muscle, 

and from cardiac arrhythmias, disorders in heart pacing and conduction. Structural, myocardial and 

arrhythmic disease can co-occur, and are sometimes interlinked. For example, obstructive CHD can 

provoke heart muscle overgrowth or dilatation, which in turn can lead to conduction abnormalities. 

The three heart diseases can also co-occur due to a common underlying cause, without one being the 

functional consequence of the other. For example, mutations in the gene MYH6 can cause 

cardiomyopathies and/or isolated septal defects
1,2

, and NKX2.5 mutations can provoke 

atrioventricular conduction block and/or structural heart defects
3
. 

Congenital heart defects are a major cause of infant morbidity and mortality.  The clinical outcome is 

largely dependent on the severity of the defect, the presence of extracardiac anomalies and surgical 

complications. The CHD incidence is about 5 to 11 per 1000 live births
4,5

. The various types of heart 

defects are found at different frequencies, with atrial and ventricular septal defects being the most 

common (table 1). CHD patients with a second major anomaly, developmental delay or dysmorphism 

are considered syndromic, and represent an estimated 22% of the total CHD cohort
6
. Dysmorphic 

features are defined as minor physical variants without functional consequences that are 

infrequently found in the population
7
. With an increasing number of minor anomalies the chance of 

finding a major anomaly increases significantly. Major anomalies have a clear medical or functional 

impact for the individual, such as congenital heart, brain or kidney defects. In this thesis, CHD 

patients are considered syndromic, when harboring a second major abnormality, unrelated to the 

heart, and/or at least 3 minor anomalies and/or developmental delay. Syndromic CHD mostly arise 

from a single and often genetic cause. After clinical evaluation, followed by standard karyotyping and 

targeted mutation analysis or fluorescence in situ hybridisation for clinical recognizable syndromes, a 

diagnosis is reached in 55% of individuals with syndromic CHD
6
.  

The majority of CHDs are isolated (i.e. no associated anomalies), and of these, only a small fraction 

occurs familial (4.2% of the isolated CHD population). In the non-syndromic group, only rarely a 

single cause can be demonstrated, with the exception of the familial cases. The identification of the 
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genetic cause of a CHD is important, not only to gain insight into their pathogenesis, but also with 

regard to genetic counseling on recurrence risks and, for syndromic cases, providing information on 

the future perspectives, based on knowledge on the natural course of the disorder.  

CHD type 
Incidence at birth† 

(per 100.000 live births) 

Frequency of 

associated anomalies† 

Ventricular septal defect (VSD) 357 645 27-30% 34.2% 

Patent ductus arteriosus (PDA) 80 46 36% 0.7% 

Atrial septal defect (ASD) 94 125 36-53% 18.5% 

Atrioventricular septal defect (AVSD) 35 30 41% 6.2% 

Pulmonic stenosis (PS) 73 54 19-29% 4.8% 

Aortic stenosis (AS) 40 46 17% 4.8% 

Aortic coarctation (CoAo) 41 39 23-26% 5.5% 

Tetralogy of Fallot (ToF) 42 35 30-32% 6.2% 

d-type transposition of the great arteries (d-TGA) 32 40 8-13% 3.4% 

Hypoplastic right ventricle (HRV) 22 NA NA NA 

Tricuspid valve atresia 8 NA 18% NA 

Ebstein anomaly 11 NA 18% NA 

Pulmonary atresia (PA) 13 NA 21% NA 

Hypoplastic left heart (HLH) 27 23 12-21% 0% 

Truncus arteriosus 11 NA 14-46% NA 

Double outlet right ventricle (DORV) 16 NA 17-34% NA 

Single ventricle (UVH) 11 18 20-37% 4.8% 

Totally anomalous pulmonary venous return (TAPVR) 9 NA 14-22% NA 

All cyanotic 139 NA NA NA 

All CHD* 960 1160 25-30% 22% 

Bicuspid aortic valve (BAV) 1355 NA NA NA 

 

Table 1. Incidence of CHDs and frequency of associated malformations, averaged across multiple studies 

(adapted from Hoffman & Kaplan 2002
5
, Greenwood 1975

8
, Pradat P et al 2003

9
). †The right column depicts 

the results of a recent study by Meberg et al 2007
4
. The overall frequency of extracardiac anomalies is 

estimated to be 22-30%. *excluding BAV, isolated PAPVR and silent PDA. NA: not available. 

Genetic causes 

Congenital heart defects arise from an abnormal heart development, induced either by 

environmental influences
10

, by an altered gene dosage or function
11

, by stochastic factors
12

 or by 

combinations thereof. Human genetic studies have implicated mutations of numerous genes and 
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chromosomal regions in isolated or syndromic CHD. Thus far, mutations in over twenty genes have 

been associated to sporadic or familial non-syndromic CHD, and over twice as many in syndromic 

CHD. Targeted sequencing of known cardiac genes yields causal mutations in only a minority of non-

syndromic patients, ranging from 1% to 10% depending on the CHD type and the familial history. 

Spectrum of heart genes 

Transcriptional factors 

The genes NKX2.5, TBX5 and GATA4 represent the first generation of discovered cardiac factors, 

regulating specific events in heart development, such as ventricular septation and outflow tract 

morphogenesis
3,13-15

. These dosage-sensitive transcriptional factors interact physically and 

synergistically to activate their downstream targets, providing insight into how mutations of these 

proteins affect cardiac gene expression and may lead to an overlapping cardiac phenotype, being 

septal defects (see Part I of this thesis, Chapter 1, figure 4). Interestingly, TBX5 interacts physically 

and genetically with SALL4, defining the boundaries at the ventricular septum in mice. Mutations in 

both genes provoke a strikingly similar phenotype, characterized by septal defects and radial limb 

anomalies
3,13,16

. 

The network of interacting transcription factors has continued to grow in complexity with the 

identification of the genes TBX20, TBX2 and TBX3, which determine the delineation between primary 

myocardium (AV canal, inflow and outflow tract) and chamber myocardium (atria and ventricles)
17

. 

Chamber formation, promoted by tbx20 and tbx5, is repressed through antagonizing effects of TBX2 

and TBX3 on the chamber-specific expression of Cx40, Cx43 and nppa
18

. Mutations in TBX20 have 

been implicated in families with ASD and mitral valve defects
19

. 

Two other members of the T-box family, TBX1 and TBX18, are respectively important for elongation 

of the arterial and venous pole of the cardiac tube
20,21

. TBX1 is expressed in the endoderm and 

mesoderm of the pharyngeal arches, termed the second heart field (SHF). Tbx1 plays a prominent 

role in maintaining SHF progenitor cells in a proliferative state and in septation of the outflow tract 

(OFT), through interaction with its downstream targets fgf8 and fgf10
22

. Haploinsufficiency of TBX1 is 

responsible for DiGeorge of Velo-Cardio-Facial syndrome in humans (OMIM:192430), characterized 

by conotruncal heart defects, facial dysmorphism and thymic defects with variable expressivity
20,23

. 

Expression of TBX1 in the pharyngeal mesoderm is induced by forkhead class transcriptional factors, 

FOXC1 and FOXC2, which play a pivotal role in early heart development, acting upstream of the Tbx1-

FGF cascade during the morphogenesis of the OFT
24

. 
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Recently, other classes of transcription factors were detected in syndromic (e.g. TFAP2B
25

) and non-

syndromic CHD (e.g. GATA6
27

 and ZAC1
28

). Their specific function in cardiac morphogenesis requires 

further investigation (table 2). 

transcriptional factors 
 

Gene cardiac null phenotype human CHD‡ 
associated 

anomalies 
ref 

NKX2.5 

lethal prior to cardiac looping in 

drosophila; AV node defects & 

trabecular overgrowth in -/+ mice 

ASD (50.8%)  

VSD (16.9%) 

ToF (16.9%) 

AV block Schott, 1998
3
 

GATA4 

disrupted looping, septation and 

hypoplastic ventricular myocardium 

in -/- mice 

ASD (54%) 

PS (19%) 

VSD (11.9%) 

none Garg, 2003
15

 

TBX5 

loss of chamber myocardium, 

looping defects, hypoplastic 

sinoatrial region & left ventricle 

ASD (57.1%) 

VSD (34.1%) 

Holt-Oram 

syndrome: radial 

limb defects 

Basson, 1997
13

 

SALL4 

ASD, VSD or univentricular heart 

with thin or dysorganized 

myocardium in -/+ mice 

VSD (66%) 

Okihiro syndrome: 

duane anomaly, 

radial limb defects 

Kohlhase, 2002
16

 

TBX20 

loss of chamber myocardium, 

looping defects, hypoplastic OFT & 

right ventricle 

ASD (60%) 

VSD (20%) 

MVS (20%) 

cardiomyopathy Kirk, 2007
19

 

TBX2 

OFT septation defects, expansion of 

chamber-specific gene 

expression into the AVC 

ND ND Greulich, 2011
17

 

TBX3 
atrial-type myocardium in the SAN, 

OFT malformations & VSD 
ND 

Ulnar-Mammary 

syndrome 
Greulich, 2011

17
 

TBX18 
reduced SAN size, delayed 

myocardialization of caval veins 
ND ND Christoffels, 2006

21
 

TBX1 
abnormal growth and septation of 

OFT, VSD, aortic arch abnormalities 

IAA (50%) 

truncus (35%) 

ToF (16%) 

VCFS: immune 

deficiency, VPI, ID 

hypocalcaemia, 

facial dysmorphism 

Merscher, 2001
20

 

FOXC1 

anterior eye defects in -/+ mice; 

compound Foxc1 /Foxc2  null mice: 

hypoplasia of OFT, RV, AV cushions 

& epicardium 

variable; rare 

Axenfeld-Rieger: 

dysmorphism 

anterior eye & 

minor hand defects 

Seo, 2006
24

 

FOXC2 

anterior eye defects in -/+ mice; 

compound Foxc1 /Foxc2  null mice: 

hypoplasia of OFT, RV, AV cushions 

& epicardium 

ND 
lymphedema-

distichiasis 
Seo, 2006

24
 

TFAP2B polycystic kidney disease PDA (90%) 

Char syndrome: 

dysmorphism, 5
th

 

finger clinodactyly 

Mani, 2005
25,29

 

THRAP2 ND d-TGA (rare) ND Muncke, 2003
26

 

GATA6 

conditional deletion in neural crest-

derived smooth muscle: OFT & 

aortic arch defects 

ASD (38.5%) 

CTHD (30.8%) 

PS (15.4%) 

none Kodo, 2009
27

 

ZAC1 
paternal-mutated -/+ mice: ASD, 

VSD & thin ventricular wall 
ND ND Yuasa, 2010

28
 

 

Table2. Cardiac null phenotype in animal models and human phenotype associated with mutations in known 

cardiac genes, encoding transcriptional factors. Relative incidence and spectrum of CHD type is based on data 
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available in CHDWiki (see Part I of this thesis, chapter 1). AV: atrioventricular; CTHD: conotruncal heart defect 

(ToF or truncus arteriosus); ID: intellectual or learning disability; ND: not described; OFT: outflow tract, SAN: 

sinoatrial node; VPI: velo-pharyngeal insufficiency. ‡for abbreviations of human cardiac phenotypes, see table 

1. 

Signal transduction factors 

Transcriptional networks have been important for understanding the regulation of cardiac gene 

expression and the etiology of congenital heart defects. The main challenge is the identification of 

specific targets and cellular mechanisms that are involved in congenital heart defects downstream of 

the associated transcription factors. 

Defective Notch signaling leads to malformation of the cardiac valves. The transmembrane receptor 

NOTCH1 is involved in epithelial-to-mesenchymal transition and valve formation. NOTCH1 mutations 

provoke early valve calcification, by induction of RUNX2, or cause a wide spectrum of congenital right 

and left ventricle outflow tract obstructions, ranging from bicuspid aortic valve to left ventricle 

hypoplasia
30

. A similar cardiac phenotype can be observed in Alagille syndrome, characterized by 

butterfly vertebrae, biliary duct hypoplasia, eye anomalies, and a typical facial gestalt, and caused by 

mutations in the Notch ligand JAG1
31,32

 or the receptor NOTCH2
33

. 

Another group of syndromic CHDs emerges from defects of the RAS-MAP kinase pathway, mostly 

involving gain-of-function mutations (e.g. PTPN11, SOS1, BRAF, KRAS, MAP2K1, MAP2K2, SHOC2,…), 

which give rise to cardiac, facial, cutaneous and developmental disorders. The phenotypic spectrum 

and molecular mechanisms underlying these traits have been recently reviewed by Tartaglia et al
34

 

and Denayer et al.
35

. 

As discussed above, FGF8, a downstream target of TBX1, plays a crucial role in OFT tract and valve 

formation via a FGF-BMP signaling axis, mediated by BMP4
22

. BMP and TGF-β signaling are involved 

in the regulation of cell proliferation, migration, differentiation, and apoptosis, through binding of 

BMP and TGF-β ligands to a heterodimeric complex of two transmembrane receptors, termed BMPR 

and TGFBR type I and II. Mutations in TGFBR1 and TGFBR2 cause Loeys-Dietz syndrome, which is 

occasionally associated with CHD, besides the typical triad of arterial tortuosity and aneurysms, 

hypertelorism, and bifid uvula or cleft palate
36

. Recently, our group identified the TGF-β-activated 

kinase 1/MAP3K7 binding protein 2 gene TAB2 as a candidate for aortic and pulmonary valve 

stenosis. This protein kinase is an important relay between receptors for extracellular signaling 

molecules (TGF-β and Wnt) or chemokines (TNF) and downstream targets
37

.  
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Structural proteins 

Cardiac muscle myosin (MYH6, MYH7) and actin (ACTC) are the major components of the contractile 

system of cardiac muscle. When mutated, these proteins typically cause hyperthrophic 

cardiomyopathies
38

. However, isolated structural heart defects can occasionally occur, such as 

ASD
2,39

 and Ebstein anomaly
40

. Altered haemodynamics during embryonic heart development might 

explain how defects of the contractile apparatus can lead to structural heart defects. 

Elastic fibers, comprised of a more abundant amorphous component (elastin) and a microfibrillar 

component, determine the arterial wall stiffness. Defects in elastin (ELN) provoke obstructive arterial 

disease (e.g. supravalvular aortic valve stenosis and peripheral pulmonary stenosis)
41

, whereas 

defects in fibrillin (FBN1) cause ascending aorta aneurysm and mitral valve prolapse, which represent 

the most common cardiovascular features associated with Marfan syndrome
42

. 

Histone modification factors 

Chromatin remodeling complexes are intimately associated with the networks of interacting 

transcriptional factors, underlying heart development. These histone modulators add an additional 

layer of complexity and finetuning to the regulation of heart development
43

. 

Histone acetyltransferases, p300 and cAMP response element binding protein (CREB)-binding protein 

(CREBBP) are two structurally related transcriptional co-activators that regulate expression of genes 

involved in cellular growth and differentiation. Both enzymes are cardially expressed, but show 

different spatiotemporal patterns during heart development
44

. Inactivation of the p300 

acetyltransferase domain in mice results in cardiac, intestinal and lung defects. Loss-of-function 

mutations in humans cause Rubinstein-Taybi syndrome (OMIM:180849), featured by cardiac septal 

defects, broad thumbs and halluces, and a distinct facial phenotype, with downslanting palpebral 

fissures and a long columella
45

. Tbx5 is linked via the transcriptional co-activator TAZ to p300, which 

promotes transcription of Nppa by histone acetylation and increased transcriptional accessibility of 

its promoter
46

.  

In addition, Kabuki syndrome (OMIM:147920) and CHARGE syndrome (OMIM:214800), two 

archetypical CHD-related syndromes, emerge from defective chromatin remodeling. Kabuki 

syndrome is caused by mutations of MLL2, encoding the histone 3 lysine 4 (H3K4) 

methyltransferase
47

. The trimethylated side chain of H3K4 is recognized by the chromodomain 

protein chd7. Haploinsufficiency of this gene leads to CHARGE syndrome
48,49

. Further studies are 

required to link these histone modifiers to the regulation of cardiac morphogenesis. 
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MicroRNA genes 

The discovery of microRNAs (miRNA) has revolutionized our insight in post-transcriptional gene 

regulation. MiRNAs are pivotal modulators in cardiovascular development, providing tissue 

homeostasis by ‘fine-tuning’ gene expression
50

.  Specific patterns of miRNA expression correlate with 

cardiovascular disease, such as arrhythmia (miR-1, miR-133 and miR-208a), fibrosis (miR-28 and miR-

29) and pressure-overload remodeling (miR-133 and miR-208). Although zebrafish seem to be 

particularly sensitive to miRNA regulation for the formation of the cardiac chambers and AV canal, 

mutations in miRNA genes have not been implicated in human structural heart defects thus far
50

. 

Charting the cardiogenetic network 

The spectrum of known human cardiac genes is thus very heterogeneous. Gene expression leading to 

cardiac cell growth, division, differentiation, migration and apoptosis is fine-tuned by a complex 

interaction of transcription factors, chromatin remodeling and post-transcriptional modification. 

Charting this complex cellular mechanism in a spatiotemporal network is the main challenge for 

future research. 

Chromosomal causes 

The distinction between genetic and chromosomal defects is historically based on the detection 

technique: chromosomal imbalances were detected by standard karyotyping whereas alterations at 

nucleotide level were detected by sequencing. Novel technologies for genome-wide sequencing have 

moved the boundary of sequencing techniques into the field of chromosome aberration detection, 

and array Comparative Genomic Hybridization (aCGH) has paved the way for molecular cytogenetics, 

encompassing the detection of single gene alterations. Nevertheless, some of the characteristic 

features of genetic and chromosomal defects still justifies a distinction. 

Aneuplodies and partial trisomy/monosomy 

Aneuploidy and large imbalances involving complete chromosomal arms are cytogenetically visible 

and are mostly incompatible with normal development, resulting in a syndromic presentation with 

intellectual disability and/or multiple congenital anomalies, including CHD. Consequently, they occur 

mostly de novo. Typical examples of CHD-related aneuploidies are trisomy 21, which is associated 

with atrioventricular septal defects in an estimated 40%
51

 and monosomy X, associated with aortic 

abnormalities in 50%
52

. 
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Submicroscopic chromosomal imbalances 

Phenotype-first 

Some recurrent submicroscopic imbalances are associated with a distinct syndromic phenotype. 

When clinically recognized, these chromosomal syndromes can be genetically confirmed by means of 

a targeted approach, such as fluorescence in situ hybridization (FISH), multiplex ligation-dependent 

probe amplification (MLPA) or quantitative PCR (qPCR). Examples of such clinically recognizable 

chromosomal syndromes include Velo-Cardio-Facial syndrome (OMIM:192430), Sotos syndrome 

(OMIM:117550), Williams-Beuren syndrome (OMIM:194050) and Wolf-Hirschhorn syndrome 

(OMIM:194190), respectively caused by loss of 22q11.2
53

, 7q11.23
54

, 5q35.3
55

 and terminal 4p
56

. 

The typical phenotype may emerge from altered dosage of a single gene within the imbalanced 

region. For example, patients with loss-of-function mutations within the NSD1 gene are clinically 

indistinguishable from those harboring 5q35.3 deletions
55

. Conversely, different neighbouring genes 

within the imbalance may be responsible for different parts of the patient’s phenotype. Williams-

Beuren syndrome (OMIM:194050) is a classic example of such a contiguous gene syndrome. 

Haploinsufficiency of one of the genes (ELN) is responsible for supravalvular aortic stenosis that is 

typically present in these patients
41

. 

Array Comparative Genomic Hybridisation and reversed phenotyping 

Molecular karyotyping or array comparative genomic hybridization (aCGH) is now widely applied as a 

genome-wide screening method for detection of causal copy number variants (CNVs) in patients 

without a clinical recognizable phenotype (figure 1). Compared to classical cytogenetics, the major 

advantage of aCGH is its increased resolution, which enables to detect much smaller imbalances. On 

the basis of similar causal genomic aberrations in various patients a recurrent clinical phenotype can 

be delineated (genotype first). An example of this process of ‘reverse phenotypics’, is the novel 

17q21.3 deletion syndrome
57

. 

Reduced penetrance and variable expression 

The genetic effect size of CNVs is highly variable
58

. Most variants identified are considered 

phenotypically indifferent, termed copy number polymorphisms (CNPs), or confer relatively small 

increments in risk (1.1-1.5 fold), explaining only a small proportion of heritability. Genome-wide 

association studies aim to link these common variants, occurring in more than 1-5% of the 

population, to common disease, such as obesity
59

, myocardial infarction
60

 or psychiatric disorders
61

. 

The other end of the spectrum consists of rare CNVs causing clear Mendelian segregation. These 

CNVs are detrimental for normal human development and cause a highly penetrant disease 
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phenotype, mostly associated with reduced reproductive fitness, and therefore they often occur de 

novo.  

 

Figure 1. Principle of array 

comparative genomic 

hybridization (aCGH). DNA from 

the patient and a normal sex-

matched control are labeled 

differently (e.g. in Cy5 and Cy3), 

mixed and hybridized to an 

array, spotted with DNA probes. 

The Cy5/Cy3 ratio for each DNA 

probe is measured and analyzed. 

 

Between these outer ends, there is a spectrum of low-frequency variants with a moderate effect 

(figure 2). Their associated phenotype is often variable and carriers do not always have 

manifestations detectable by standard clinical examinations (e.g. 1q21.1 duplications
62

 and 22q11 

duplications
63

). However, compared to complex disorders the probability of these clinical disorders is 

much higher, and therefore, the finding of such an imbalance is clinically significant, even when 

inherited. The reduced penetrance and variable expression may be attributed to a ‘second hit’ due to 

other genetic or environmental modifiers. For example, 24% of patients with 16p11.2 deletions were 

shown to carry a second genetic hit
64

. 

 
Figure 2. Classification of CNVs towards allele frequency and strength of the genetic effect (adapted from

58
) 
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Computational gene prioritization 

Bioinformatics prioritization is an established tool for selecting candidate genes for a role in specific 

human disorders, such as congenital heart defects (CHD)
37,65

. It does what one used to do manually 

when candidate genes were evaluated, but much more objectively and rapidly. 

Gene prioritization methods determine the similarity between candidate genes and genes known to 

play a role in defined biological processes or diseases (training genes). For this, multiple data sources 

can be implemented: Gene Ontology (GO) annotations, protein domain databases, published 

literature, gene expression data and sequence information. For computational gene prioritization in 

this thesis, we use Endeavour
66,67

, freely accessible at [1].  

First, a leave-one-out cross-validation is performed on the set of training genes using all available 

data sources. For each source or model, the area under the ROC Curve (AUC) is calculated and used 

as an estimate of its performance. For example, an AUC of 94% implies that a known gene, when left 

out of the training set, will rank within the top 6% of a candidate gene set. Only the best performing 

models are kept for the prioritization of genes within the candidate region.  

 
 

Figure 3. Principle of computational gene prioritization. 

Next, genes within a targeted chromosomal region or genome-wide, can be prioritized towards their 

probability of causing a specific human disorder, for example CHD (see Part I of this thesis, Chapter 2 

& 3). We integrated an adapted Endeavour algorithm for prioritizing heart genes, into CHDWiki, a 

Wiki platform for cardiogenetics, which is discussed in Part I of this thesis, Chapter 1. It offers 

predefined training sets of genes with tailored data sources. 
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Chapter 1. Collaboratively charting the gene-to-phenotype 

network of human congenital heart defects 

Adapted and updated from:  

Collaboratively charting the gene-to-phenotype network of human congenital heart 

defects  

Roland Barriot*, Jeroen Breckpot*, Bernard Thienpont*, Sylvain Brohée, Steven Van Vooren, Bert 

Coessen, Leon-Charles Tranchevent, Peter Van Loo, Marc Gewillig, Koenraad Devriendt and Yves 

Moreau 

Genome Medicine. 2010 Mar 1;2(3):16 (2010) *shared first authors 

Background 

Recently, Wiki technology - inspired by the well-known Wikipedia encyclopedia - has been proposed 

as a potential strategy for the collaborative development of biological knowledge bases
1-6

. Although a 

‘Wikipedia for Genes’ is likely to emerge, a number of challenges remain. First, classical Wiki 

technology in itself (based on free text) is unsuitable for developing genetic knowledge bases 

because of the imperative need for structured information. Hence, Wiki platforms for genetic 

knowledge bases need to provide a strong framework for integration with classical database 

technology. Wikiproteins already implements this need at a high level by abstractly linking concepts, 

such as proteins and biological processes
1
. Second, and probably foremost, each community uses 

specific terminology, has specific goals, and uses specific data and tools. Such specificity cannot be 

addressed in a generic Wikipedia for Genes and requires tailored solutions implementing different 

levels of specialization. Third, Wiki technology does not in itself support downstream analysis of the 

information gathered in the Wiki. 

Going beyond knowledge gathering, integrative data analysis strategies have been proposed recently 

for the prioritization of genes potentially involved in a given biological process, phenotype, or 

disease
7-9

. Nevertheless, there is clearly a gap between such advanced (and somewhat complex) 

analysis strategies and actual wet lab work. A similar gap can be observed between those strategies 

and clinical genetics where increasingly complex molecular data need to be interpreted towards the 

diagnosis of constitutional disorders. To bridge this gap and bring integrative analysis strategies into 

practice, we integrate a candidate gene prioritization method
9
 and browsing of networks of gene 

interactions
10-12

 into the Wiki platform. 
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We therefore propose to combine Wiki technology, databases of genomic and phenomic 

information, and data analysis tools into a Wiki portal that supports the needs of a specialized 

community. In particular, we describe a Wiki portal for the genetic study of congenital heart defects, 

termed CHDWiki. CHDs are the major cause of mortality in newborns in the developed world, but 

despite this manifest importance, most CHDs still have unknown etiologies. In some instances, 

specific genetic and environmental factors have been shown to cause CHDs.  

The CHDWiki portal focuses on mapping out the gene network leading to human CHD phenotypes. It 

supports both genetic and molecular biology research that aims at hunting for CHD genes, as well as 

clinical research that aims at identifying and interpreting genetic aberrations in patients suffering 

from well-characterized CHDs. 

Construction and content 

Knowledge acquisition 

To build a set of most currently known gene-phenotype links, we performed a manual search in 

OMIM (Online Mendelian Inheritance in Man) and MEDLINE for genes that are linked with any of 139 

relevant cardiac defect phenotypes listed among the internationally used CHD codes from the 

Association for European Paediatric Cardiology (AEPC). The use of this specialized ontology 

maximizes the relevance of the collected information to the CHD community and improves the 

consistency of this information. Relevant genes and mutations were selected and their corresponding 

cardiac phenotypes were manually gathered and described based on the available literature. The 

level of support for a gene-phenotype link was defined by its incidence and the number of 

independent publications reporting it. We only considered such links confirmed if at least two 

reports from independent groups described the incidence of mutations in CHD patients to be greater 

than 1%. Moreover, the support for the link between every single gene mutation and CHD type was 

further characterized based on the genetic evidence (inheritance and incidence), in silico predictions, 

and the functional studies (in vitro analysis and animal models) described in the study. 

To build a set of most currently known chromosomal regions linked to CHDs, MEDLINE was searched 

for imbalances detected by molecular karyotyping, breakpoints of balanced chromosome aberrations 

or regions implicated in CHDs through linkage studies. These data complement at a much higher 

resolution the CHD regions identified by Van Karnebeek et al.
13

, which were based on reported 

cytogenetically visible chromosomal aberrations. 
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CHDWiki is conceived to allow straightforward inclusion of published and unpublished data from all 

collaborators. All clinical (cardiac and non-cardiac) and molecular data are rendered anonymous and 

collected in a standardized manner, either directly in the CHDWiki database (for genes, translocation 

breakpoints and linkage regions) or (for well-delineated chromosomal imbalances) using another tool 

designed for this purpose, CHDBench [1]. Consent for submitting unpublished data from a patient or 

their legal representative is explicitly required, and was assumed to be obtained for published data 

that are included. Ethical approval for the incorporation of patient data was obtained from the Ethics 

Committee KU Leuven (S51093). 

Platform development 

CHDWiki is based on the MediaWiki engine initially developed for the Wikipedia project. We 

implemented a generic extension that allows registering specific components for the management of 

structured data and for the on-the-fly execution of analysis tools. 

The benefits of databases are manifold and become apparent when providing different views on the 

same data. For instance, it allows providing the detailed list of genes linked to CHDs, as well as the 

list of CHDs having linked genes. Databases also solve consistency issues; for example, when a link is 

added or updated between a gene and a specific CHD, both the gene page and the CHD page 

instantaneously reflect this change. The principles of the generic extensions are the following. 

Specific components can subscribe to pages so that the Wiki engine executes these components 

when the page is rendered, or they can explicitly be called from within the page through the use of a 

specific tag. For example, to include the list of CHDs linked to JAG1, the generic extension first calls 

the chdsForGenes component with parameter JAG1 to retrieve the data in the form of 

(variable, value) pairs. Second, the extension retrieves the chdsForGeneTemplate layout 

template, which is stored as Wiki text in a standard Wiki page. Third, it replaces the variables by 

their actual values. Eventually, the resulting Wiki text is rendered by the MediaWiki engine. 

The simplicity of the generic extension mechanism makes it both flexible and powerful. Specific 

components already available include: numerous data retrievers from our local databases; a 

chromosome map summarizing genes and genomic regions linked to CHDs; pie chart generation; 

gene network visualization and exploration; and candidate gene prioritization. This variety of 

components illustrates the versatility of the approach. For instance, pie charts are easily included by 

calling the lightweight pieChart component with the list of slices (name and value pairs), while the 

prioritization component consists in a complete web application specifically tuned towards 

prioritizing CHD genes. More generally, the generic extension proved successful in the fast 

development of new components working as wrappers for databases, web services, command line 
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tools, and DAS (Distributed Annotation System) servers
14

. Also, to speed up the development time 

for structured data updates and interaction, the extension implements a generic mechanism to easily 

specify web forms in Wiki text that are pre-filled and handled by registered components. 

In addition, CHDWiki interacts with a patient data repository, CHDBench [1], for managing patient 

data published in the literature, and a DAS server
15

 feeding CHD genes and genomic regions has been 

set up to allow one to loop from CHDWiki to the Ensembl genome browser and back. 

When more Wiki portals such as CHDWiki are available, the problems of interoperability of these 

systems and integration of stored knowledge can be managed through standard protocols such as 

DAS for data access, web services for the programmatic use of knowledge, or dedicated application 

programming interfaces (APIs), which will have to be further specified by the community. The 

component-oriented architecture of CHDWiki will make such future developments easy to 

implement. 

Results 

Overview of CHD data 

The results of the knowledge acquisition are described in table 1 (as of June 2011), and are visualized 

on an interactive chromosomal map in CHDWiki (figure 1). They represent a unique repository of 

human genetic data for CHDs that describes both the phenotype and the genetic lesion with a 

granularity of detail that was unavailable so far. It allows for the addition of a free text description of 

any aspects of the gene that the contributor considers relevant. 

Features entries Features CHD 

genes 78 genes 263 

CHD types 100 mutations 363 

linkage regions 15 linkage regions 19 

balanced translocations 25 balanced translocations 27 

imbalances (cases) 358 Van Karnebeek 1999 regions
13

 85 

imbalances (regions) 386 Studies (mutation screens) 406 

Van Karnebeek 1999 regions
13

 46   

references 247   

 

Table 1. Results of knowledge acquisition. The right column displays the number of different features present 

in CHDWiki (e.g. genes, CHD types, imbalances). The left column displays the total number of relations between 

Congenital Heart Defects (CHD) and currently managed features. 
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Figure 1. Overview of CHD data plotted on a human karyogram. A dynamic and interactive version is available at CHD:Map [6]. 
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Figure 2. Screenshot of the CHDWiki gene page of the NKX2.5 gene page. At the top of the page a pie diagram 

graphically represents the spectrum of CHD types, which are associated with mutations in 

followed by free wiki text and images of NKX2.5 expression during zebrafish development.

For each gene or phenotype, CHDWiki provides a pie diagram that graphically represents the 

spectrum of related cardiac phenotypes or mutated genes, followed by a detailed overview of the 

mutational spectrum of these gene-phenotype links (figure 2

an intuitive view of the mutation data, a graphical map of all proteins is automatically produced and 

updated as new genotypes are entered, displaying the position of coding mutations in the context of 

The relevance of this display is highlighted by the significant clustering of 

missense mutations in annotated domains (figure 3). More features could be added in the future, 

protein interaction or post-translational modification. 

Apart from mutations detected at the nucleotide level, CHDWiki readily incorporates copy number 

linked chromosomal anomalies. Such ‘chromosomal mutations’ have 

be important in many disorders, including CHDs
16,17

. 

, this portal offers a graphical overview of the protein interaction partners, as well as 

external links to both human and non-human genome browsers and model organism databases. 

Moreover, via an automated text-mining approach, genes potentially implicated

vice versa, CHDs caused by a gene of interest are returned
18,19

. Finally, to help researchers to select 

candidate genes for CHDs in sets of genes (for example, identified in regions of the genome that are 

found through linkage analysis, homozygosity mapping or chromosomal aberrations), an adapted 
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graphically represents the spectrum of CHD types, which are associated with mutations in NKX2.5. This is 

expression during zebrafish development. 

For each gene or phenotype, CHDWiki provides a pie diagram that graphically represents the 

spectrum of related cardiac phenotypes or mutated genes, followed by a detailed overview of the 

figure 2). Moreover, to get 

an intuitive view of the mutation data, a graphical map of all proteins is automatically produced and 

ations in the context of 

The relevance of this display is highlighted by the significant clustering of 

More features could be added in the future, 

Apart from mutations detected at the nucleotide level, CHDWiki readily incorporates copy number 

linked chromosomal anomalies. Such ‘chromosomal mutations’ have 

, this portal offers a graphical overview of the protein interaction partners, as well as 

human genome browsers and model organism databases. 

mining approach, genes potentially implicated in a given CHD and, 

. Finally, to help researchers to select 

candidate genes for CHDs in sets of genes (for example, identified in regions of the genome that are 

apping or chromosomal aberrations), an adapted 
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Endeavour algorithm for gene prioritization was implemented in CHDWiki. It offers predefined 

training sets of genes with tailored data sources (further details at [2] and part I, chapter 2 of this 

thesis). 

Synthetic graphical data representation 

Associations between genes and phenotypes can be converted to networks and visualized as such. As 

CHDWiki is very detailed, additional features can be added to such a network (figure 4), that is, 

specification of the observed gene-linked phenotypes, their frequency, the number of phenotypes 

shared by two genes and physical protein-protein interactions. Figure 4 is thus a synthetic 

representation of all data on non-syndromic CHDs. We also built similar networks for syndromic 

genes (data not shown) and networks where diseases are connected when caused by the same genes 

[3]. 

Discussion 

Wiki portals 

We argue that, next to the development of a Wikipedia for Genes, another major application of Wiki-

like collaborative technology is the development of Wiki knowledge and analysis portals. In many 

research areas, the body of common knowledge is usually scattered across reviews, original articles, 

and genomic databases (MEDLINE, Ensembl and UCSC genome browsers, Pubmed, OMIM, and many 

others). A structured Wiki allows the integration of all these data into a view that is centered on the 

needs of a community. A large number of bioinformatics analysis methods are available, yet a 

significant gap remains towards their integration within the daily practice of most biologists. By 

tightly integrating a knowledge base with dedicated analysis tools, a Wiki portal provides a natural 

stepping stone for biologists and clinicians to use advanced data analysis techniques. While the 

development of data analysis portals has been a long-standing aim of bioinformatics, few convincing 

applications with a clear impact on biology have been demonstrated since the development of 

homology-based methods
22,23

. We believe that the causes of this lack of progress are mainly a lack of 

fine-tuning to the needs of a specific biological research area and the complexity of data analysis 

strategies, which appear overwhelming to biologists. We believe that Wiki portals alleviate those 

problems in several ways: first, by lowering the threshold towards data analysis by a tight integration 

with a knowledge base that is immediately useful to any biologist from the community; and second, 

through development of data analysis strategies sufficiently user friendly to be within reach of the 

majority of biologists (such as prioritization strategies, network browsing, and so on). 
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Figure 3. A figure of mutations encoded in the CHDWiki for the proteins NKX2-5 and TBX5. Displayed here are mutations in NKX2-5 and TBX5 present in CHDWiki. 

Missense mutations (asterisks) are significantly enriched in functional domains (P-values: NKX2-5, 1 × 10
-3

; TBX5, 0.05; across all non-syndromic genes, 1 × 10
-4

). This finding 

is independent of the ascertainment bias associated with preferential classification of mutations affecting protein domains as pathogenic: missense mutations identified 

through linkage analysis in multiple individuals similarly affect preferentially protein domains (P-values: NKX2-5, 0.02; TBX5, 0.05; all non-syndromic genes combined, 0.03). 

This graphical representation moreover enables straightforward genotype-phenotype correlations: missense mutations causing atrial septal defects are preferentially 

affecting the homeobox domain (P-value: 1 × 10
-4

). 

nonsense mutation * interrupted aortic arch

* missense mutation * aortic coarctation

frameshift mutation * common atrium

NK2 * VSD

TF_T-box * hypoplastic left heart

TN domain * double outlet RV

Homeoboxdomain * tetralogy of Fallot

protein part encoded

by last exon
* TGA

* ASD

* patent foramen ovale

* common arterial trunk
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Figure 4. Network of genes (nodes) sharing non-syndromic cardiac phenotypes when mutated (edges). The 

nodes are represented as pie charts displaying gene-linked CHD types as well as their frequency. Unconfirmed 

gene-phenotype relations based on single case reports were not included. The width of the edges (log of 

euclidian distance) depends on the number and the percentage of shared phenotypes. Known protein-protein 

interactions are represented by red edges. Proteins sharing multiple phenotypes when mutated tend to act in 

the same molecular pathways or even encode proteins that directly interact (e.g. TBX20 physically interacts 

with NKX2.5 and GATA4). By further expanding the database, phenotype sharing will enable us to predict novel 

protein interaction partners. On the other hand, novel candidate genes for a specific CHD type can be predicted 

based upon the phenotypic spectrum of a known interaction partner. For example, since mutations in CFC1 are 

associated with laterality defects and conotruncal heart defects, other players in the NODAL signaling pathway 

(FOXH1, TDGF1 and GDF1) were considered to be likely candidates for these CHDs
20,21

. 

AS or BAV

ASD

AVSD

aortic coarctation

aortic aneurysm

HLHS

PDA

tetralogy of Fallot

VSD

conotruncal CHD
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Impact on knowledge acquisition and exchange 

In the presented CHDWiki, we compiled all information available in the literature on CHD genetics to 

construct a collaborative portal. We thus introduce the first example of a new type of literature 

review, which is dynamic and evolving; it readily provides researchers, geneticists, physicists and 

cardiologists with direct access to the most comprehensive knowledge on the genetics of a particular 

disease. An immediate impact of this methodology is how it complements and enhances the process 

of reviewing the literature. Wikis are clearly dynamic in nature, and can accompany a review article 

so that information can be kept up-to-date after the publication of the original review. A second 

advantage is that they cross-link interpretation and actual data: browsing such a review provides a 

straight link into relevant data sources (genome browsers, publications, and so on). Querying the 

genome on the other hand directly links into an integrated and up-to-date review. A third advantage 

is obviously their collaborative nature, where the expertise of numerous researchers can be pooled 

together to obtain extensive peer-reviewed knowledge. 

The impact of disease-oriented Wikis is quite significant for both clinicians and researchers. For 

clinicians, it allows them to find out instantly if a gene or region has been linked to the phenotype of 

their patients. For instance, the finding that a chromosomal imbalance in a CHD patient affects an 

annotated CHD gene or region provides conclusive evidence for its causality, thus facilitating 

diagnosis and therapy. For the researcher, several novel regions recurrently linked to CHDs in 

patients emerge from the compiled genomic data (figure 1). These provide an entry point to try to 

identify novel genes linked to human CHDs as illustrated [2] and discussed in chapter 2. 

Specialized Wiki portals like CHDWiki may play a key role in the development of a universal 

‘Wikipedia of Genes’. Content from specialized Wikis can be compiled into a Gene Wikipedia. There 

might be some challenges with such integration, so an alternative model would be a federation of 

Wikis, where no centralized Gene Wikipedia exists, but where a hub/search engine passes queries to 

registered Wikis and the results are aggregated. The latter solution seems more likely since it is more 

efficient to develop a specialized Wiki portal, such as CHDWiki, providing specific tools for the 

community and focusing on a particular area. For instance, the Wikipedia page on Tetralogy of Fallot 

is directed towards a large audience with sections such as symptoms, diagnosis and treatments, 

while the CHDWiki page describes this phenotype succinctly and provides extensive knowledge on 

the genetics of this CHD (genes and mutations, patient reports). Another example is from 

Wikiproteins, which aims at being exhaustive about available protein knowledge, where the GATA4 

entry currently links to several species and provides general information (function, localization, 
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structure) but where its link to CHDs (ASD, Tetralogy of Fallot, and so on) is briefly and incompletely 

mentioned. 

Wiki portals also perfectly fit with the philosophy of DASs. Not only can the data of any gene - or 

genomic feature - be distributed among portals and collaboratively annotated, but the genome 

browser can also serve as an entry point to the Wikis. CHD researchers who enable the CHDWiki 

tracks in a genome browser directly visualize any information compiled in CHDWiki. 

Collaborative aspects 

An important asset of specialized Wiki portals is that they could be a solution to the long-term 

maintenance of biological knowledge bases. Such long-term maintenance is a major recurring issue 

for the biological and bioinformatics community because of the persistent lack of long-term funding. 

We envisage a model for community-driven knowledge bases where the original portal development 

is funded through a classical grant, but where the curation of the knowledge base is gradually shifted 

from the core development team to the community at large over the period of the grant (3 to 5 

years). Data curation should be included in the original development cycle until a critical mass of 

information is reached that guarantees adoption by the community, as has been done for CHDWiki 

(described in the knowledge acquisition section). After curation has been shifted to the community, 

technical portal maintenance can be minimal. 

Although such collaborative tools can easily exchange information and queries over the web, there 

would remain a significant risk of fragmentation if no protocols and strategies were available to 

effectively exchange information among the myriad of tools that are currently emerging (that is, we 

would have a Tower of Babel of internet-enabled tools). To satisfy the need of standardized and 

unified web accessible databases allowing simple data exchange, several bioinformatics initiatives 

have recently emerged promoting the Semantic Web (Concept Web Alliance, HCLS
24

). Indeed, the 

Semantic Web offers a general format for data interchange, thus providing curators with a 

standardized framework allowing data to be integrated and reused across disciplines. 

In biology, the advantages of the Semantic Web are obvious: unique names for biological entities and 

consistent standards for knowledge representation, retrieval, and processing. Such standards 

simplify integration of web resources as they can be queried the same way. Bioinformatics query 

systems in diverse fields have started to use this technology: examples include WikiPathways, a wiki 

dedicated to the precise collaborative annotation of metabolic pathways
25

, integration of ALFRED (an 

allele frequency database)
26

, and cancer pathways of the Starpath resource
27

, and so on. 
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Although CHDWiki is not directly compatible with the Semantic Web approaches, it was 

implemented using a standard nomenclature for all terms (for example, AEPC terms for disease, 

Ensembl identifiers for genes), thus allowing straightforward transfer of its content to the new 

semantic web standards (for example, GEN2PHEN, a resource aimed at unifying genetic variation 

databases). Moreover, the CHDWiki DAS server already allows users to integrate the CHDWiki data in 

the Ensembl genome server. An important further development of our platform in this respect will 

be the implementation of web services following current semantic web standards. Indeed, some 

recent initiatives (for example, Semantic Web Mediawiki) now allow developers to combine Wiki and 

semantic web technologies. 

Wikis also provide an effective solution to the enduring problem of unpublishable or negative results 

(for example, of mutation analyses). These can be highly valuable for other research teams pursuing 

similar paths of investigation, or contain relevant information below statistical significance. Wiki 

portals like CHDWiki are a natural repository for such findings. Also classic collaborative features, 

such as a mailing list (for example, for collaboration requests, job postings, event announcements 

and exchange of biological material such as DNA, cell lines, or cardiac tissue) and a directory of 

researchers, are basic but valuable tools such a portal can offer. 

Outstanding issues  

A number of technical and social issues may require significant further technology developments. 

The first is access control. Given the functionalities provided by a Wiki portal, it comes close to a 

collaborative laboratory notebook. However, research teams will understandably be reluctant to 

share their experimental data prior to publication. Access control restrictions (that is, deciding to 

provide access to part of the information to only a selected group of people) will require some 

further development of the Wiki platforms, although this is basically a technical problem that is 

routinely solved in database systems. 

A second issue is quality control. Wikipedia is based on a model of peer-editing, which is generally 

effective but can sometimes lead to conflicts between contributors (edit wars). Such conflicts are 

likely to arise when conflicting scientific hypotheses and interpretations collide. Additionally, conflicts 

are also likely regarding scientific attribution and priority. For smaller Wikis, a ‘benevolent dictator’ 

who oversees any conflict can solve those problems. For larger Wikis, a hierarchy of editorial roles 

(contributor, reviewer, and technical, associate, and executive editors) might become necessary. 

A third issue is credit assignment. Scientific credit is an essential driver and one cannot expect 

researchers to contribute a significant proportion of their time if no credit is attributed to them. For 
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smaller Wikis, citation of a key publication describing the Wiki will be sufficient (exactly like for 

specialized databases) because key contributors will be among the authors. For larger Wikis, a direct 

crediting system might be difficult to establish. Significant contributions to Wikis (as contributor or 

editor) should be recognized as relevant scientific work and therefore appear in the track record of a 

researcher. Related to the issue of credit is the issue of citation. As some Wiki entries may become 

key scholarly references, proper citation to accurate dates or versions might be needed in scholarly 

work because entries change over time. 

Regarding software development, each knowledge portal is likely to have highly specific aspects 

(type of information, source databases, ontologies or analysis tools) that make the development of a 

single off-the-shelf solution (similar to MediaWiki and other Wiki software) highly unlikely. A more 

realistic solution will lie in the development of generic tools that enable the flexible construction of 

such Wikis by embedding generic modules for ontology management, XML data representation, 

visualization, database query, and data analysis. The goal of such software will be to maximally speed 

up the development of Wikis while minimizing functional constraints. The current version of our Wiki 

framework has been made available as an open source project [4]. 

Conclusions 

The future we envisage is one where a specialized community ‘swarms’ around a Wiki portal that 

provides most of the knowledge, data, and analysis tools needed to support its experimental work. 

Via this portal, the community can collaboratively and incrementally chart complex networks 

involved in biological processes, phenotypes, and diseases. Collaboration and efficient access to 

knowledge, data, and tools will significantly speed up experimental research. 

Availability 

CHDWiki is accessible at [5]. Data can be consulted without any registration; however, to add or 

modify Wiki information an account must be requested by clicking on the ‘log in/create account’ 

button at the top right of the main page. 
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Chapter 2. Identification of novel chromosomal regions and 

genes for congenital heart defects by data acquisition and 

mining 

Adapted from: 

Identification of novel chromosomal regions and genes for congenital heart defects by 

data acquisition and mining 
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Joris R Vermeesch, Yves Moreau, Marc Gewillig, Koenraad Devriendt 
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Background 

Chromosomal imbalances are a frequent cause of congenital heart defects, especially when 

associated with growth and developmental delay, additional malformations and/or dysmorphic 

features
1
. Cytogenetically visible imbalances, including aneuploidies, account for an estimated 7% of 

patients with CHD
2
. The associations of chromosomal imbalances with specific phenotypes have 

been mapped systematically to facilitate the identification of genes involved in cardiac 

malformations
1,3,4

. However, recent molecular cytogenetic revision of the breakpoints revealed that 

many of these cytogenetically visible imbalances were initially mapped erroneously on a different 

chromosomal band or even on a different chromosome
5
 [1].  

Compared to classical cytogenetics, the major advantage of molecular karyotyping or array 

comparative genomic hybridization (aCGH) is its increased resolution, which enables not only the 

detection of much smaller imbalances, but also allows these imbalances to be mapped with an 

unprecedented accuracy. Array CGH is already widely used in a clinical setting for the diagnosis of 

individuals with congenital malformations, dysmorphism and/or developmental delay. However, its 

application as a routine diagnostic tool is challenging, mostly because the interpretation of certain 

detected imbalances is hampered by the existence of a high number of copy number variants (CNVs) 

in the normal population (Part II of the thesis, Chapter 1). Copy number changes in patients often 

represent unique or rare findings, making clinical interpretation complicated and genotype-

phenotype correlations uncertain. To enhance genetic counseling, publicly available datasets were 

designed for cataloguing rare chromosomal imbalances and associated phenotypes
5,6

. Their aim is to 

share genotype-phenotype correlations worldwide, which can result in the identification of clusters 

of rare cases having phenotypes and CNVs in common. This leads to the delineation of new 



36 

 

chromosomal entities, not only facilitating genetic counseling, but also improving insight into gene 

function and its relation to human disease. 

DECIPHER (Database of Chromosomal Imbalance and Phenotype in Humans using Ensembl 

Resources) is a Web-based open-access database
6
 [2]. Genotype and phenotype data are collected 

by members of a consortium, and, after informed consent, made available in the Ensembl as well as 

in the UCSC genome browser. As of June 2011, 9630 entries are available. Public data access is 

restricted to consented data, corresponding to only half of the catalogued cases [3]. However, since 

data entry fully relies on the contributing clinician or cytogeneticist for conscientiously submitting 

accurate data, an increasing number of catalogued CNVs lack phenotype data. Also, for many 

imbalances, it is not known whether these are actually causal or not. Moreover, with the exception 

of the delineation of a few recurrent chromosomal syndromes, no systematic curation or annotation 

is performed on the data. Therefore, a systematic analysis of the data is problematic. Ad hoc 

evaluation of a specific imbalance is made possible for members of the consortium, who can gain 

access to additional genotype-phenotype data for specific cases, through the submitting center. 

ECARUCA (European Cytogeneticists Association Register of Unbalanced Chromosome Aberrations) 

[4] originally started as a database of cytogenetically detected imbalances, but now also integrates 

submicroscopic imbalances
5
. Access to this database is restricted to account holders. Data entry by 

the contributing centers is curated by one clinical and one cytogenetic data manager. However, data 

are only accessible through the database, and cannot be viewed in genome browsers, e.g. through 

the use of distributed annotation servers. This impedes ready access and routine use of the data. 

To improve the knowledge on chromosomal regions associated with congenital heart defects, we 

developed a Wiki-based portal for standardized and curated integration of clinical and molecular 

data on CHD (Part I, Chapter 1). CHDWiki offers a highly qualitative handle for mapping the relations 

between submicroscopic chromosomal imbalances and CHD, complementing at a much higher 

resolution the cytogenetically visible CHD-related regions identified by Van Karnebeek et al.
6
. Here, 

we aimed to evaluate all regions recurrently related to CHDs systematically, in order to define CHD 

incidence and associated cardiac phenotypes, to delineate the critical imbalance region for CHD and 

thus enable the identification of novel cardiac genes, for example through automated gene 

prioritization methods. 
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Methods 

Data acquisition 

Data acquisition in CHDWiki was performed as described
7
 (Part I, Chapter 1). CHDWiki is built for 

inclusion of imbalances detected by molecular karyotyping, breakpoints of balanced chromosome 

aberrations and regions implicated in CHDs through linkage studies. To avoid double entries, unique 

and traceable identifiers were assigned to every case. Common chromosomal syndromes with 

identical breakpoints (e.g. common 22q11 deletions, Sotos syndrome, Williams-Beuren syndrome, 

8p23.1 deletions, Smith-Magenis syndrome…) were included just once in CHDWiki, as these are 

clinical recognizable entities which are mostly diagnosed by a targeted approach. CHD-related 

aneuploidies (such as trisomy 13, 18 or 21, and monosomy X), large cytogenetically visible 

imbalances (involving whole chromosomal arms) and Y chromosome abnormalities were excluded, 

because their association with CHDs contributes little to the mapping of candidate genes. 

Interchromosomal translocations detected by standard karyotyping, were included only when 

molecular assessment was performed. Accurate reporting of the CHD type, based on the AEPC 

(Association of European Pediatric Cardiologists) nomenclature, was obligatory for inclusion. 

Imbalances associated with cardiomyopathy or cardiac arrhythmia, were excluded. Extra-cardiac 

anomalies were annotated using the LDDB (London Dysmorphology DataBase) and HPO (Human 

Phenotype Ontology) terms. 

Published data endured peer-review processing, and were therefore considered highly accurate. 

However, to avoid a bias towards medically complicated cases, which are more likely to be reported, 

unpublished cases were included as well, but only after curation by the core developmental team. 

For submitting unpublished data, consent from a patient or their legal representative is explicitly 

required. It was assumed to be obtained for published data. Ethical approval for the incorporation of 

patient data was obtained from the Ethics Committee KU Leuven (S51093). All genome coordinates 

were according to NCBI human genome build 37 (hg19, February 2009). 

Delineation of CHD-related regions 

For common chromosomal syndromes with identical breakpoints, recent literature reviews, as well 

as DECIPHER syndromes [5], were consulted, to obtain information on CHD incidence, associated 

cardiac phenotypes and the underlying genetic cause for CHDs. For rare or unique chromosomal 

imbalances, we ascertained that associations with a congenital heart defect were not fortuitous 

through a CHDWiki and literature search for phenotypes of additional cases with identical or 

overlapping chromosomal imbalances. CHD incidence was determined upon pathogenic 

submicroscopic defects within the maximally imbalanced region. 
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To select CHD-related regions for further study, we applied the following inclusion criteria (1) CHD (of 

any type) is present in at least 3 cases with overlapping chromosomal imbalances, and (2) cardiac 

defects are observed in at least 20% of reported cases sharing this imbalanced region, and (3) the 

minimal critical region for CHD does not coincide with a known polymorphic region. Other clinical 

features present in clusters of cases could be variable, although having extra-cardiac findings in 

common was considered to reduce the risk of fortuitous genotype-phenotype correlation. 

Chromosomal imbalances mediated by non-allelic homologous recombination (NAHR) share common 

breakpoints. As such, these breakpoints equally mark the critical region for CHD. For partially 

overlapping imbalances, the delineation of the minimal CHD-related region is more challenging, since 

issues like reduced penetrance of cardiac defects and platform-induced CNV discrepancies need to 

be addressed. Moreover, one has to consider the possibility that more than one gene within an 

imbalanced region may contribute to the cardiac phenotype. This may require the delineation of 

multiple critical regions, as is the case for large deletions affecting chromosome 9q34, comprising the 

known heart genes NOTCH1
8
 and EHMT1

9
. 

Automated gene prioritization 

Since most delineated CHD-related regions contain several genes, it remains a challenge to identify 

the gene causing the CHD. Integrative data analysis strategies have been proposed for the 

prioritization of genes potentially involved in a given biological process, phenotype, or disease
10,11

,  

and are an established tool for selecting candidate genes for congenital heart defects
12,13

. 

For gene prioritization, Endeavour command line version 2.44 (August 2010) was used
10,11

. Data 

sources are derived either from Ensembl 44 based on the NCBI build 36 or the corresponding 

databases. As a training set for CHD, we extracted all 27 non-syndromic cardiac genes from CHDWiki, 

on December 2010, complemented with the syndromic genes JAG1, TBX5 and TBX1, since haplo-

insufficiency of these genes is associated with a high penetrance of CHD. First, a leave-one-out cross-

validation was performed on the set of these 30 cardiac training genes using all available human 

models. The area under the receiver operating characteristic curve (AUC) was calculated and used as 

an estimate of the performance for each model. Only the best performing models with an AUC above 

65% were kept for a genome-wide gene prioritization (table 1). The overall AUC was 93%, suggesting 

that candidates for CHD would rank on average within the top 7% of prioritized genes. In addition, a 

heart specific mouse microarray dataset was added, regardless of its performance
13

. Subsequently, 

genome-wide prioritization was performed. The results of the genome-wide prioritization were used 

to rank the genes within an imbalanced region. 
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Table 1. Selection of the Endeavour models 

using all non-syndromic CHDWiki genes as a 

training set. The Area Under the ROC Curve 

(AUC) was calculated for this training set and 

used as an estimate of the performance for 

each model. Models for which the AUC was 

above 65% were kept for the prioritization. 

The overall AUC was 93%†. *In addition, a 

murine heart specific expression dataset was 

used regardless of its performance. 

 

Model name AUC† 

Annotation GeneOntology 89% 

Annotation Swissprot 81% 

Annotation Interpro 70% 

Annotation Kegg 69% 

Interaction BioGrid 67% 

Interaction String 74% 

Interaction InNetDb 70% 

Interaction Hprd 65% 

Expression ShyamsundarEtAl 65% 

Precalculated Ouzounis 82% 

Precalculated Prospectr 68% 

Text 81% 

Blast 82% 

Expression CHD* NA 

 

As a positive control, we first tested, whether Endeavour, using only non-syndromic heart genes as a 

training set, would identify known syndromic cardiac genes (EHMT1, CREBBP, NF1, CHD7, TBX1, RAI1, 

JAG1 and NSD1) as candidates for CHDs within a CHD-related imbalanced region (table 5).  

Next, genes within minimal CHD-related regions, not harboring a gene known for causing human 

heart defects, were ranked to identify novel candidates for CHD (table 6). To investigate whether 

these novel delineated regions are, as hypothesized, indeed harboring new genes for CHDs, we 

analyzed whether they are enriched for highly ranking cardiac genes. The genome-wide rank of the 

region’s top ranking gene was compared to that of 100 random regions with an equal annotated 

gene number. To remove random fluctuations in rank, 10 independent analyses (10 x 100 random 

gene sets) were performed and the average resulting rank was calculated (table 6). 

Results 

Delineation of CHD-related regions 

CHDWiki provides a high quality set of 386 genotype-phenotype correlations, featuring 310 losses 

and 76 gains with a mean size of 5.37Mb and 4.43Mb, respectively (median size 3.83Mb and 

2.19Mb). These regions were all considered pathogenic or likely pathogenic, following the algorithm 

for CNV interpretation introduced in Part II of the thesis (Part II, Chapter 1). The data set included 38 

regions (29 losses and 9 gains) from 32 unpublished cases, obtained from the Center for Human 

Genetics of Leuven. Mean size and phenotype count associated with unpublished imbalances did not 

differ significantly from those of published cases (table 2). 
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  N 

(cases) 

features/case 

(mean) 

Regions Loss size (Mb) 

(mean/median) 

Gain size (Mb) 

(mean/median) 

Unpublished 32 11 38 29 4.71/2.63  9 5.49/3.43 

Published 326 12 348 281 5.48/3.94 67 4.29/1.88 

Total 358 12 386 310 5.37/ 3.83  76 4.43/2.19 
 

Table 2. Mean size and number of clinical features associated with published or unpublished cases included 

in CHDWiki. 

Seventy-two CHDWiki imbalances were unique findings. These ‘orphan’ regions were disregarded for 

further study. From overlapping imbalances in CHDWiki, common chromosomal syndromes defined 

by DECIPHER and recent literature reviews, we deduced 43 CHD-related regions according the 

criteria discussed above. CHD incidence ranged between 18% and 100%. Seventeen of these regions 

shared identical breakpoints, flanked by segmental duplications, which served as substrates for 

NAHR (table 3). The homologous regions flanking these recurrent imbalances were considered to 

equally mark the critical region for CHD, unless unique partially overlapping or embedded imbalances 

allowed further delineation. This was illustrated in chapter 3 for the recurrent 10q22q23 deletion 

syndrome, for which we aimed to size down the critical region for CHD to a single gene
14

 (Part I, 

Chapter 3). 

The remaining 26 regions emerged from partially overlapping imbalances with unique breakpoints 

(table 4). To delineate the critical region for CHD within these regions, we evaluated the overlap 

between imbalances in CHDWiki and CHD-negative submicroscopic imbalances reported in literature. 

Few critical imbalanced regions with full penetrance of CHD were obtained (e.g. 4q22q24 deletion, 

6q25 deletion
13

 and 15q14 deletion). For most imbalances, the minimal overlap of CHD-positive 

imbalances was shared by imbalances in patients without CHD. Reduced penetrance was thus a 

major constraint, restricting the use of CHD-negative imbalances to delineate the CHD-related region. 

Incomplete penetrance is a very common finding in the genetics of CHD. 

In four terminal CHD-related regions (4p16.3, 4q34qter, 9q34, 10q25q26), we discerned multiple 

critical regions, totalizing 48 candidate regions for CHD. We hypothesized that altered dosage of 

multiple genes within these regions may independently affect the genesis of CHD. Alternatively, 

these regions may comprise a single cardiac gene, of which the expression was altered by genetic 

modifiers in the neighboring regions. 

The average size of the 48 critical CHD regions was 2.25Mb (median 1.35Mb). Eighteen regions 

included a dosage-sensitive gene, known to cause human CHD upon loss-of-function mutations. Non-

syndromic heart genes (NOTCH1, GATA4, NKX2.5, ELN, CRELD1 and TAB2) were present in seven 

regions. Since these imbalances were detected in syndromic patients, these regions were considered
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Chromosomal 

syndrome 

start 

(kb) 

end  

(kb) 

main features facial phenotype DD CHD 

incid.* 

CHD type* CHD gene? 
ref 

1q21.1 deletion 146,512 147,737 

microcephaly, cataract, 

mullerian aplasia, autism, 

schizophrenia 

variable -/++ 14-20%† 
LVOTO, TGA, 

truncus, ToF 
GJA5? 15-17 

1q21.1 duplication 146,512 147,737 macrocephaly, autism variable -/++ 13-38%† 
ToF, TGA, 

UVH, VSD 
GJA5? 15,17 

5q35.2 deletion 170,523 172,826 
variable: microcephaly, short 

stature, digital anomalies 

variable: low-set ears, broad 

nasal tip 
+/++ 4 cases† 

ToF 

ASD, Ebstein 
NKX2.5 18 

5q35.3 deletion 175,130 177,456 

Sotos: overgrowth, advanced 

bone age, renal defects, 

scoliosis, seizures 

pointed chin, frontal bossing, 

prominent cheeks 
+/+++ 21% 

ASD 

VSD 
NSD1 19,20 

7q11.23 deletion 72,333 74,617 

Williams-Beuren: short 

stature, (hypercalcemia), 

hyperacusis, hypersociable 

visuospatial impairment 

periorbital fullness, flat mid-

face, full nasal tip, upturned 

nares, long philtrum, thick lips 

+/++ 

ADHD 
80% 

SVAS (75%) 

PPS (50%) 
ELN 21,22 

7q11.23 

duplication 
72,333 74,617 

neonatal hypotonia, joint 

hypermobility, epilepsy, 

autism 

variable; prominent forehead, 

deep-set eyes, straight & 

neatly placed eyebrows, high 

broad nose, thin upper lip, 

short philtrum 

-/+ 
21% 

(9/41)† 
ASD, PDA ELN? 23 

8p23.1 deletion 8,119 11,765 

microcephaly, seizures, 

growth delay, CHD, 

hypospadias, hyperactivity 

variable 

++ 

to 

+++ 

94.4% 

(17/18) 

AVSD (59%) 

ASD (41%) 

PS/PA (52%) 

CCHD (41%) 

GATA4 24,25 

10q22q23 deletion 81,600 89,000 
macrocephaly, cerebellar 

anomalies, breast aplasia 

mild & variable; low-set ears, 

hypertelorism flat nasal 

bridge 

+/++ 
27% 

(3/11)† 
AVSD (60%) BMPR1A? 14 

15q24 deletion 

74,362 

(BP1) 

78,339 

(BP3) 
growth retardation, micro-

cephaly, loose connective 

tissue, proximal implanted 

thumbs, genital defects 

(micropenis, hypospadias) 

high anterior hair line, 

downslanted palpebral 

fissures, broad medial 

eyebrows, broad nasal root, 

hypertelorism, long smooth 

philtrum, full lower lip 

IQ 

60-70 

ASS 

21% 

(3/14)† 

VSD 

ToF 
HCN4? 26 

72.977 

(BP4) 

76,162 

(BP2) 
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17p11.2 deletion 16,706 20,482 

Smith-Magenis: short stature, 

brachycephaly, hearing loss, 

seizures, broad hands, short 

fingers, urogenital defects, 

behavioral problems 

broad face/forehead, 

synophrys, upslanting eyes, 

low nasal bridge, 

hypertelorism, tented upper 

lip, prognathism, dysplastic 

ears 

+/++ 35.4% various RAI1 27 

17p11.2 

duplication 
16,706 20,482 

Potocki-Lupski: FTT, 

hypotonia, sleep apnoe, 

behavioral problems 

variable: micrognathia, high 

arched palate 

+/++ 

ASS 

42% 

(10/24)† 

ASD, LVOTO, 

BAV, dilated 

aortic root 

RAI1? 28-30 

17q11.2 deletion 

29,163 30,219 cafe-au-lait spots, axillary 

freckling, neurofibromas, 

Lisch nodules in the iris, 

somatic overgrowth, large 

hands & feet 

variable +/+++ 
18% 

(11/68) 

ASD, VSD, 

PDA, PS, 

HCM, MVP 

NF1 

31,32 

29,103 30,310 33 

29,315 30,693 34 

17q21.3 deletion 43,632 44,210 

epilepsy, urogenital defects, 

cryptorchidism, 

hypermetropia, pectus 

excavatum, friendly behaviour 

long face, tubular or pear-

shaped nose with bulbous tip, 

abnormal hair texture, 

upslanting eyes, epicanthic 

folds,  large/prominent ears 

++ 29%† 
ASD 

VSD 
? 35 

17q23 deletion 58,045 60,245 

microcephaly, postnatal 

growth retardation, hand, 

foot & limb abnormalities 

variable +/++ 
75% 

(6/8)† 

PDA 

ASD II 

TBX2? 

TBX4? 
36,37 

22q11.2 deletion 

18,546 22,336 
DiGeorge/VCFS: immune 

deficiency, VPI, neonatal 

hypocalcaemia, urogenital 

defects 

blunted nose, low-set 

dysplastic ears,  micrognathia 
+/++ 80% 

ToF (36%) 

VSD (10%) 

IAA (10%) 

CTHD (6.4%) 

TBX1 

CRKL? 
38 

18,896 20,311 TBX1 39 

distal 22q11 

deletion 

22,115 23,696 
high/cleft palate, bifid uvula, 

microcephaly, recurrent 

infections, behavioral 

problems 

variable: small alae nasi, 

dysplastic ears, smooth 

philtrum, micrognathia 

+/++ 
62.5% 

(10/16)† 

CTHD (37%) 

VSD (25%) 
MAPK1? 40 

21,917 22,963 

22q11 duplication 18,546 22,336 
variable: VPI, cleft palate/bifid 

uvula, urogenital defects 
variable -/+ 15%† ToF TBX1 41 

Table 3. Incidence and type of CHD in recurrent chromosomal syndromes mediated by NAHR.  
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Chromosomal 

syndrome 

Start 

(kb) min 

end (kb) 

min 

start (kb) 

max 

end (kb) 

max 

main features facial phenotype DD CHD 

incid.* 

CHD type* CHD 

gene? 

ref 

1p36.33 

deletion 
1pter 2,419 1pter 11,066 

brachy/microcephaly, 

growth delay, 

hypotonia, seizures, 

hearing loss, CNS 

anomalies 

large anterior fontanel, 

horizontal eyebrows, 

deep-set eyes, flat mid-

face, pointed chin 

++ 

to 

+++ 

CHD  

59-71% 

ASD (28%) 

VSD (23%) 
? 42,43 

CM 

27-31% 

LVNC (23%) 

DCM (4%) 

1q24q25 

deletion 
168,836 173,884 162,633 189,402 

proportionate growth 

delay, microcephaly, 

brachydactyly, small 

hands/feet, delayed 

bone age, clinodactyly, 

cleft lip/palate 

upper eyelid fullness, 

small ears, short nose 

with bulbous nasal tip, 

tented upper lip, 

micrognathia, single 

palmar crease 

+++ 

 

33.3% 

(5/15)† 

 

VSD 

PFO 
? 44,45 

1q44qter 

deletion 
244,033 245,356 

1q42 

1qter 

249,251 

microcephaly, growth 

delay, seizures, CNS 

anomalies (cerebellar 

vermis hypoplasia, ACC  

or abnormal gyration), 

palatal & urogenital 

defects 

round face, epicanthus 

upslanting palpebral 

fissures, short broad 

nose, smooth philtrum, 

downturned corners of 

mouth, thin lips, 

microretrognathia 

+++ 

50% 

(9/18) 
VSD 

ASD 

PFO 

AKT3? 46-49 1q43 
33% 

(4/12) 

1q44 
38% 

(5/13)† 

2q31 deletion 174,065 174,407 165,463 189,466 

seizures, microcephaly, 

ocular defects, limb 

anomalies (ectro-, 

mono-, syn-, brachy-, 

campto & clinodactyly) 

downslanting palpebral 

fissures, bulbous nasal 

tip, micrognathia, low-

set dysplastic ears 

++ 

to 

+++ 

28% 

(6/21)† 

VSD 

ASD 
? 50,51 

2q37.3qter 

deletion 
238,413 243,102 235,699 

2qter 

243,199 

Albright Hereditary 

Osteodystrophy-like: 

variable; hypotonia, 

brachymetaphalangism 

gastrointestinal, renal 

& behavioral problems 

variable: round face, 

prominent forehead, 

thin hair, low nasal 

bridge, dysplastic ears, 

deep-set eyes, thin 

upper lip, high palate 

++ 
20% 

(4/20)† 

ASD 

VSD 
HDAC4? 52,53 
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3p25p26 

deletion 
9,699 9,910 3pter 12,530 

hypotonia, growth 

delay, microcephaly, 

postaxial polydactyly, 

cleft palate, renal & 

gastrointestinal 

anomalies 

ptosis, hypertelorism, 

long philtrum, and low 

set ears 

++  

to 

+++ 

40% 

(6/15)† 
AVSD (30%) 

CRELD1 

CAV3? 
54,55 

3q23q25 

deletion 
142,374 149,459 138,885 156,636 

microcephaly, ocular 

defects, skeletal 

anomalies 

ear anomalies, short 

neck, small chin, 

blepharophimosis, 

ptosis & epicanthus 

inversus (BPES) 

++ 

to 

+++ 

45.5% 

(5/11)† 
VSD 

PCOLCE2

? 
56,57 

4p16.3 

deletion 

4pter 2,036 

4pter 

3,500 
Wolf-Hirschhorn: 

growth delay, iris 

coloboma, hypotonia, 

microcephaly, seizures, 

cleft palate, renal 

defects, hypospadias 

Greek warrior helmet, 

prominent glabella, 

high forehead, short 

philtrum, epicanthic 

folds 

+/++ 2%? 
ASD 

 VSD 

PS 

PDA 

WHSC1? 

WHSC2? 

 

58,59 
2,730 8,516 18,000 +++ 52% 

ND ND >22,000 +++ 70% 

4q22q24 

deletion 
92,995 99,758 83,403 101,742 

growth delay, renal 

defects, digital and 

skeletal anomalies 

variable +++ 
50% 

(3/6)† 
ASD, VSD PDLIM5? 60 

4q34qter 

deletion 

174,314 175,106 

159,885 191,154 

digital & limb 

anomalies, Pierre-

Robin sequence 

variable ++ 8 cases† 
ASD 

VSD 

HAND2? 

61 178,356 181,293 ? 

181,940 190,884 ? 

5p13 

duplication 
37,520‡ 45,534 26,178 45,672 

macrocephaly, 

muscular hypotonia, 

minor hand & feet 

anomalies 

prominent forehead, 

bitemporal narrowing, 

short upslanting 

palpebral fissures, flat 

nasal bridge, high 

palate, epicanthus 

++ 
25% 

(3/12)† 

ASD 

VSD 
? 62,63 

6pter deletion 1,590 1,635 6pter 5,755 

anterior eye defects 

(Axenfeld-Rieger), 

brain anomalies 

(Dandy-Walker) 

hearing loss, minor 

hand & foot anomalies 

frontal bossing, 

downslanting palpebral 

fissures, hypertelorism, 

flat nasal bridge, 

dysplastic ears 

+/+++ 
75% 

(6/8)† 

ASD 

VSD 

PDA 

FOXC1? 64-66 
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6q25 deletion 149,048 149,908 142,298 156,548 
variable; growth delay, 

cleft/high palate 

variable: thin upper lip, 

long philtrum, 

dysplastic ears 

+/++ 6 cases† 
AS 

PS 
TAB2 13 

8p23.1pter 

deletion 
2,353 7,291 8pter 18,147 

microcephaly, growth 

delay, diaphragmatic 

hernia, hypospadias, 

seizures, hyperactivity 

variable 

++ 

to 

+++ 

75% 

(45/60) 

AVSD (47%) 

ASD (37%) 

PS/PA (47%) 

CCHD (27%) 

? 25 

8q12.2 

deletion 
61,149 61,825 55,502 73,667 

CHARGE: coloboma, 

choanal atresia, 

growth delay, genital 

defect, SCC hypoplasia, 

SN deafness, trachea-

esofagal defect, cranial 

nerve dysfunction, 

cleft lip/palate 

square face, dysplastic 

ears with triangular 

conchae 

++ 
40% 

(5/11)† 
CCHD CHD7 67-69 

9q34 deletion 

139,218 139,409 

136,660 
9qter 

141,153 

brachy/microcephaly, 

hypotonia, urogenital 

defects, seizures, 

behavioral problems 

hypertelorism, everted 

lower lip, down-turned 

corners of mouth, flat 

mid-face, synophrys, 

upturned nares 

++  

to 

+++ 

30%† 

CoAo 

VSD 
NOTCH1 

70,71 

140,480 140,917 
VSD 

ASD 
EHMT1 

10q25q26 

deletion 

120,410 121,502 113,146 122,610 
microcephaly, short 

stature, sensorineural 

hearing loss, vestibular 

dysfunction, genital 

anomalies in males 

variable: strabismus, 

broad forehead, 

prominent nasal 

bridge, dysplastic ears  

-/++ 

3 cases† PDA 

VSD 

ToF 

? 72 

132,891 133,995 122,747 
10qter 

135,535 
4 cases† 

11qter 

deletion 
129,525 130,807 122,285 

11qter 

135,007 

Jacobsen syndrome: 

thrombocytopenia, 

short stature, minor 

hand & feet anomalies 

hypertelorism, ptosis, 

downslanting palpebral 

fissures, broad nasal 

bridge, short nose, thin 

upper lip, low-set, 

dysplastic ears 

+/++ 56% 
LVOTO 

RVOTO 

JAM3? 

ETS1? 
73,74 

12q14 

deletion 
57,442 58,511 57,058 68,023 

low birth weight, 

failure to thrive, 

proportionate short 

stature, osteopoikilosis 

long eyelashes, cupid’s 

bow, prognathism 

++  

to 

+++ 

45% 

(5/11)† 

variable 

ASD, PS,  

sub AS 

? 75-77 
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15q14 

deletion 
34,841 35,553 27,323 39,690 

cleft palate/uvula, 

seizures, short stature 

variable: bitemporal 

narrowing, smooth 

philtrum, pointed chin, 

dysplastic ears 

++ 5 cases† 

variable 

PFO (2), 

ASD, IAA 

? 
78,79 

 

15q26qter 

deletion 
98,083 98,949 91,474 102,521 

microcephaly, pre- and 

postnatal growth 

delay, diaphragmatic 

hernia clinodactyly, 

eye & renal anomalies 

high arched palate, 

hypertelorism, 

dysplastic ears, 

micrognathia 

+/++ 
53% 

(7/13)† 

LVOTO 

VSD 

IGFR1? 

MEF2A? 
80-82 

16p13.3 

deletion 
3,782 3,787 3,330 7,230 

Rubinstein-Taybi: 

microcephaly, growth 

delay, broad thumbs, 

increased tumor risk 

low hairline, dense 

hair, beaked or straight 

nose, long columella 

+/++ 32% 

ASD 

VSD 

PDA 

CREBBP 83 

16p13.3 

duplication 
3,689 4,169 1,923 5,425 

mild arthrogryposis-

like features 

midfacial hypoplasia, 

longer face in older 

individuals, prominent 

nose with bulbous tip, 

upslanting narrow 

palpebral fissures, 

ptosis, low-set ears 

-/+ 
31% 

(4/13)† 
ASD, ToF CREBBP 84 

16q24 

deletion 
86,091 86,731 84,351 87,921 

misalignment of 

pulmonary veins, 

alveolar capillary 

dysplasia, respiratory 

insufficiency, neonatal 

lethality, urinary & GI 

tract defects, pancreas 

annulare 

NA NA 
75% 

(9/12)†  

HLHS (2) 

LVOTO, ToF, 

CCHD (3), 

PDA 

FOXC2? 

FOXF1? 
85-87  

20p11 

deletion 
10,560 10,656 7,106 14,172 

Alagille: cholestatic 

liver disease, ocular 

defects (posterior 

embryotoxon), skeletal 

defects (butterfly 

vertebrae), hearing 

loss, brain defects, 

autism, cleft lip/palate 

broad, prominent 

forehead, deep-set 

eyes, small pointed 

chin 

-/++ 

ASS 

100% 

(19/19)† 

peripheral 

pulmonary 

stenosis, AS, 

ToF 

JAG1 
88,89 
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21q21 

deletion 
34,911 35,070 23,132 38,077 

variable: microcephaly, 

short stature, ACC, 

thrombocytopenia 

variable: short, 

downslanting palpebral 

fissures, hypertelorism, 

enamel dysplasia 

++ 5 cases† ToF, AS, ASD RUNX1? 90,91  

 

Table 4. CHD type and incidence associated with overlapping CHD-related chromosomal imbalances with unique breakpoints. The minimal and maximal CHD-related 

regions are provided for each region. Dosage-sensitive genes, known to cause CHD in humans upon loss-of-function mutations, are depicted in bold. Potential candidate 

genes for CHD, which were proposed in literature, but not confirmed in CHD patients thus far, are depicted in italics. 

*CHD incidence and type were based on the maximal imbalanced region, not on the minimal critical region for CHD. †CHD incidence only based on molecular delineated 

chromosomal imbalances. ‡proximal breakpoint was defined based on the finding that 12 duplications of the NIPBL gene were not associated with CHD
62,63

. 

Haploinsufficiency of NIPBL causes CHD in Cornelia-De Lange syndrome. 

ACC: agenesis/hypoplasia of the corpus callosum; ADHD: attention deficit and hyperactivity disorder, ASD: atrial septal defect, ASS: autism spectrum disorder; AVSD: 

atrioventricular septal defect, CCHD: complex CHD; CM: cardiomyopathie (DCM: dilated cardiomyopathy, LVNC: left ventricle non-compaction), CNS: central nervous 

system; CTHD: conotruncal heart defect; CDH: congenital diaphragmatic hernia, DD: developmental delay, FTT: failure to thrive, LVOTO: left-ventricle outflow tract 

obstruction, PDA: patent ductus arteriosus, PS/PA: pulmonary valvar stenosis/atresia, SCC hypoplasia: semicircular canal hypoplasia, SN: sensorineural, sub AS: subaortic 

stenosis, SVAS: supravalvular aortic stenosis, ToF: tetralogy of Fallot, UVH: univentricular heart, VSD: ventricular septal defect, VPI: velopharyngeal insufficiency, VSI: 

visuospatial impairment. + mild, ++ moderate, +++ severe. 



48 

 

to represent contiguous gene deletion or duplication syndromes. The other 11 imbalanced regions 

affected a syndromic gene (NSD1, RAI1, NF1, TBX1, CHD7, EHMT1, CREBBP and JAG1). Patients with 

deletions of these genes were clinically indistinguishable from mutation carriers, advocating for a 

single gene dosage-effect. Phenotypes associated with reciprocal duplications (TBX1, CREBBP, RAI1) 

were more variable, and may be influenced by genetic modifiers within or outside the imbalanced 

region. In chapter 3, we elaborate on the identification and delineation of such a novel 

microduplication syndrome on chromosome 16p13.3, comprising the gene CREBBP (Part I, Chapter 

3).  

The 30 remaining CHD-related regions did not contain genes previously known to cause human CHD 

upon altered dosage. For some regions, potential CHD candidates were proposed in the literature, 

based on expression profiles, animal knock-out models or known interaction partners (table 3 and 4). 

However, mutations in these genes have not been detected in patients with non-syndromic CHD thus 

far. In silico prioritization was performed to identify candidate genes for CHD within these regions 

(figure 1). 

Gene prioritization 

First, we evaluated the potential of Endeavour to identify known syndromic CHD genes within 

minimal CHD-related regions (mean size: 1397kb; average gene count: 22), using only non-syndromic 

heart genes as a training set (table 5). Six out of 9 known syndromic CHD genes ranked first within 

the corresponding minimal CHD region (CHD7, EHMT1, CREBBP (2x), JAG1, TBX1). When extending 

the candidate region to the maximal CHD-related region (mean size: 6452kb; 58 genes), 2 of these 

genes were dropped from the top ranking position (CHD7 and EHMT1). 

Chromosomal region known gene 
Size (kb) 

(min) 
Ranking 

size (kb) 

(max) 
Ranking 

5q35.3 deletion† NSD1 2261 5/41 2261 5/41 

8q12 deletion CHD7 676 1/4 18165 19/65 

9q34 deletion EHMT1 437 1/6 4493 11/91 

16p13.3 deletion CREBBP 5 1/1 3900 1/42 

16p13.3 duplication CREBBP 480 1/4 3502 1/112 

17p11.2 deletion† RAI1 3776 9/56 3776 9/56 

17q11.2 deletion NF1 1056 2/11 1590 2/18 

20p11 deletion JAG1 96 1/1 7066 1/21 

22q11.2 deletion† TBX1 (CRKL?) 3790 1/75 (3/75) 3790 1/75 (3/75) 
 

Table 5. In silico prioritization results of regions containing known syndromic genes for human CHD. 

†recurrent chromosomal imbalances mediated by NAHR. 
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Figure 1. Overview of delineated CHD-related regions. CHD-positive deletions and duplications from CHDWiki were displayed respectively as red and green vertical bars at 

the right side of each chromosome. Maximal CHD-related regions affecting a known syndromic or non-syndromic CHD gene were depicted as green boxes on the 

karyogram, regions without previously known CHD gene as blue boxes. CHD-related regions on chromosome 1q21.1, 7q11.23, 16p13.3, 17p11.2 and 22q11, which can be 

either deleted or duplicated, were only displayed once. 
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The prioritization results of the 30 minimal regions without a known human CHD gene are displayed 

in table 6. None of the top ranking genes is completely covered by a known copy number 

polymorphic region, except for the gene PML on 15q24
92,93

. 

In 6 out of 30 minimal regions (GJA5 (2x), FOXC1, BMPR1A, HAND2 and TBX2), the top ranking gene 

scored on average within the top 5% of random regions (table 6), showing that this set of candidate 

regions was significantly enriched for regions with highly ranking heart genes (p=0.003; binomial test 

probability = 0.05, 30 trials, ≥6 successes). Across all regions, the mean rank was 37%, which was 

better than random (p=0.004) and indicated that selection of CHD-related regions was adequate. This 

was supported further by the high rank of the minimal region’s top ranking gene, when extending the 

candidate region to the maximally imbalanced region (table 6). Congenital heart defects associated 

with the regions on 2q31, 15q26 and 21q21, may be caused by higher ranking candidate genes 

outside the minimal critical region or these regions may represent false negatives in Endeavour 

ranking. Delineation of the minimal regions on 2q31 and 15q26 was based on a single patient with a 

small embedded deletion, whereas CHD-positive imbalances on 21q21 were large (6-12Mb) and 

shared only a small region of overlap. 

Multiple critical regions were defined on 4p16.3, 4q33q34 and 10q25q26, hypothesizing that altered 

dosage of multiple genes within these terminal regions may independently cause CHD, similar to 

deletions on 9q34 (NOTCH1 and EHMT1). Gene prioritization showed that CHDs associated with 

terminal deletions on 4p16, might be induced by multiple contiguous genes (e.g. MSX1, FGFR3, 

WHSC1, WHSC2…), whereas the cardiac phenotype of 4q33qter deletions is probably caused by 

haplo-insufficiency of a single gene, HAND2, although absence of cardiac features has been noted in 

several cases with 4q deletions involving the HAND2 gene. Gene prioritization for 10q25q26 was not 

conclusive (table 6).  

Discussion 

The wide application of array comparative genomic hybridization has provided a genetic diagnosis in 

a high number of patients sharing phenotypes, which has permitted to define novel chromosomal 

syndromes or critical regions for human disease with an unprecedented level of accuracy. Previously, 

Van Karnebeek et al. designed a chromosomal map for congenital heart defects of 11 cytogenetically 

visible imbalances, which were reported at least 10 times in the human cytogenetic database (HCDB) 

[6], and were associated with CHD in at least 25% of these
1
. In the current study we aimed to map 

submicroscopic imbalances which are recurrently detected in patients with syndromic or non-

syndromic congenital heart defects. Through a systematic evaluation of 386 well-
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region 1p36.33 del 1q21.1 del/dup 1q24 del 1q44qter del 2q31 del 2q37.3 del 3q23q25 del 

start (bp) 0 146,512,930 168,835,670 244,033,377 174,064,619 238,413,338 142,374,094 

end (bp) 2,418,935 147,737,500 173,884,316 245,355,759 174,407,160 243,102,476 149,458,547 

gene count 74 12 43 12 3 66 34 

top ranking 

gene (min) 
AGRN (473) GJA5 (32) PRRX1 (228) ZNF238 (1599) 

ENSG00000091436 

(1318) 
SNED1 (645) ZIC1 (931) 

mean† 77,4 2,6 35,9 56,3 19,9 76,2 68,6 

rank max‡ 2/158 1/12* 6/163 3/100 21/131 2/79 2/106 

top ranking 

gene (max) 
TP73 (269) GJA5 (32) LAMC1 (19) RYR2 (405) TTN (48) COL6A3 (277) TFDP2 (839) 

 

region 4p16.3 del A 4p16.3 del B 4q22q24 del 4q34qter del  A 4q34qter del B 4q34qter del C 5p13 dup 

start (bp) 0 2,730,202 92,995,410 174,314,470 178,355,643 181,939,679 37,520,355 

end (bp) 2,035,752 8,516,483   99,757,964 175,105,604 181,293,333 190,884,201 45,534,243 

gene count 42 63 13 4 1 56 48 

top ranking 

gene (min) 
FGFR3 (208) MSX1 (28) BMPR1B (230) HAND2 (12) AGA (9734) IRF2 (525) DAB2 (753) 

mean† 27,9 7,9 15,5 1,3 42,3 66 80,7 

rank max‡ 1/53 1/99 1/90 1/212 86/212 4/212 1/91 

top ranking 

gene (max) 
FGFR3 (208) MSX1 (28) BMPR1B (230) HAND2 (12) HAND2 (12) HAND2 (12) DAB2 (753) 

 

Region 6pter del 8pter del 10q22q23 del 10q25 del 10q26qter del 11qter del 12q14 del 

start (bp) 1,590,001 2,352,593 81,610,020 120,410,010 132,890,701 129,524,790 57,442,139 

end (bp) 1,635,001 7,291,132 89,010,020 121,501,561 133,994,729 130,807,255 58,510,966 

gene count 2 21 31 12 5 16 39 

top ranking 

gene (min) 
FOXC1 (91) ANGPT2 (2352) BMPR1A (4) GRK5 (1414) BNIP3 (6093) APLP2 (1070) INHBC (130) 

mean† 1,9 88,4 1 53,4 77,7 54,4 25,5 

rank max‡ 1/46 6/137 1/31* 7/58 25/104 5/127 1/83 

top ranking 

gene (max) 
FOXC1 (91) GATA4 (known) BMPR1A (4) TCF7L2 (217) FGFR2 (245) ETS1 (139) INHBC (130) 
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Region 15q14 del 15q24 del 15q26qter del 16q24 del 17q21.3 del 17q23 del 21q21 del distal 22q11 del 

start (bp) 34,841,448 72,977,631 98,082,856 86,090,659 43,632,466 58,045,218 34,911,130 22,115,848 

end (bp) 35,553,077 74,362,947 98,948,759 86,731,402 44,210,205 60,245,218 35,070,130 23,696,229 

gene count 8 14 1 6 9 18 5 5 

top ranking 

gene (min) 
GJA9 (699) PML (329) ARRDC4 (8665) FOXC2 (197) MAPT (413) TBX2 (27) SON (3733) MAPK1 (949) 

mean† 20,5 17,3 37 5,3 10,7 2,7 56,9 17,6 

rank max‡ 2/81 2/78 18/68 1/37 1/9* 1/18* 20/138 1/5* 

top ranking 

gene (max) 
KLF13 (68) TLE3 (290) MEF2A (30) FOXC2 (197) MAPT (413) TBX2 (27) ADAMTS1 (172) MAPK1 (949) 

 

Table 6. Result of genome-wide prioritization of the 30 delineated CHD-related regions without a known human heart gene: gene count within minimal CHD-related 

region, and top ranking genes within the minimal (min) and maximal (max) CHD-related region. Genome-wide positions are displayed between brackets (out of 22712 

genes). Genes, depicted in bold, scored on average within the top 5% of random regions. †mean rank of region's top ranking gene compared to top rank of 100 random 

gene sets of equal size. ‡ rank max: ranking of the minimal region’s top ranking gene in the maximal deleted region. *regions mediated by NAHR: minimal and maximal 

imbalanced regions are equal in size. 
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characterized genotype-phenotype correlations available in CHDWiki, we have selected 48 critical 

regions for CHD. When adjusting our selection criteria for CHD-related regions to those applied by 

Van Karnebeek et al., we have complemented the map of cytogenetically visible CHD-related regions 

with over 20 novel regions at a much higher resolution. 

Most of the CHD-related regions were associated with heterogeneous cardiac phenotypes, with atrial 

and ventricular septal defects being most prevalent (table 3 and table 4). This phenotypic 

heterogeneity is challenging, and might be induced by environmental factors, stochasticity or by 

(epi)genetic modifiers within or outside the imbalanced region. Moreover, some heart defects which 

seem anatomically unrelated may have a common molecular basis. High resolution three-

dimensional models of the developing heart show that gene expression patterns are not restricted to 

the anatomical borders, but represent a complex spatio-temporal network across the heart
94

 (de 

Boer BA, personal communication). This might explain why altered dosage of a single cardiac gene 

can affect multiple heart regions. 

However, some imbalances were recurrently associated with specific CHD with a low incidence in the 

population. For example, the incidence of atrioventricular septal defects (AVSD) at birth is only 

0.035%, although deletions of 3p25p26, 8p23.1 and 10q22q23 were associated with AVSD in 30%, 

59% and 60% respectively. Similar associations were found between complex univentricular heart 

defects (population risk 0.01%) and altered dosage of GATA4, CHD7 or chromosome 16q24 (41%, 

40% and 30%), although these percentages might represent an overestimation because of a 

publication bias towards complicated or severe cases. Van Karnebeek et al. reasoned that the chance 

of a random genotype-phenotype correlation was related to the incidence of a CHD type in the 

general population. Hence, recurrence of a rare CHD type reduces the chance of a genotype-

phenotype correlation to have occurred randomly
1
. 

In addition, we have confirmed previously known correlations between conotruncal heart defects 

and the typical or distal 22q11 deletion syndrome
38,40

, supravalvular aortic stenosis and loss of ELN
95

, 

left ventricle non-compaction and terminal 1p deletions
43

, or peripheral pulmonary stenosis and loss 

of JAG1
96

.  

Gene prioritization 

Automated gene prioritization methods enable a more rapid and objective approach, compared to 

manual validation, to detect novel genes for CHD in a large set of candidate regions. Some of the top 

ranking genes were previously reported as candidates for CHD, but mutations in these genes have 

not been implicated in human non-syndromic CHD thus far. A large subset of top ranking genes was 
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involved in known CHD-related transcriptional networks (e.g. TBX2, GJA5, FOXC1, FOXC2, HAND2, 

MSX1 and MEF2A) and signal transduction pathways (BMPR1A, BMPR1B and MAPK1), or involved 

cardiac structural proteins (TTN). These genes thus represent a heterogeneous group, similar to the 

group of known heart genes, which was addressed in the general introduction of this thesis. We 

elaborated on the role of signal transduction factors BMPR1A and MAPK1 as candidates for CHD, in 

Part I of this thesis, Chapter 3 (Illustration 2 & 3). 

The gene TBX2 on chromosome 17q23 encodes a transcription factor, which determines the 

delineation between primary myocardium (AV canal, inflow and outflow tract) and chamber 

myocardium (atria and ventricles), through repression of the chamber-specific expression of Cx40, 

Cx43 and Nppa
97

. Connexin 40, encoded by GJA5 on 1q21.1, is a major gap-junction protein, which 

propagates the action potential in the atrial myocardium. GJA5 polymorphisms have been associated 

with atrial fibrillation in humans
98

.  

Forkhead class transcriptional factors, FOXC1 and FOXC2, respectively on chromosomes 6p25.3 and 

16q24, play a pivotal role in early heart development, acting upstream of the Tbx1-FGF cascade 

during the morphogenesis of the outflow tract (OFT)
99

. Hand1 and Hand2 are basic Helix-Loop-Helix 

(bHLH) proteins, which are up-regulated during looping of the heart tube, with Hand2 expression 

marking myocardium in the OFT and right ventricle, and Hand1 expression marking the outer 

curvature of the left ventricle. Moreover, cellular Hand2 protein levels are reduced by CHD-related 

miRNAs, mirR-1-1 and mirR-1-2, which negatively regulate ventricular cardiomyocyte proliferation
100

. 

Recently, HAND2 missense mutations were detected in 3 out of 131 Chinese children with non-

syndromic CHD
101

. These mutations were not functionally assessed, and these findings have thus far 

not been replicated. 

MSX1, mapped on 4p16.3, belongs to a subfamily of Nk-like homeobox genes, and is expressed 

together with MSX2 in the developing endocardial cushions during epithelial-to-mesenchymal 

transition and atrioventricular valve morphogenesis
102

. In humans, mutations in MSX1 cause orofacial 

clefting and tooth agenesis, but no CHD
103

. Similarly, mice lacking either Msx1 or Msx2 have no 

cardiac anomalies, but embryos lacking both Msx1 and Msx2 have severe endocardial cushion and 

conotruncal defects
104

. 

The MEF2A gene, located on 15q26, is a member of the myocyte enhancer factor 2 transcriptional 

factor family, and targets the regulatory units of genes encoding structural cardiac proteins, such as 

α-myosin heavy chain (MYH6) and cardiac troponins T, C and I
105

.  Mef2a induces dilated 

cardiomyopathy, when overexpressed in transgenic mice
106

. 
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The giant muscle filament titin directs the assembly of contractile filaments, provides elasticity and 

acts in myofibrillar cell signaling
107

. Mutations in TTN cause familial dilated or hypertrophic 

cardiomyopathy and tibial muscular dystrophy in humans, but have not been described in structural 

heart defects, in contrast to mutations in other structural cardiac proteins, such as MYH6, MYH7 and 

ACTC.  

The top ranking genes of the delineated heart regions are valuable targets for next generation 

sequencing in families and sporadic patients with idiopathic CHD. Moreover, parallel sequencing of 

known and candidate genes for CHD will enable the detection of multiple mutations within the same 

molecular pathway, which may provide an explanation for the reduced penetrance and variable 

expression, which is frequently found in CHD families.  

Although computional prioritization methods are an established tool for selecting candidate genes 

for a specific disorder, there are some constraints. First, no distinction between copy number loss 

and gain can be made. Hence, prioritization of deletions and their reciprocal duplications will provide 

identical results, although clinical expression discloses that increased or decreased dosage are 

tolerated differently during human development. 

Second, candidate regions containing over 50 genes, have an increased risk for housing a gene within 

the top 10% just by chance (table 5). Confining critical regions to a small gene set is therefore of 

major importance. For this, a significant number of high quality genotype-phenotype correlations are 

required. This underscores the importance of collaborative databases, such as CHDWiki, to chart 

overlapping imbalances with similar phenotypes. 

Conclusions 

By systematic evaluation of submicroscopic imbalances, recurrently associated with CHD, critical 

CHD-related regions were delineated across the genome, and novel candidate genes for CHD were 

identified using automated gene prioritization methods. Hereby, we acquired a high quality set of 

candidate genes, which will prove worthy as targets for novel sequencing technologies in families 

and sporadic patients with idiopathic CHD. 
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Chapter 3. Novel chromosomal heart syndromes: illustrations 

The introduction of array comparative genomic hybridization technologies engendered the 

identification of imbalances associated with specific genetic disorders. In this chapter, we elaborate 

on the delineation of 3 novel chromosomal CHD-related syndromes, which emerged from the 

molecular data compiled in CHDWiki (Part I of this thesis, Chapter 1 & 2). 

In the first illustration we describe the genotypic and phenotypic delineation of submicroscopic 

interstitial 16p13.3 duplications. Such duplications have a recognizable phenotype, characterized by 

normal to moderately delayed mental development, normal growth, mild arthrogryposis, frequently 

small and proximally implanted thumbs and characteristic facial features. Developmental defects of 

the heart are observed in about 40%. The critically duplicated region encompasses a single gene, 

CREBBP, which is mutated or deleted in Rubinstein-Taybi syndrome. 

Next, we report on a novel recurrent 22q11 deletion syndrome overriding LCR22-4, detected in two 

normally developing girls with microcephaly, growth delay and congenital heart defects. This 

deletion is not mediated by the major low copy repeats on 22q11. However, its breakpoints are 

flanked by a 3.7kb highly homologous region. Within the deleted region, both computational 

prioritization methods as well as biological evidence denote the genes CRKL and MAPK1 as the 

highest ranking candidates genes for causing congenital heart disease. 

In the third illustration we discuss the role of the BMPR1A gene as a candidate gene for congenital 

heart defects in the recently described 10q22q23 deletion syndrome and in partially overlapping 

distal 10q23.2.q23.31 microdeletions. We report on an intragenic deletion of the BMPR1A gene in a 

normally developing adolescent boy with short stature, delayed puberty, facial dysmorphism and an 

atrioventricular septal defect. Based on this finding, complemented with computational prioritization 

data and molecular evidence in literature, the critical region for CHD on 10q23 can be downsized to a 

single gene, BMPR1A. 
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Illustration 1. 
 

Duplications of the critical Rubinstein-Taybi deletion region on 

chromosome 16p13.3 cause a novel recognizable syndrome 

Adapted from: 

Duplications of the critical Rubinstein-Taybi deletion region on chromosome 16p13.3 

cause a novel recognizable syndrome  

Bernard Thienpont, Frédérique Bena, Jeroen Breckpot, Nicole Philip, Björn Menten, Emmanuel 

Scalais, Jessica M. Salamone, Jennifer L. Kussmann,  Farah Zahir,  Siu Li Yong, Thomy de Ravel, Jan M. 

Friedman, Laurent Villard, Armand Bottani,  Jean-Pierre Fryns, Joris R. Vermeesch, Sau Wai Cheung, 

Koen Devriendt 

Journal of Medical Genetics Mar;47(3):155-61 (2010) 

Background 

Chromosomal imbalances are a cause of genetic disorders and often cause a syndromic phenotype. 

The identification of such imbalances on a genome-wide level was until recently only feasible by 

investigating metaphase chromosomes under a microscope. The latest developments in microarray 

technology, however, enable assessment of copy number of thousands to millions of loci across the 

human genome at a resolution far surpassing that of conventional karyotyping. The introduction of 

these technologies into the diagnostic work-up of patients with congenital disorders represents a 

revolution in this field, the importance of which cannot be overstated. It led to a vast improvement in 

the etiological diagnosis of patients with previously idiopathic congenital abnormalities, mental 

retardation (MR) and/or psychiatric problems
1
. It moreover permitted the identification and 

delineation of novel microdeletion and microduplication syndromes, thus allowing a more detailed 

assessment of the phenotypic consequences associated with specific chromosomal imbalances and 

more accurate and targeted care and counseling of patients and their parents
2
. The present study 

describes the identification and delineation of a novel microduplication syndrome, microduplication 

16p13.3, which is complementary to microdeletions of 16p13.3 that cause Rubinstein-Taybi 

syndrome (RTS)
3
. RTS (OMIM:180849) is featured by broad thumbs and first toes, intellectual 

disability, short stature, septal heart defects and dysmorphic features, including highly arched 

eyebrows, downslanting palpebral fissures, and a beaked nose with a long columella. 
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Patients, materials and methods 

Patients described in this study were referred for idiopathic MR and/or congenital anomalies. They 

were followed in the collaborating centers, and clinical data and informed consent were obtained 

from all patients or their legal representatives. A genome-wide copy number profile of the patient 

DNA was obtained by subjecting it to microarray analysis using the Affymetrix 500K GeneChip® 

platform (patient 2), the genome-wide 105K V7 OLIGO array (a custom designed array manufactured 

by Agilent Technologies Inc., containing oligonucleotides as probes chosen genome-wide with an 

average interval of 30kb plus an enrichment of probes in most known regions associated with 

syndromes, pericentromeric and subtelomeric regions) (patients 1, 3, 6 and 8), the Agilent 244K 

platform (patients 7, 9 and 11) or the Agilent 44K platform (patient 12), all according to 

manufacturers’ recommendations, or using a tiling resolution BAC array of chromosome 16 (patient 

4) as described
4
. The duplication in patient 9 was first detected by a microdeletion MLPA kit (MRC 

Holland, Salsa MLPA P245). All genome coordinates mentioned in this study are according to human 

genome build 18 (NCBI 36.1). The inheritance of each of these duplications was investigated by 

analyzing parental samples using microarrays (patient 2) or targeted approaches such as FISH 

(patients 1, 3, 4, 6, 8), MLPA (patient 9, 11) or quantitative PCR (patient 7, 12). Positions of segmental 

duplications were downloaded from the segmental duplication database website [1]. The 

duplications in patients 2, 5 and 10 were previously reported
5-7

. 

Results 

Nine patients with an interstitial duplication of 16p13.3 are described for the first time in the present 

study. Of the 3 previously reported patients (patients 2, 5 and 10)
5-7

, we have added more accurate 

genotypic and phenotypic data for patient 2. The results from micro-array analyses for patients 1-4, 

6-9 and 11-12 are depicted in figure 1 together with the reported results from investigations in 

patients 5 and 10. The molecular data are summarized in table 1. The duplication occurred de novo in 

10 cases and was inherited from a clinically normal parent in 2 cases (patient 3 (maternal) and 

patient 8 (paternal)).  

Comparing the extent of all duplicated regions enabled the delineation of a critically duplicated 

region, which contains a single gene: CREBBP (Figure 1). We also reanalyzed the molecular karyotype 

of the patient reported to have an interstitial 16p13.3 duplication by de Ravel
8
, using a higher-

resolution platform (Agilent 244K). This revealed that the duplication described in this patient was 

not interstitial but terminal, extending from 0 kb to 8633-8648 kb, and is 2-10 times larger than the 
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Figure 1: Upper panel: the extent of the duplications identified in the present study. Light grey bars indicate normal copy number, black bars indicate duplicated regions, 

dark grey bars indicate the breakpoint containing regions. Patients are ordered according to the telomeric breakpoint of the duplication. Lower panel: a view of the UCSC 

genome browser (NCBI build 36.1, March 2006), illustrating the genes mapped to the implicated region (first track), the regions that are copy number variable in the normal 

population (DGV, second track), and the regions that have paralogues in the human genome (Segmental duplication – Seg Dup; third track). The transparent grey box 

demarcates the smallest region of overlap. All breakpoints appear unique and do not map specifically in low copy repeats. 
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interstitial duplications in patients 1-12. This patient was, therefore, not included in the present 

analysis. 

There was no family history of birth defects except for patient 2, whose father had one brother with 

a congenital heart defect that died at 8 months of age and one sister with a history of cardiac 

arrhythmias, and patient 3, where both parents had heart murmurs at birth that resolved 

spontaneously after a few years.  

Phenotypically, interstitial duplications of 16p13.3 are associated with variable mental development 

(ranging from normal to moderately delayed), and occasional behavioral problems such as attention-

deficit hyperactivity disorders, aggressive behavior and autism spectrum disorders. Pregnancy was 

uncomplicated in most; the mother of patient 3 had one abnormal non-stress test and mild 

oligohydramnios was noted; patient 12 had intrauterine growth retardation. There was no exposure 

to alcohol or other known teratogens except in patient 3, where the mother reported occasional 

alcohol consumption in the first weeks of pregnancy. Birth was at term in all patients. Growth was 

normal in all individuals except patient 12 who had precocious puberty.  

Many patients shared similar facial features. There was midfacial hypoplasia in young children and a 

longer face in older individuals. The nose was prominent and had a bulbous tip, the eyes were often 

upslanting with narrow palpebral fissures, sometimes with ptosis. The upper lip typically was thin, 

and the ears low set and/or protruding (figure 2). We frequently observed mild abnormalities of the 

hands (the thumbs were often proximally implanted and short, fingers were long and tapering, the 

5
th

 finger was often short, there was also often camptodactyly or mild cutaneous syndactyly) and of 

the feet (club feet, camptodactyly, or syndactyly) (figure 2). Less frequent were other anomalies of 

the skeleton (congenital hip dislocation, vertebral fusion), the eyes (blepharophimosis, epicanthus 

inversus, strabismus, astigmatism, or ptosis) and the heart (atrial septal defect, tetralogy of Fallot). 

Occasional findings include inguinal hernia (twice), precocious puberty, cryptorchidism (twice), 

submucosal cleft palate and mild periventricular heterotopia on brain MRI examination. An overview 

of the phenotypic data of the individual patients is given in table 1. The frequent occurrence of 

features such as club feet, camptodactyly of the toes and fingers, congenital hip dislocation and 

incomplete extension of the elbows is indicative of mild arthrogryposis in these patients.  

As of October 2009, a total of about 25 700 patients have been analyzed for duplication of the 

CREBBP gene in our centers. In this patient population, 11 duplications of CREBBP were found, 

suggesting a frequency of this duplication of around 0.043% in these patients. As about 2-3% of live 

births fit the inclusion criteria for our patient cohort (MCA/MR) and about 80% of these are
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Figure 2: phenotypic features of patients 1, 2, 4 and 6 to 12. Please note that patient 2 has had a surgical 

correction for ptosis. 
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Patient 1 2 3 4 5 6 

telom bcr [kb] 1,863-1,880 2,680-2,682 2,812-2,813 2,937-3,083 2,978-3,292 2,998-3,032 

centrom bcr 

[kb] 

4,665-4,693 3,874-3,927 4,765-5,365 5,706-5,847 4,851-5,074 4,328-4,367 

inheritance de novo de novo maternal de novo de novo de novo 

gender Female Male Male Male Female Male 

Biometry at 

birth 

W p50; L p25 W p50 W p50; L<p5; OFC p50-75 W p5 W p10; L p75; OFC p25 L p90 

age last consult 4 ½ months 13y 6 months 3y 11y 16y 8y 

growth normal 

H p10; W p25; OFC p10 

normal 

H p90; W p75-90; OFC p90 

normal 

Wp25-50; H p10; OFC p3 

normal 

W p3, H p50, OFC p 10 

normal normal 

delay in 

development 

NA mod (WISC-III IQ 46); 

marked speech delay 

mild (LIPS-R: brief IQ 68 - 

fluid reasoning 73) 

mod (WISC-R IQ 51 - PIQ  52; 

VIQ: 54) 

mod (WISC-R IQ 45 PIQ 

63; VIQ 39), dyspraxia 

mod (WISC IQ 50) 

behavior NA no behavioral problems no behavioral problems behavioral problems no behavioral problems AuSD; ADHD 

hands short, proximally 

implanted adducted  

thumbs 

short 5
th

 fingers hypoplastic thumbs & 

thenar eminences; long 

fingers 

short, proximally implanted 

thumbs; camptodactyly II-V 

tapering fingers; short 5
th

 

finger 

camptodactyly 2-5 

feet vertical talus, 

dorsiflexion, proximally 

placed hallux 

pes cavus,  camptodactyly, 

4-5 clinodactyly 

medially deviating, broad 

toes, abnormal nail beds 

camptodactyly, sandal gap bilateral equinovalgus, 

short toes, sandal gap 

camptodactyly,  

camptodactyly 2-4 

musculoskeleta

l findings 

NA C5-C6 vertebral fusion; 

mild pectus excavatum 

plagiocephaly; leg length 

discrepancy; normal joint 

mobility 

mild pectus excavatum; flat, 

asymmetric thorax 

NA NA 

eyes NA blepharophimosis; bilateral 

ptosis; epicanthus inversus 

bilateral ptosis, esotropia ptosis left eye, eye motility 

disturbance 

NA NA 

heart ASD-I; VSD; leaky AV 

valves 

normal ToF normal NA ASD 

dysmorphism bitemporal narrowing, 

left preauricular tag, 

short upslanting 

palpebral fissures, 

lacrimal duct 

obstruction 

low-set, mildly dysplastic 

ears, overturned helices of 

the ears, upslanting 

palpebral fissures, bulbous 

nose 

sacral dimple, bifid uvula, 

short neck with excess 

skin, micrognathia, thin 

upper lip, double hair 

whorl 

webbed neck, anteverted 

nares, thin upper lip, mildly 

protruding ears, epicanthus, 

long face, pointed chin, 

narrow palpebral fissures, 

smooth philtrum 

 deep-set eyes, small, 

upslanting palpebral 

fissures, abnormal ears, 

broad nasal bridge, round 

nasal tip with prominent 

glabella, long philtrum, 

midfacial hypoplasia & 

prominent mandible 

protruding 

ears,bulbous nose, 

deep-set eyes, tented 

upper lip, submucous 

cleft 

other NA NA right cryptorchidism 

small corpus callosum, 

EEG normal 

cryptorchidism normal MRI & EEG inguinal hernia, 

tracheobroncho-

malacia, recurrent 

respiratory infections 
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Patient 7 8 9 10 11 12 

telom bcr [kb] 3,506-3,513 3,513-3,542 3,597-3,604 3,629-3,648 3,651-3,656 3,667-3,688 

centrom bcr 

[kb] 

6,165-6,177 4,736-4,758 3,942-3,953 3,993-4,109 4,281-4,290 4,574-4599 

inheritance de novo  paternal de novo de novo de novo de novo 

gender Male Female Female Male Female Male 

Biometry at 

birth 

W p50 W p50, L p25, OFC p75 W p10-25, L p5-10 W p3, L<p3 W p25, L p25-50, OFC 

p50-75 

W p10, L p10, OFC p50 

age last consult 18y 3y 8y 15y 2y 9 months 10y 

growth normal 

W p25-50; H p75-97; 

OFC p25-50 

normal 

W p25; H p90 

normal 

W p10; H p10-25 

normal 

W, L & OFC at p75 

normal 

W & H p25-p50; OFC p50-

p75  

precocious puberty  

W>p97, H>p97, OFC  p40 

delay in 

development 

mild-mod (IQ 56); 

speech articulation 

problems 

mild (PLS-4: expressive 

language 74; total 77) 

low normal intelligence; 

speech articulation 

defect 

mod mild low normal intelligence 

behavior AuSD; ADHD; aggressive no behavioral problems no behavioral problems   no behavioral problems no behavioral problems 

hands short fingers tapering long fingers proximally-implanted 

thumbs, long fingers, 

hyperconvex nails 

mild cutaneous 

syndactyly, 2-4 

camptodactyly 

small, proximally 

implanted and adducted 

thumbs 

large, proximally- 

implanted thumbs: 2-3 

syn- & 2-4 camptodactyly 

feet sandal gap, 

camptodactyly, sandal 

gap 

mild 2-3 syndactyly, club 

foot right 

dysplastic toe nails, 

camptodactyly, hallux 

valgus 

NA short halluces large halluces, sandal gap 

musculoskeleta

l findings 

scoliosis hip dislocation; spinal 

lipoma 

severe congenital left hip 

luxation 

incomplete extension 

elbows 

NA NA 

eyes deep set normal NA NA strabismus normal 

heart normal (VSD 

spontaneously closed) 

normal normal ASD type II normal NA 

dysmorphism sacral dimple, upslanting 

palpebral fissures, 

hypertelorism, 

synophrys, low-set ears, 

webbed neck, small chin 

midfacial hypoplasia,  

posteriorly rotated, 

protruding ears, 

upslanting palpebral 

fissures, short nose 

short hypoplastic nose, 

low-set and posteriorly 

rotated small ears, long 

flat philtrum, small teeth, 

facial hypotonia 

mildly protruding ears, 

broad nose, hirsutism, 

synophrys, low frontal 

hair line 

dolichocephaly, 

upslanting palpebral 

fissures, large low-set 

ears, low nasal bridge, 

micrognatia 

smooth philtrum, large 

mouth, posteriorly 

rotated, malformed ears, 

short nose, upslanting, 

narrow palpebral fissures 

other inguinal hernia, pyloric 

stenosis, hypotonia, high 

palate  

thin hair, cerebellar 

angioma, periventricular 

leucomalacia, cHL 

permanent drooling NA hypotonia, recurrent ear 

infections 

mild periventricular 

heterotopia, precocious 

puberty 

Table 1: genotypic and phenotypic characteristics of patients with an interstitial 16p13.3 duplication. Abbreviations: ADHD: attention-deficit hyperactivity disorder, ASD: 

atrial septal defect, AuSD: Autism spectrum disorder, AV: atrioventricular, bcr: breakpoint containing region, cHL: conductive hearing loss, H: height, mod: moderate OFC: 

occipitofrontal circumference, p: percentile, W: weight. Patients 2
6
, 5

7
 and 10

5
 were reported previously. 
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idiopathic before molecular karyotyping
9
, we estimate the frequency of this duplication to be 1 in 

97,000 to 146,000 live births. 

Three different mechanisms have been proposed to generate chromosome imbalances : non-allelic 

homologous recombination (NAHR), non-homologous end-joining (NHEJ) and fork stalling and 

template switching (FoSTeS)
10

. When a region is recurrently found to be deleted as well as 

duplicated, NAHR has been suggested as a potential underlying mechanism. However, similar to the 

breakpoints of deletions in this region, all breakpoints of duplications appear unique, arguing against 

a mechanism of non-allelic homologous recombination. To further exclude a local homology-based 

molecular mechanism, we assessed the presence of segmental duplications (SD; length > 10kb, over 

90% homology) in the breakpoint containing regions. SDs encompass 7.7% of the region between 

1800 and 6500 kb, but none of the breakpoints falls clearly within a SD, and only two out of 22 

breakpoint containing regions (9%) encompass a SD. We therefore exclude NAHR as the mechanism 

generating these imbalances. The lack of recurrent breakpoints for the CNVs in these cases indicates 

other mechanisms, such as NHEJ or FoSTeS as possibly causative. There were no complex imbalances 

identified, a hallmark of the recently proposed FoSTeS mechanism, although the resolution of the 

analysis was probably insufficient to assess this critically in most cases. None of the parents reported 

exposure to known mutagens. 

Discussion 

The present report details genotype and phenotype of nine patients with an interstitial 16p13.3 

duplication. Three patients that were previously reported were also included
5-7

 with more precise 

genotypic and phenotypic data for one of these (patient 2)
6
. Careful assessment of the phenotypic 

features of these individuals enabled the description of a characteristic phenotype, with normal to 

moderately retarded mental development, mild arthrogryposis-like anomalies of the musculoskeletal 

system (club feet, congenital hip dislocation, or camptodactyly of the fingers and toes), mild facial 

dysmorphism that changes with age and occasional anomalies of the heart (ASD, tetralogy of Fallot).  

It is noteworthy that all patients were selected for study because of MR and/or congenital anomalies. 

There might thus be - as in most genetic disorders - a bias towards the more severe end of the 

spectrum in the described phenotype: normal or mildly affected individuals do not present at the 

genetics clinic. In two instances the duplication was indeed found to be inherited from an apparently 

normal parent (patients 3 and 8) who had both followed normal schooling, function normally in 

society and do not present the typical face. However, the frequent de novo occurrence (in 10 of 12 

patients) indicates that this duplication is associated in most cases with a reduced reproductive 
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fitness. In line with this is the finding that CREBBP duplications were never identified in genome-wide 

copy number profiling studies of more than 4 000 individuals recruited from normal control 

populations
11-13

. In the patient populations we studied, we identified an interstitial 16p13.3 

duplication in 11 out of 25 700 individuals, suggesting that it occurs in about 0.043% of patients with 

mental retardation or birth defects.  

Three typical patients (9, 10 & 11) carry a very small duplication (maximal sizes 356, 480 and 639 kb), 

indicating that this is the critical region associated with the described phenotype. This small region 

encompasses only 6 genes. Of these genes, CREBBP is the most attractive candidate gene. The 

smallest region of duplication overlap (186-260kb in size) in the 12 described individuals contains 

only the CREBBP gene. The distally flanking gene, ADCY9, is unaffected in patient 2. The proximally 

flanking gene, TRAP1, is only partially duplicated in patient 12, rendering the extra copy probably not 

functional. CREBBP encodes a histone acetyl transferase (HAT) and thus functions as a transcriptional 

co-activator by decondensing chromatin and activating gene transcription. Heterozygous loss-of-

function mutations and deletions of this gene have been shown to cause RTS
3,14

, demonstrating that 

human development is sensitive to CREBBP dosage.  

None of the recurrent phenotypic findings in our patients associate specifically with a region 

proximal or distal to CREBBP except for ptosis, which was found only in three patients with a more 

telomerically extending duplication (patients 2-4). In contrast to duplications extending to the 

subtelomere
15

, interstitial duplications are not associated with microcephaly or growth retardation. 

Other features reported for terminal duplications of 16p seem to associate with duplication of 

CREBBP. These include heart defects, mental retardation and the arthrogryposis-like features
15

. 

Reciprocal duplications are now being clinically delineated for many of the previously-described 

microdeletion syndromes. Examples include 7q11.23 duplications (reciprocal to Williams-Beuren 

syndrome deletions)
16

, 15q11.2 duplications (reciprocal to Prader-Willi and Angelman syndrome 

deletions)
17

, 17p11.2 duplications (known as Potocki-Lupski syndrome, reciprocal to Smith-Magenis 

syndrome deletions)
18

, 22q11.2 duplications (reciprocal to DiGeorge syndrome deletions)
19,20

, Xq28 

duplications (MECP2 duplications, reciprocal to Rett syndrome deletions)
21

 and 17p13.3 duplications 

(reciprocal to Miller-Dicker syndrome deletions)
22

. Some recurrent themes are emerging. In general, 

the phenotypic manifestations of reciprocal duplications are milder and much more variable than 

those of the deletions. Of interest, non-penetrance, which we documented in two cases with 

duplication 16p13.3, has also been reported for several of these duplications (e.g. dup 22q11.2, dup 

15q11.2… )
19,20

.  
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The defects observed in reciprocal deletion and duplication syndromes often involve the same 

organs or functions: for example the heart in DiGeorge syndrome and duplication 22q11.2, speech in 

Williams-Beuren syndrome and duplication 7q11.23, the teeth in Smith-Magenis and Potocki-Lupski 

syndromes or the nerves in Charcot-Marie tooth 1A and hereditary neuropathy with liability to 

pressure palsies
23,24

. Similarly, defects of the hands, feet and heart are seen in both deletion and 

duplication of 16p13.3.  

In some instances, an intriguing reciprocal phenotype is seen in the deletion versus duplication. For 

instance, 7q11.2 deletions have high verbal functioning, compared to particular deficiencies in 

speech and language development observed in the duplication 7q11.2
16

. The bulbous nasal tip 

observed in the present patients may perhaps be a reciprocal phenotype to the long columella seen 

in RTS, the short and proximally implanted thumbs may be reciprocal to the broad thumbs typical for 

RTS, and the arthrogryposis-like feature arguably compare to the joint hypermobility
25

. 

The present findings indicate that normal CREBBP dosage is restricted not only by a lower threshold 

(as demonstrated in RTS) but also by an upper threshold. The described duplications most likely 

cause only a slight increase in CREBBP expression, with the normal genomic dose being only 33% 

lower than the dose upon duplication. This poses significant challenges to the recently proposed 

strategy to treat RTS patients with histone deacetylase (HDAC) inhibitors
26

: the dosage-dependency 

of CREBBP suggests that such pharmaceutical interventions will prove beneficial in a very limited 

range of concentrations only. On the other hand, administering a precise dosage of HAT inhibitors 

such as curcumin
27

 presents a valuable line of investigation to develop a therapy for the novel 

genomic disorder produced by CREBBP duplication. Curcumin is a cell-permeable inhibitor of multiple 

cellular targets including CREBBP and p300 (a paralogue mutated in an allelic form of RTS), which is 

currently being tested in clinical trials for neoplastic and immunological disorders
28

. Although errors 

in development will not be curable by such strategies, the observed problems in mental function 

might benefit from this therapeutic intervention.  
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Illustration 2. 
 

Congenital heart defects in a novel recurrent 22q11 deletion 

syndrome harboring the genes CRKL and MAPK1 

Adapted from: 

Congenital heart defects in a novel recurrent 22q11.2 deletion syndrome harboring the 

genes CRKL and MAPK1 

Jeroen Breckpot; Bernard Thienpont; Marijke Bauters; Leon-Charles Tranchevent; Marc Gewillig; 

Karel Allegaert; Joris R Vermeesch; Yves Moreau; Koenraad Devriendt 

American Journal of Medical Genetics part A (submitted, 2011) 

Background 

The proximal region of the long arm of chromosome 22 is rich in low copy repeats (LCR). Non-allelic 

homologous recombination (NAHR) between these recombination substrates explains the existence 

of recurrent rearrangements within the 22q11.2 region, and the high prevalence of de novo events. 

Proximal 22q contains eight LCRs known as LCR22s
1,2

. The most common recombination event occurs 

between LCR22-2 and LCR22-4, and gives rise to a 3 Mb deletion, which is associated with DiGeorge 

syndrome (DGS) (OMIM: 188400) or velo-cardio-facial syndrome (VCFS)(OMIM: 192430)
3
. This 

common deletion syndrome is mainly featured by conotruncal heart defects, velopharyngeal 

insufficiency, learning difficulties, immune deficiency, congenital hypocalcaemia, urogenital defects 

and a distinct facial gestalt, and is clinically indistinguishable from the embedded 1.5 Mb deletion, 

which arises from recombination between LCR22-2 and LCR22-3
4
. Similar features can be present in 

the reciprocal duplication event between LCR22-2 and LCR22-4, although this 22q11.21 duplication 

syndrome represents a rather variable phenotype, ranging from multiple congenital defects to mild 

learning difficulties or even a normal presentation
5
. Of interest is a 1 Mb deletion between LCR22-3 

and LCR22-4, corresponding to the distal half of the typical 3 Mb deleted region, which was detected 

in a dysmorphic boy with tetralogy of Fallot and in his asymptomatic father
6
. The same deletion was 

found in a boy with developmental delay and an anxiety disorder, but no heart defects
7
 (figure 1, 

table 1). 

A cluster of recurrent 1.4 Mb and 2.1 Mb rearrangements was found distal to LCR22-4 (also known as 

LCR22-D), adjacent to the common 3 Mb deletion region
7-15

. These distal 22q11.2 deletion 

syndromes are flanked proximally by LCR22-4 and distally either by LCR22-5 or LCR22-6
16

. The 



  

84 

 

associated phenotype is variable and relatively mild, with growth delay of prenatal onset, mild 

developmental delay and a wide spectrum of congenital heart defects (CHD). From the data compiled 

in table 1, microcephaly emerges as a frequent feature of distal 22q11 deletions as well (table 1). All 

other atypical deletions of proximal 22q described thus far, represent unique findings. 

We report on a novel recurrent 22q11 deletion, which spans the distal part of the common 22q11.2 

deletion syndrome and the proximal part of the distal 22q11 deletion syndrome. This deletion is 

flanked by highly homologous regions, and was detected here and previously in two girls, both 

featuring congenital heart defects, growth delay and microcephaly, but without developmental 

delay. 

Clinical description 

This 14-months-old girl was the first child of a healthy Caucasian single mother. Apart from familial 

hypercholesterolemia, maternal history was unremarkable with respect to congenital anomalies or 

developmental delay. No paternal data were available. 

A type II common arterial trunk overriding a large non-restrictive outlet ventricular septal defect 

(VSD) was diagnosed prenatally at 34 weeks of gestation. No associated congenital malformations 

were visualized on prenatal ultrasound. Acute fetal distress necessitated a Caesarian section at 36 

weeks of gestation. Her birth weight was 1925 grams, length was 43 cm and head circumference 28 

cm (all below the 3
rd

 centile). At birth she presented with a right-sided pre-auricular tag and a low 

nasal bridge. Cardiac ultrasound confirmed the presence of a type II common arterial trunk 

overriding a 7 mm perimembranous VSD. There was a tricuspid truncal valve with mild regurgitation. 

A monocoronary system originating from the right truncal cusp was diagnosed by cardiac 

catheterization aged 7 months. Ultrasound of the brain and abdomen was normal. At the age of 14 

months alternating occlusion with an eye patch was initiated because of convergent strabismus. 

Fundoscopy was normal.  

Neonatal respiratory distress prompted for intermittent positive pressure ventilation during the first 

week of life. Bilateral banding of both pulmonary arteries was performed at day 7, followed by 

truncus repair with a pulmonary homograft between the right ventricle and the pulmonary arteries, 

and VSD closure at the age of 9 months. 

The patient presented at the genetic clinic at 5 months of age with growth delay and mild facial 

dysmorphic features, including a unilateral pre-auricular tag, upslanting palpebral fissures, epicanthic 

folds, a low nasal bridge and a thin upper lip. All biometric parameters were below the 3
rd

 centile. 
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 this report Ogilvie, 2009
23 

Garcia-Minaur, 

2002
6
 

Rauch, 2005
7
 distal del 22q11:  

12 cases
10-15 

distal del 22q11:  

5 cases
7-10

 

LCR22 overriding LCR4* overriding LCR4 LCR3-4
‡ 

LCR3-4* LCR4-5 LCR4-6 

growth delay + + – NA 11/12 1/3 

microcephaly + + + NA 6/6 0/2 

CHD truncus, VSD VSD, ASD ToF no CHD 7/11 

truncus (4); VSD (3); 

RAA (1); BAV (1) 

3/5  

truncus (2); VSD (1) 

dysmorphism upslanting palpebral 

fissures, epicanthic 

folds, low nasal 

bridge, thin upper lip 

no broad forehead, small 

mouth, posteriorly 

rotated ears with 

deficient upper helices 

small mouth, mild 

retrognathia, mild 

ptosis 

variable: small alae 

nasi, dysplastic ears, 

smooth philtrum, 

micrognathia, arched 

eyebrows… 

variable: small alae 

nasi, smooth philtrum, 

high arched palate, 

dysplastic ears… 

development normal normal normal? mild DD, anxiety mild to moderate DD mild to moderate DD 

other 

features 

pre-auricular tag imperforate anus no recurrent infections cleft palate/bifid uvula 

behavioral problems 

recurrent infections 

cleft palate/bifid uvula 
 

Table 1. Phenotypic features of patients with atypical recurrent 22q11 deletion syndromes. ASD: atrial septal defect; BAV: bicuspid aortic valve; DD: developmental delay; 

LCR: low copy repeat; RAA: right aortic arch; ToF: tetralogy of Fallot; VSD: ventricular septal defect;‡ inherited from asymptomatic father; *father not available for testing. 
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Her weight was 4.82 kg (-3 SD), length 56.1 cm (-3.6 SD), and head circumference 36 cm (-4 SD). Thus 

far, she presented a normal motor and social development. 

Methods of Detection 

A standard metaphase karyotype by G-banding was normal for both the patient and her mother. 

Fluorescence in situ hybridization (FISH) with the probe LSI 22q11, performed as described
17

,  was 

normal. However, a 22q11.21q11.22 deletion was detected in the patient by means of comparative 

genome hybridization (CGH) using a 105k oligo array platform (OGT CytoSure Syndrome Plus array, 

OGT Oxford, UK), performed according the manufacturer’s instructions. The deleted region spans 

maximally 1.50 Mb (19,306,969-20,814,320) and does not involve a known copy number 

polymorphism. The proximal and distal breakpoint containing regions are situated between 

19,306,969-19,383,355 and 20,774,217-20,814,320, respectively. This deletion was not found in the 

mother by means of fluorescence in situ hybridization (FISH) with probe KB-1440D3 on peripheral 

blood derived lymphocytes, nor on oral mucosa. The father was not available for further testing.  

 
 

Figure 1. Proximal 22q11.2 with LCR22-1 to LCR22-6 (blue boxes) and the positions of relevant genes on the 

axis. Recurrent 22q11.2 deletion syndromes are depicted as red boxes, the novel recurrent 22q11.2 deletion 

syndrome as a blue box. There are two blocks of high homology between the proximal and distal breakpoint 

containing regions: a 3.7kb block of 97% homology and a 1.9kb block of 91% homology (black and grey boxes 

respectively). The latter are inverted and are unlikely to have mediated the recombination event. 

There are two blocks of high homology between the proximal and distal breakpoint containing 

regions: a 3.7kb block of 97% homology between 19,351,886–19,355,637 and 20,799,044–

20,802,748, and a 1.9 kb block of 91% homology between 19,356,940–19,358,894 and 20,802,755-
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20,804,968 (figure 1). As the latter are inverted, they are less likely to have mediated the deletion. All 

genome coordinates were according to NCBI human genome build 36 (hg18, March 2006). 

To identify candidate genes for congenital heart defects within the deleted region, we used 

Endeavour, a web application for computational gene prioritization
18,19

. Bioinformatics prioritization 

is an established tool for selecting candidate genes for a role in specific human disorders, such as 

congenital heart defects (CHD)
20,21

, and was performed as described (Part I of the thesis, Chapter 2). 

As a training set for CHD, we extracted all 27 non-syndromic cardiac genes from CHDWiki, on 

December 2010
22

, complemented with the syndromic genes TBX5 and JAG1, since haplo-insufficiency 

of these genes is associated with a high penetrance of CHD. 

First, a leave-one-out cross-validation was performed on the set of these 29 non-syndromic cardiac 

genes using all available human models. The Area Under the ROC Curve (AUC) was calculated and 

used as an estimate of the performance for each model. Only the best performing models with an 

AUC above 65% were kept for the prioritization of genes within the deleted region (table 2). The 

overall AUC was 94%. In addition, a heart specific mouse microarray dataset was added
20

. 

Model name AUC AUC† 

Annotation GeneOntology 88% 89% 

Annotation Swissprot 83% 81% 

Annotation Interpro 70% 70% 

Annotation Kegg 72% 69% 

Interaction BioGrid 68% 67% 

Interaction String 74% 74% 

Interaction InNetDb 70% 70% 

Interaction Hprd 67% 65% 

Expression ShyamsundarEtAl 66% 65% 

Expression ClarkEtAl 66% – 

Precalculated Ouzounis 82% 82% 

Precalculated Prospectr 69% 68% 

Text 81% 81% 

Blast 81% 82% 

Expression CHD* NA NA 

Table 2. List of the Endeavour models using all 

non-syndromic CHDWiki genes as a training set. 

Subsequently, to assess the potential influence of 

TBX1 on the prioritization results, we added the 

TBX1 gene to this training set†. The Area Under the 

ROC Curve (AUC) was calculated for both training 

sets and used as an estimate of the performance 

for each model. Models for which the AUC was 

above 65% were kept for the prioritization. The 

overall AUC was 94% and 93% respectively. *In 

addition, a murine heart specific expression 

dataset was used regardless of its performance. 

 

We first tested, as a positive control, whether Endeavour would identify TBX1 as a candidate for CHD 

within proximal 22q. When using the non-syndromic CHDWiki gene set as training, TBX1 ranked first. 

TBX1 was not identified as a CHD candidate gene when using random training genes unrelated to 

CHD (data not shown). Then, we used this approach to prioritize all 34 genes within this novel 
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rank Ensembl ID gene P-val ∆rank TBX1 

1 ENSG00000100030 MAPK1 0.002 0 

2 ENSG00000099942 CRKL 0.004 0 

3 ENSG00000133511 PIK4CA 0.114 -3 

4 ENSG00000100038 TOP3B 0.116 -1 

5 ENSG00000169635 HIC2 0.133 -2 

6 ENSG00000184436 THAP7 0.148 3 

7 ENSG00000185651 UBE2L3 0.171 -1 

8 ENSG00000099937 SERPIND1 0.190 -1 

9 ENSG00000100023 PPIL2 0.223 5 

10 ENSG00000099949 LZTR1 0.263 0 

11 ENSG00000099940 SNAP29 0.270 -1 

12 ENSG00000100034 PPM1F 0.300 1 

13 ENSG00000183506 PI4KAP2 0.345 0 

14 ENSG00000183773 AIFM3 0.365 0 

15 ENSG00000206152 AC002470.1 0.412 0 

16 ENSG00000128228 SDF2L1 0.458 0 

17 ENSG00000099957 P2RXL1 0.458 0 

18 ENSG00000206140 TMEM191C 0.538 -1 

19 ENSG00000161179 YDJC  0.540 -1 

20 ENSG00000161180 CCDC116 0.595 2 

21 ENSG00000161149 AC002472.8 0.650 0 

22 ENSG00000099960 SLC7A4 0.703 -1 

23 ENSG00000187905 AC002472.13 0.704 1 

24 ENSG00000206145 P2RX6P 0.736 0 

25 ENSG00000197549 PRAMEL 0.751 0 

26 ENSG00000211637 IGLV4-69 0.780 0 

27 ENSG00000211638 IGLV8-61 0.780 0 

28 ENSG00000100027 YPEL1 0.788 0 

29 ENSG00000133475 GGT2 0.805 0 

30 ENSG00000196934 RIMBP3B 0.924 -1 

31 ENSG00000183246 RIMBP3C 0.945 -2 

32 ENSG00000169668 BCRP2 0.953 2 

33 ENSG00000169662 BCRP6 0.968 1 

34 ENSG00000128389   0.991 0 
 

Table 3. Combined ENDEAVOUR prioritization results. All 34 genes within the deleted region 

(chr22:19,351,886–20,802,748) were ranked towards their potential involvement in CHD development, using 

29 non-syndromic genes as a training set. The gene ranking of every dataset was combined in a general 

ranking. For each gene, the p-value represents the probability to observe such a ranking based on similarity 

with the training set, rather than by chance alone. The highest ranking genes were CRKL and MAPK1. To assess 

the potential influence of TBX1 on the prioritization results, we added the TBX1 gene to the training set. The 

right column displays the impact of TBX1 addition on the gene ranking (e.g. PIK4CA drops 3 positions after TBX1 

inclusion). 
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recurrent 22q11.21 deletion (19,351,886–20,802,748). The highest ranking genes were MAPK1 and 

CRKL (table 3). The corresponding p values (0.002 and 0.004 respectively) were highly significant, and 

no significant prioritization (p<0.01) was obtained for any other gene in the deleted region. 

Subsequently, to assess the potential influence of TBX1 on the prioritization results, we added the 

TBX1 gene to the training set (table 2). However, adding TBX1 did not alter the prioritization results 

(table 3). Taken together, these data indicate that these genes are likely candidates for CHD. 

Discussion 

The current deletion spans LCR22-4, the distal part of the common 22q11.2 deletion syndrome and 

the proximal part of the distal 22q11 deletion syndrome. This 22q11 deletion is atypical as it did not 

occur by NAHR between any of the major low copy repeats found on chromosome 22q11.2. 

However, the proximal and distal breakpoint containing regions were found to coincide with two 

blocks of high homology. We assume that the 3.7kb homologous regions served as recombination 

substrates for this novel 22q11.2 deletion syndrome, overriding the boundaries of the common and 

the distal 22q11.2 deletion syndrome. An identical deletion was described recently as a de novo 

event in a normally developing girl with growth delay, imperforate anus and multiple septal 

defects
23

. Interestingly, both cases presented with a congenital heart defect, growth delay and 

microcephaly, but not with developmental delay (table 1). 

Congenital heart defects are a frequent finding associated with proximal 22q imbalances (80%)
24

. The 

TBX1 gene, mapped between LCR22-2 and LCR22-3, is required for normal development of the 

cardiac outflow tract in a gene dosage-dependent manner
25

, and is considered responsible for the 

cardiac phenotype in the typical 22q11.21 deletion syndrome
26

 as well as in the reciprocal 

duplication syndrome
5
. However, haplo-insufficiency of other genes within proximal 22q, like 

UFD1L
27

 and CRKL
28,29

, or genetic modifiers outside the region, may modify TBX1 expression or may 

independently affect the genesis of CHD. Newbern et al. showed that deletions located beyond 

LCR22-4 did not produce a cis-acting position effect on TBX1 expression, and vice versa. These 

findings suggest that the similar cardiac phenotypes in the proximal and distal deletion syndromes 

result from the deletion of distinct regions containing a unique set of genes
12

. 

Both cases with the atypical 22q11.21 deletion described here, presented with congenital heart 

defects. Automated gene prioritization was applied to identify candidate genes for CHD within this 

region. The highest ranking genes were CRKL and MAPK1, independent of the inclusion of TBX1 into 

the training set. Previously, in silico prioritization experiments, using various sets of DGS-related 

training genes, identified YPEL1 as the highest ranking candidate for pharyngeal arch development 
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within the distal 22q11 deleted region. Ypel1 knockdown zebrafish embryos exhibited an 

underdeveloped jaw and defects in pharyngeal arch cartilage formation, but no cardiac defects
18

. In 

our study, no significant prioritization was obtained for YPEL1, nor for any other gene within the 

deleted region. 

The mitogen-activated protein kinase 1 (MAPK1 or ERK2) is mapped distally from LCR22-4. The 

craniofacial and cardiac outflow tract defects observed in patients with distal 22q11 deletions were 

ascribed to deficiencies in neural crest MAPK1 signaling, as homozygous conditional elimination of 

MAPK1 in murine developing neural crest resulted in ventricular septal defects and conotruncal heart 

defects with variable penetrance
12

. Although its role in human congenital heart defects is unexplored 

thus far, Erk1/2 autophosphorylation was recently shown to mediate cardiac hypertrophy
30

. Further 

studies are required to investigate whether haplo-insufficiency of MAPK1 might infer an increased 

risk of cardiac hypertrophy and early heart failure in patients with 22q11.2 deletions reaching beyond 

LCR22-4. 

The adaptor-protein-encoding gene CRKL is located within the distal half of the common 3 Mb 

deletion. CRKL is expressed ubiquitously, but is highly abundant in the pharyngeal region, neural 

tissues and neural crest derivatives
28

. Homozygous Crkl knock-out mouse embryos exhibited multiple 

aspects of DGS, including malformations of the thymus, the parathyroid glands and the heart
28

. 

Heterozygous Crkl
+/-

 mice were generally normal, although mild craniofacial and thymic defects did 

sporadically occur. However, compound heterozygosity of both Crkl and Tbx1 induced a higher 

penetrance of thymic, parathyroid and cardiovascular defects than that generated by heterozygosity 

of Crkl or Tbx1 alone
29

. Since sensitivity to gene dosage differs between mice and humans, 

haploinsufficiency of CRKL alone might contribute significantly to the defective cardiac phenotype 

present in the typical 3 Mb 22q11.21 deletion, as well as in atypical deletions described here and 

previously
6,23

. 

Interestingly, CRKL and MAPK1/ERK2 interact within a common genetic pathway involved in 

craniofacial and outflow tract morphogenesis. Pharyngeal ERK1/2 activation in response to Fgf8 

signaling was found to be Crkl dependent
31

. Moreover, Fgf8 is a direct downstream target of Tbx1, 

and Fgf8 hypomorphic mutant mice phenocopy many features of DGS
32,33

. These findings imply that 

the common craniofacial and cardiovascular abnormalities observed in individuals with the common 

3Mb deletion or with the distal 22q11 deletion arise from perturbation of the same pathway
12

. 

This novel 22q11.2 deletion syndrome was associated with growth delay and CHD, but did not seem 

to impair psychomotor development, despite the presence of microcephaly in both cases. Therefore, 

we assume that no dosage-dependent genes with a major cognitive function were affected. 
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Moreover, it is likely that this deletion is under-diagnosed, given the predominance of intellectual 

disability as a motive to perform genetic diagnostic tests. 

In conclusion, we report on a novel recurrent 22q11 deletion syndrome overriding LCR22-4, detected 

in two normally developing girls with microcephaly, growth delay and congenital heart defects. We 

assumed that the recombination event is mediated by a 3.7kb highly homologous region. Both 

computational prioritization methods as biological evidence denote the genes CRKL and MAPK1 as 

the highest ranking candidates for causing congenital heart disease within the deleted region. 
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Illustration 3. 
 

BMPR1A is a candidate gene for congenital heart defects 

associated with the recurrent 10q22q23 deletion syndrome 

Adapted from: 

BMPR1A is a candidate gene for atrioventricular septal defects associated with the 

recurrent 10q22q23 deletion syndrome 

Jeroen Breckpot; Bernard Thienpont; Marijke Bauters; Leo-Charles Tranchevent; Els Troost; Marc 

Gewillig; Joris R Vermeesch; Yves Moreau; Koenraad Devriendt; Hilde Van Esch 

Manuscript in preparation (2011) 

Background 

Interstitial copy number changes of 10q22q23 are flanked by low copy repeats (LCR3 and LCR4) 

which serve as substrates for non-allelic homologous recombination. Despite this predestined 

genomic architecture, clinical reports on chromosomal rearrangements between these homologous 

regions are scarce, totalizing eleven deletions and three duplications
1-3

.  

The frequent de novo occurrence of this novel 10q22q23 microdeletion syndrome (in 7 of 11 

patients) indicates that this imbalance is associated in most cases with a reduced reproductive 

fitness. Cognitive development is mildly to moderately delayed, and behavioral problems, including 

autism, hyperactivity and aggressive behavior, are common. The majority of patients is 

macrocephalic, and presents with mild but variable dysmorphic features, like low-set dysplastic ears, 

hypertelorism and a flat nasal bridge. Congenital heart defects of various types, including 

atrioventricular septal defects (AVSD), were reported in three patients carrying a typical 10q22q23 

deletion
2,3

 (figure 1).  

More distally extending 10q23 deletions, involving both tumor suppressor genes PTEN and BMPR1A, 

are associated with macrocephaly, developmental delay, juvenile or infantile gastrointestinal 

polyposis, and various congenital anomalies, including cardiac septal defects
3-10

. Germ-line PTEN 

mutations have been associated with a group of hamartoma tumor syndromes, frequently featuring 

macrocephaly and intestinal polyps
11

, whereas loss-of-function mutations of BMPR1A typically result 

in juvenile polyposis syndrome (JPS)
12-15

. The BMPR1A gene is mapped proximally to LCR4 and is thus 
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comprised by the 10q22q23 microdeletion syndrome as well, although none of these patients were 

reported to have juvenile polyposis, thus far. 

 
 

Figure 1. Overview of submicroscopic imbalances on 10q22q23.32 with LCR3-4 and the positions of relevant 

genes on the axis. CHD-positive deletions are depicted in dark blue, CHD-negative deletions in light blue. The 

grey bar represents the region between the minimal and maximal deleted region, reported by Zigman et al.
8
. 

The red box represents the minimal overlapping region of the 10q22q23 deletion syndrome and CHD-positive 

distal 10q23 microdeletions (chr10:88,310,020-89,010,020). The 22kb deletion in our patient falls within this 

CHD-related region. 

We report on a de novo intragenic deletion of the BMPR1A gene, detected in a normally developing 

17-year-old boy with an atrioventricular septum defect, short stature and a distinct facial gestalt, but 

without evidence for intestinal polyposis at present. Clinical and molecular data point towards a key 

role for BMPR1A in the genesis of congenital heart defects (CHD) in patients with interstitial 10q 

deletions. 

Case report 

This 17-year-old boy was the only child of healthy non-consanguineous parents. Familial history was 

unremarkable with respect to congenital anomalies or developmental delay. He was born at term 

after an uneventful pregnancy. His birth weight was 3.230 gram (-1 SD) and his length was 47 cm (-

2.2 SD). At birth he presented with microretrognathia, clinodactyly of the 5
th

 fingers and a systolic 

heart murmur with weak femoral pulsations. Cardiac ultrasound revealed a complete atrioventricular 

septum defect (AVSD Rastelli type C) with a large ventricular shunt and a dominant right ventricle. In 

addition, a narrow preductal coarctation was detected by cardiac catheterization at day 2. 
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Cardiovascular surgery including coarctation repair by subclavian flap angioplasty (Waldhausen 

procedure), banding of the pulmonary arteries, and clipping of the ductus arteriosus was performed 

at day 5. Failure to thrive and feeding problems required tube feeding until the age of 14 months. 

Aged 6 years, a Glenn procedure with a bidirectional cavo-pulmonary shunt and patch-plasty of the 

pulmonary artery bifurcation were performed because of progressive cyanosis and exercise 

intolerance. 

He was followed by a pediatric endocrinologist for short stature and delayed puberty. At 11 years of 

age, his bone age corresponded to that of 8 years and 7 months (below 3
rd

 centile). Growth hormone 

therapy was initiated at the age of 12 years and 6 months, measuring 130.8 cm (-2.7 SD) at the start 

of the treatment. Puberty was induced at 14 years of age by testosterone supplementation. His 

father and mother measured 171 cm and 155 cm, respectively (target height 169.5 cm +/- 8.5 cm).  

The patient was referred to the genetic clinic at 16 years of age because of short stature and delayed 

puberty. His weight was 38.6 kg (-3 SD), his height 154.8 cm (-3 SD) and his head circumference 51.5 

cm (-3 SD). This boy presented facial dysmorphic features, including downslanting palpebral fissures, 

ptosis of the eyelids, microretrognathia, microstomia with dental crowding, a thin upper lip and 

hypoplastic earlobes. He showed mild webbing of the neck and bilateral clinodactyly of the fifth 

finger. He was myopic and had astigmatism. He presented with a pronounced thoracolumbar 

scoliosis with a right-sided thoracic gibbus, requiring bracing. Thoracic and lumbar Cobb angle 

measured 32° and 39°, respectively. His skin was normal, except from surgical scars and some 

pinpoint petechiae on the elbow and on the back of his knee. Extensive screening for bleeding 

diathesis (including thrombocyte aggregation function) was normal. No arteriovenous malformations 

were detected on hepatic ultrasound. Medical history was negative with respect to anemia, rectal 

prolapse, intussusceptions, diarrhea or bloody stools. Screening for juvenile polyposis by 

colonoscopy and gastroscopy are pending. 

During the first year of life, his gross motor development was mildly delayed. However, normal 

results on the Bayley scale of motor and cognitive development were obtained at the age of 24 

months. He was following normal school. Cranial ultrasound at birth was normal. No further brain 

imaging was performed. 

Methods of detection 

A standard metaphase karyotype by G-banding was normal for both the patient and his parents. 

Fluorescence in situ hybridization (FISH) with the probe LSI 22q11, performed as described
16

, was 

normal. However, a de novo deletion on chromosome 10q23.2 was detected in the patient by means 
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of comparative genomic hybridization (CGH) using a 105k oligo array platform (syndrome plus v2 

array, OGT CytoSure Syndrome Plus array, OGT Oxford, UK), performed according the manufacturer’s 

instructions. The deleted region spans maximally 22 kb, disrupting the promoter and first non-coding 

exon of the BMPR1A gene, and did not involve a known copy number polymorphism. The proximal 

and distal breakpoint containing regions were situated between 88,514,385 and 88,535,831, 

respectively (figure 1). This deletion was confirmed in the patient by quantitative PCR (data not 

shown), and its presence was excluded in both parents using the same 105k oligo array platform and 

by means of quantitative PCR, performed as described
17

. Primers are available upon request. All 

genome coordinates were according to NCBI human genome build 37 (hg19, Feb 2009). 

Gene prioritization 

Automated gene prioritization was performed to identify candidate genes for congenital heart 

defects within chromosome 10q22q23. The minimal critical region for CHD was downsized to a 700kb 

region on 10q23.2 (chr10:88,310,020-89,010,020). This region represented the minimal overlap 

between the 10q22q23 deletion syndrome and the CHD-positive distal 10q23 microdeletions. The 

22kb deletion in our patient falls within this CHD-related region (figure 1). To tackle the possibility 

that genes outside this region may independently affect cardiac development, separate in silico 

analyses were performed on the recurrent 10q22q23 deleted region, delineated by LCR3 and LCR4 

(chr10:81,610,020-89,010,020), and on the CHD-related region on distal 10q23.2q23.31, defined by 

the CHD-positive submicroscopic imbalances reported by Menko et al.
4
 (chr10:86,530,020-

91,190,020). Computational gene prioritization for CHD was performed as described (Part I, Chapter 

2), using a non-syndromic CHD genes as a training set, complemented with TBX1, JAG1 and TBX5. 

BMPR1A was the highest ranking candidate for congenital heart defect in the three delineated 

candidate regions. No significant prioritization was obtained for any other gene proximal to LCR4. 

Other high ranking genes distal to LCR4 were PTEN, ACTA2 and FAS (table 1). 

Discussion 

Congenital heart defects are associated with large 10q22q23 deletions (table 2). Deletions between 

LCR3 and LCR4 are associated with CHD in 3 out of 11 cases (27%)
2,3

. An AVSD was also reported in a 

boy with a small embedded deletion, disrupting only the GRID1 gene, 500kb upstream of BMPR1A
3
. 

The inheritance of this deletion is unknown, thus limiting the interpretation on its pathogenicity. 

Distal 10q23.2q23.31 deletions, comprising both PTEN and BMPR1A, manifest cardiac (septal) 

defects in 5 out of 14 clinically well-characterized patients (36%)
4-6,9

. A 700kb critical region for CHD 

emerges from the data compiled in table 2 and figure 1. The 22kb deletion detected in our patient, 

featuring short stature, facial dysmorphism and an AVSD, falls within this region. This region only
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R gene (N=11) Ensembl ID p-value R gene (N=31) Ensembl ID p-value R gene (N=34) Ensembl ID p-value 

1 BMPR1A ENSG00000107779 0.005 1 BMPR1A ENSG00000107779 0.0003 1 BMPR1A ENSG00000107779 0.0001 

2 MMRN2 ENSG00000173269 0.359 2 ANXA11 ENSG00000122359 0.068 2 ACTA2 ENSG00000107796 0.002 

3 LDB3 ENSG00000122367 0.427 3 GLUD1 ENSG00000148672 0.088 3 FAS ENSG00000026103 0.002 

4 SNCG ENSG00000173267 0.538 4 NRG3 ENSG00000185737 0.110 4 PTEN ENSG00000171862 0.017 

5 FAM35A ENSG00000165874 0.648 5 SFTPD ENSG00000133661 0.116 5 GLUD1 ENSG00000148672 0.127 

6 GLUD1 ENSG00000148672 0.737 6 SNCG ENSG00000173267 0.183 6 SNCG ENSG00000173267 0.130 

7 FAM22A|FAM22D ENSG00000184923 0.895 7 GRID1 ENSG00000182771 0.183 7 MINPP1 ENSG00000107789 0.224 

8 ENSG00000188100 ENSG00000188100 0.899 8 LDB3 ENSG00000122367 0.201 8 LDB3 ENSG00000122367 0.244 

9 OPN4 ENSG00000122375 0.914 9 MMRN2 ENSG00000173269 0.260 9 GRID1 ENSG00000182771 0.255 

10 ENSG00000151303 ENSG00000151303 0.925 10 TSPAN14 ENSG00000108219 0.315 10 WAPAL ENSG00000062650 0.310 

11 C10orf116 ENSG00000148671 0.963 11 ... ... ... 11 ... ... ... 
 

Table 1. Combined ENDEAVOUR prioritization results. All genes within the critical region (chr10:88,310,020-89,010,020), the recurrent 10q22q23 deleted region 

(chr10:81,610,020-89,010,020), and the CHD-related region on distal 10q23.2q23.31 (chr10:86,530,020-91,190,020) were ranked towards their potential involvement in 

CHD development, using 30 known CHD genes (retrieved from CHDWiki) as a training set. The candidate regions comprised respectively 11, 31 and 34 genes. The gene 

ranking of every dataset was combined in a general ranking. For each gene, the p-value represents the probability to observe such a ranking based on similarity with the 

training set, rather than by chance alone. The highest ranking gene is BMPR1A. No significant prioritization was obtained for any other gene within the minimal critical 

region for CHD. 
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10q22q23 deletion syndrome 

reference 
start 

(kb) 

end 

(kb) 
main features ID JPS growth 

CHD 

type 

Van Bon 2011 

patient 2 

81,610 

(LCR3) 

89,010 

(LCR4) 

telecanthus, low set ears, 

hypertelorism, anteverted nares, flat 

nasal bridge, large mouth 

+ - 
OFC p3 

H <p3 
AVSD 

Van Bon 2011 

patient 4 

81,610 

(LCR3) 

89,010 

(LCR4) 

long face, hypertelorism, radioulnar 

synostosis, scoliosis, kyphosis, pectus 

excavatum, café-au-lait spots; 47,XYY 

+ - 
OFC & 

H >p97 
TI, PI 

Alliman 2010 

case 1 

81,610 

(LCR3) 

89,010 

(LCR4) 

micrognathia, thin upper lip, 

hypertelorism, upslanting palpebral 

fissures, earlobe creases, overfolding 

ears, arachnodactyly, joint laxity 

+ - NA PDA 

 

distal 10q23.2q23.31 deletions 

reference 
start 

(kb) 

end 

(kb) 
main features ID JPS growth 

CHD 

type 

Salviati 2006 82,004 94,612 

sparse hair, epicanthus, hypoplastic 

nasal bone, protruding lower lip, small 

ears, high palate, 1 café-au-lait spot  

+ 6y 

OFC 

p5-10; 

H p50 

ASD 

VSD 

Delnatte 

2006 

patient 4† 

NA NA 

frontal bossing, depressed nasal 

bridge, high arched palate, broad 

thumbs and toes, portal vein atresia; 

46,XX,t(2;10)(q31;p15) 

- 
18

m 

OFC 

>p97 

ASD 

VSD 

Menko 2003 

patient 1 
88,310 91,190 

low-set ears, telecanthus, proptosis, 

long philtrum, generalized hypotonia 
+ 3y 

OFC 

>p97 

VSD 

left VCS 

Menko 2003 

Patient 3 
86,530 90,080 vesicoureteral reflux, cleft palate + 4y 

OFC 

>p97 
VSD 

Jacoby 1997* NA NA 

club foot, broad nasal apex, long 

philtrum, epicanthus, hypoplastic ears, 

umbilical hernia, short hands & feet 

+ 4y 
OFC & 

H <p3 
TI 

Zigman 1997 

patient 2‡ 
88,800 98,301 hypotonia, bilateral club feet + + ? 

ASD 

VSD 

left VCS 
 

Table 2. Clinical and molecular details of CHD-positive patients with deletions of 10q22q23 or 10q23.2q23.31. 

AVSD: atrioventricular septal defect, ID: intellectual disability, H: height, JPS: age at which juvenile polyposis 

was diagnosed; OFC: occipital-frontal circumference, PI: pulmonary valve insufficiency, TI: tricuspid 

insufficiency. †deletion of PTEN and BMPR1A was found by MLPA and qPCR. ‡delineated by microsatellite 

analysis (maximal deleted region: chr10: 88,799,671-98,300,735, not comprising  BMPR1A). *deletion was not 

molecularly delineated. 

 

encompasses the promoter and first non-coding exon of BMPR1A. Computed gene prioritization 

shows that BMPR1A is the highest ranking candidate for CHD. BMP signaling is involved in the 

regulation of cell proliferation, migration, differentiation, and apoptosis, through binding of bone 

morphogenetic proteins (BMPs) to a heterodimeric complex of two transmembrane receptors, 

termed BMPR type I and type II. Cardiac-specific deletion of bmpr1a (alk3) disrupts cardiac 

morphogenesis in mice, showing ventricular septum, trabeculation and endocardial cushion 
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defects
18

. Conditional inactivation of Alk3 in the atrioventricular (AV) canal myocardium provides 

evidence that ALK3 signaling is obligatory for the morphogenesis of the AV valves and the annulus 

fibrosus
19

. This cardiac phenotype is highly consistent with that observed in our patient as well as in 

patients with larger 10q deletions (AVSD, ASD, VSD and tricuspid insufficiency).  

Intragenic BMPR1A deletions have been detected occasionally by MLPA in screening surveys for 

JPS
13,15,20

. One of these equally involves the promoter and first non-coding exon, corroborating that 

the detected deletion interferes with normal human physiology
20

. Unfortunately, besides the 

presence of JPS no further phenotypic details for this patient are available. As BMPR1A expression is 

not restricted to cardiac tissue, mutations in BMPR1A are more likely to emerge in syndromic rather 

than non-syndromic CHD. Zhou et al. and Friedl et al. report on ventricular septal defects and Ebstein 

anomaly in about 1 out of 5 clinically well-characterized JPS patients with BMPR1A mutations
12,21

. 

The reduced penetrance for CHD with reported BMPR1A mutations and deletions may be induced by 

other genetic modifiers in the BMP/TGF-β signaling pathway. In distal 10q23, altered gene dosage of 

contiguous genes such as PTEN, ACTA2 or FAS, may contribute to the cardiac pathogenesis. However, 

the cardiac phenotype induced by cardiomyocyte-specific inactivation of Pten in mice
22

, seems not to 

be reproduced in patients with distal 10q23 deletions. Likewise, no thoracic aortic aneurysms or 

dissections, associated with human ACTA2 mutations, have been reported in these patients so far
23

.  

Conditional inactivation of Bmpr1a in mice disturbs homeostasis of intestinal epithelial regeneration 

with an expansion of the stem cell population, eventually leading to intestinal neoplasms resembling 

human juvenile polyposis syndrome
24

. The current deletion is detected in an adolescent boy 

presenting with short stature, delayed puberty, facial dysmorphism and AVSD, but without signs of 

JPS at the time present. In addition, none of the 11 patients with the typical 10q22q23 deletion, 

embracing BMPR1A, was reported to have JPS either, although this finding might be biased due to 

young age. Patients with JPS typically develop symptoms in older childhood or early adulthood, 

although infantile forms, presenting in the first 2 years of life, can occur. 

The current patient shares some of the recurrent dysmorphic features of the 10q22q23 deletion 

syndrome, such as low-set dysplastic ears and hypertelorism
3
. These features are frequently reported 

in more distally extending deletions as well, often in association with macrocephaly and macrosomia. 

Surprisingly, our patient presented with short stature and microcephaly, similar to patient 2 reported 

by Van Bon et al.
3
 (table 2). 

In conclusion, this intragenic BMPR1A deletion provides further evidence for a pivotal role of 

BMPR1A in the genesis of AV cushion defects in the 10q22q23 deletion syndrome and distal 10q23 

deletions. Even in the absence of juvenile polyposis syndrome, sequencing and copy number analysis 
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of BMPR1A should be considered in patients with (atrioventricular) septal defects, especially when 

associated with facial dysmorphism and anomalous growth. 
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PART II. ARRAY COMPARATIVE GENOMIC 

HYBRIDIZATION AS A CLINICAL DIAGNOSTIC 

TOOL IN CONGENITAL HEART DEFECTS 
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Introduction 

Human genetic studies have implicated mutations of numerous genes and chromosomal regions in 

isolated or syndromic CHD, which are compiled in CHDWiki, a community repository based on Wiki-

technology (Part I, Chapter 1)
1
. Thus far, nucleotide mutations in over twenty genes have been 

implicated in sporadic or familial non-syndromic CHD, and over twice as many in syndromic CHD. 

Array Comparative Genomic Hybridization (aCGH) has lead to an increased detection of causal 

chromosomal imbalances in individuals with CHD. While the contribution of chromosomal 

imbalances to the genesis of syndromic CHD is now well established
2-5

, their implication in non-

syndromic CHD is far less understood. 

In these chapters we discuss some of the challenges that arise upon the introduction of aCGH as a 

diagnostic tool in a clinical cardiogenetic setting. Based on our own experience as well as those of 

others described in the literature, we outline the state of the art and attempt to answer a number of 

outstanding questions, such as the detection frequency of causal imbalances in different patient 

populations, the added value of higher resolution arrays, the existence of predictive factors in 

syndromic cases and, importantly, decision trees used for the interpretation of detected imbalances. 

Chapter 1. Challenges of CNV interpretation 

Adapted from: 

Challenges of Interpreting Copy Number Variation in Syndromic and Non-syndromic 

Congenital Heart Disease 

Jeroen Breckpot; Bernard Thienpont; Yvonne Arens; Leon-Charles Tranchevent; Joris R Vermeesch; 

Yves Moreau; Marc Gewillig; Koenraad Devriendt 

Cytogenetic and Genome Research (submitted, 2011) 

 

Interpretation of the clinical significance of Copy Number Variants (CNVs) is challenging, as 

infrequent disease-causing copy number changes should be distinguished from the abundant copy 

number variations without obvious major clinical significance. Initially, and even still today, many 

algorithms to interpret molecular karyotyping results rely heavily on the de novo nature of 

chromosomal imbalances as a primary selection criterion for causality
6,7

. This criterion was 

erroneously extrapolated from experience with metaphase karyotyping, where it was noted that the 

large, cytogenetically visible (5-10Mb) deletions or duplications under investigation were virtually 

absent from the normal population, and arose de novo in nearly all patients in which they were 

detected.  
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Novel copy number profiling techniques such as aCGH revealed that this no longer holds true at 

higher resolution: several examples from literature have demonstrated that de novo CNVs found in 

patients are not necessarily causal
8,9

, and imbalances larger than 100kb have shown to arise de novo 

in >1% of normal individuals
10

. Nevertheless, de novo CNVs are found more frequently in some 

disease cohorts (such as syndromic CHDs) than in normal controls. De novo occurrence is thus a valid 

yet insufficient argument in favor of causality. 

Conversely, CNVs inherited from a normal parent can also affect a patient’s phenotype
11

, typically in 

disorders with reduced penetrance and variable expressivity
12

, similar to point mutations in many 

cardiac genes, such as NKX2.5, GATA4 and NOTCH1
13

. Because of this reduced penetrance, clinically 

significant CNVs will also be found occasionally in the normal population
11

. Nevertheless, common 

CNVs (Copy Number Polymorphisms or CNPs) are unlikely to remain embedded in the normal 

population if they are under a significant selective pressure of debilitating or lethal diseases such as 

CHDs. In contrast to genome-wide association studies, aCGH in the clinical setting discussed here 

aims to identify rare or unique variants with a major phenotypic impact, rather than frequent 

variants with minor effect sizes. Comparisons of a patient’s CNVs with those frequently found in 

control populations are thus of interest to exclude CNPs from the list of potentially causal CNVs. 

Publicly available data sets, such as the Database of Genomic Variants, can be consulted for this 

purpose but should be interpreted with caution, as only a fraction of the catalogued CNVs have been 

validated
14

. We would argue that only CNVs that are reported to occur frequently (>1%) in the 

normal population in several independent studies should be considered polymorphic. One should 

moreover evaluate if the reported platform used to interrogate copy number states in the normal 

population is compatible with the platform used to investigate the patient. Ideally, an internal 

database of ‘benign’ CNVs is constructed from array experiments in healthy control individuals, or 

from the non-transmitted alleles of the parents of patients if experiments are designed as trio 

analyses.  

Besides reduced penetrance and variable expression, other issues such as the unmasking of recessive 

alleles
15

, parental mosaicism, imprinting, and skewed X-inactivation
16

 should be considered when 

assessing any potentially pathogenic CNV. It is therefore clear that all rare CNVs are to be evaluated 

with respect to their role in the pathogenesis of a congenital defect such as a CHD. Moreover, the 

decision tree to evaluate an imbalance -as any mutation- will differ depending on the clinical 

situation: sporadic or familial occurrence, syndromic or not. 

We aimed to resolve these issues by introducing a step-by-step approach for CNV interpretation in 

CHDs, primarily based on gene content and overlap with known chromosomal syndromes (figure 1).  
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Figure 1. Algorithm for interpretation of CNVs in patients with syndromic or non-syndromic CHD.Unclassified 

variants can be further ranked according to their probability of being causal, based on additional criteria such 

as a de novo origin, segregation in the family with the phenotype, size of the imbalance or gene count, and 

gene function of implicated genes. 
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STEP 1:  

Variants not recurrently found in normal individuals can be considered causal when they comprise 

dosage-sensitive genes known to cause CHD upon loss-of-function mutations or genes causing 

recessive forms of CHD when both alleles are mutated. They thus partially or fully explain the 

patient’s phenotype. A list of such genes is compiled in CHDWiki. Higher resolution array platforms 

will yield a larger amount of rare or unique CNVs per patient. Given the laborious nature of the 

ensuing confirmation experiments, array resolution will also impact the clinical interpretation 

algorithm and diagnostic work-up. When the intrinsic noise of a platform does not allow the reliable 

interpretation of single-element alterations, pooling of multiple array elements can be used to lower 

the false positive ratio. However, array element pooling results in small potentially relevant CNVs 

escaping detection. One could envisage a strategy whereby aCGH data are analyzed at single-

element resolution or using an aberration calling threshold that yields a predefined number of false 

positive results, dependent on the quality criteria required and available confirmatory analyses. 

Subsequently, a subset of the data overlapping with known cardiac genes is analyzed to identify 

CNVs with definite clinical significance
17

.  

STEP 2: 

Since several chromosomal imbalances exist for which the causal gene has not yet been identified, it 

is necessary to identify known chromosomal syndromes. We use the Decipher 

(https://decipher.sanger.ac.uk/syndromes) and CHDWiki 

(http://homes.esat.kuleuven.be/~bioiuser/chdwiki/index.php/CHD:Map) microdeletion and 

duplication syndromes as a reference set. As mentioned, all rare CNVs should be taken into account, 

irrespective of the nature of their inheritance.  

STEP 3: 

We propose that rare CNVs, not affecting genes or regions known to be involved in CHDs, should be 

regarded as unclassified and reassessed regularly as studies continue to elucidate the genetic basis of 

CHDs. As previously suggested for mutations detected at the base-pair level, unclassified variants can 

be further ranked according to their probability of being pathogenic, based on additional criteria 

such as a de novo origin, segregation in the family with the phenotype, size of the imbalance and 

gene count, and gene function of implicated genes
5
. Also, deletions are more likely to be causal than 

duplications
18

. Obviously, certain variants may be classified as causal in the future, when additional 

patients with imbalances involving the chromosomal region will be reported. This underscores the 

usefulness of collaborative efforts such as DECIPHER (https://decipher.sanger.ac.uk/), ECARUCA 

(http://umcecaruca01.extern.umcn.nl:8080/ecaruca/ecaruca.jsp) and CHDWiki 
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(http://homes.esat.kuleuven.be/~bioiuser/chdwiki/index.php/CHD:Map) to collect clinical and 

cytogenetic information on large series of patients (part I of this thesis, chapter 1 & 2). 

Finally, algorithms can exceed the diagnostic level by implementing further steps to identify novel 

clinically relevant CNVs, potentially harboring novel candidate genes for CHDs. For this, in silico 

prioritization methods or animal models can be used. As an illustration, whole-mount in situ 

hybridization and subsequent morpholino knockdown in Xenopus tropicalis has been applied 

systematically on genes retrieved from rare CNVs in 262 heterotaxy patients, and has uncovered five 

novel genes implicated in left-right body patterning
19

. In chapter 3, we introduce a research 

algorithm based on gene prioritization methods for the identification of novel clinically relevant 

CNVs. 

In the following chapters we discuss the application of aCGH on two patient populations: syndromic 

and isolated CHD. Based on the experience we gained by studying copy number variation in a large 

cohort of both populations, we describe the state of the art, and we provide an overview of the 

studies performed thus far, supplemented with additional investigations where necessary to clarify 

matters further. 

Chapter 2. Array Comparative Genomic Hybridization as a 

diagnostic tool in syndromic Congenital Heart Defects 

Adapted from: 

Array Comparative Genomic Hybridisation as a diagnostic tool for syndromic heart 

defects 

Jeroen Breckpot, Bernard Thienpont, Hilde Peeters, Thomy de Ravel, Amihood Singer, Maissa Rayyan, 

Karel Allegaert, Christine Vanhole, Benedicte Eyskens, Joris Robert Vermeesch, Marc Gewillig, 

Koenraad Devriendt 

Journal of Pediatrics 156(5):810-7 (2010) 

Background 

Chromosomal imbalances are a frequent cause of congenital heart defects, especially when 

associated with growth and developmental delay, with malformations affecting a second organ 

and/or dysmorphic features
20

. However, in a large subset of such patients no genetic diagnosis is 

reached after clinical examination, conventional karyotyping and exclusion of well-defined genetic 

disorders
21

. Studies have demonstrated that array comparative genomic hybridization leads to an 

increased detection of causal chromosomal imbalances in individuals with a syndromic CHD
2-4

. The 
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aim of these studies was to determine the incidence of causal imbalances as well as the identification 

of novel chromosomal regions involved in congenital heart defects. It is currently unclear if the 

reported incidence of causal CNVs is inflated by ascertainment bias (as is often seen upon the 

introduction of new technologies). It is moreover not known if the increasingly high resolution 

offered by commercial platforms further increases the diagnostic pick-up rate. And finally, thus far 

there has been no systematic investigation into whether there are clinical differences between 

patients that do or do not receive a diagnosis after aCGH investigations. Such differences could 

provide a handle to improve patient selection for this novel technology.  

In this chapter, we aimed to resolve these issues. We performed a systematic clinical and molecular 

cytogenetic analysis of a large group of 150 patients with a syndromic heart defect. This cohort was 

selected as it represents a group of patients with a high probability of detecting causal chromosomal 

imbalances, and because the presence of a CHD may facilitate the interpretation of identified 

imbalances. 

Patients and Methods 

Patient selection and characterization 

We report on a total of 150 patients, of which the first 60 were previously reported by Thienpont et 

al.
3
. An additional 90 patients with the same entry criteria were recruited from the pediatric 

cardiology unit and Center for Human Genetics of the University Hospitals Leuven. All patients 

presented with a CHD requiring surgery or non-invasive repair and additional syndromic features i.e. 

a second major malformation (multiple congenital anomalies, MCA), and/or developmental delay or 

mental handicap (MR), and/or the presence of dysmorphism (D), which was defined as the presence 

of at least three minor physical anomalies
22,23

. No genetic diagnosis could be reached after clinical 

examination by an experienced clinical geneticist, conventional karyotyping (G-banding analysis at 

least at ISCN +550 bands) and, when indicated, exclusion of well-defined genetic disorders (e.g. 

DiGeorge or Williams syndrome). In 12 cases both parents were from North African origin. All other 

patients had two Caucasian parents, except for two cases that both had one Caucasian parent while 

the other parent originated from Asia (patient 8) or Central Africa (patient 4). 

The study was approved by the Ethics Committee at the University Hospitals Leuven. Appropriate 

informed consent was obtained from all participating patients or their legal representatives. 
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Cytogenetic analysis 

1 Mb BAC/PAC array  

Array CGH was performed using an in-house made micro-array containing the clones from the 1 Mb 

BAC/PAC clone set donated by the Sanger Institute (Hinxton, UK), as described
24

. A loop design was 

used that compares DNA from three patients, co-hybridizing each with one of the others in three 

aCGH experiments. Detected imbalances were validated either by interphase and metaphase 

fluorescence in situ hybridisation (FISH) or real-time quantitative (RTQ-) PCR, as described
24

. The 

parental origin of all chromosome imbalances not previously described in normal individuals, was 

studied using FISH or RTQ-PCR, except for patients 2, 11, 19 and 28, of whom no parental DNA was 

available. PCR primer sequences are available upon request. Well known phenotypically indifferent 

polymorphisms, reported in >1% of the normal population by several independent studies
25

, were 

not further investigated. 

32k tiling array 

Variants detected in patients 2, 7, 15, 16, 17 and 19 were further delineated by an in-house 

manufactured micro-array with large insert clones (BAC/PAC) containing fragments of one or more 

specific chromosomes at tiling resolution. These clones were obtained from BACPAC Resources 

Center (Children’s Hospital, Oakland, USA). The arrays were produced as described
24,26

. 

244k oligonucleotide array (Agilent) 

Out of 117 patients without a causal diagnosis after clinical follow-up and 1Mb resolution aCGH 

investigation (see results section), 29 patients from whom parental DNA samples were available, 

were selected. DNA from these patients and their parents was analyzed by CGH on an array 

containing ~236,000 unique oligonucleotide probes designed to target sequences genome-wide 

(Human 244A array, obtained from Agilent). Reference DNA was from an anonymized sex matched 

patient’s lymphoblastic cell line. DNA was labelled by the BioPrime® Array CGH Genomic Labelling 

System (Invitrogen, Carlsbad, California, USA) using Cy3™- and Cy5™-labelled dCTPs (Amersham 

Biosciences, Boston, Massachusetts, USA) as recommended by the manufacturer with minor 

modifications (supplementary data). 

A rigorous assessment of the quality of this platform demonstrated that it enables heterozygous 

deletion and duplication detection at a false-negative rate below 13% and 23% respectively when 

considering 2 and 3 consecutive clones respectively, and at a false-negative rate below 5% when 

considering 3 (deletion) and 4 clones (duplication). The average false-positive rate is below 1 call per 

experiment for these settings. 
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Decision tree to evaluate causality of found imbalances. 

Based on our previous experience and literature data, we constructed a decision tree to evaluate the 

causality of CNV’s detected in syndromic CHD patient (figure 1, chapter 1). 

Statistical analysis 

The predictive value of clinically relevant patient characteristics on the detection of a causative 

structural variant was investigated in a multivariable analysis by means of a logistic regression model. 

Characteristics considered in this analysis are: number of dysmorphic features and number of major 

congenital anomalies as linear predictors and gender, mental retardation, epilepsy, neurological 

anomalies, abnormal stature or weight, microcephaly/macrocephaly, and type of heart disease as 

categorical predictors. A backward elimination strategy was used. In a univariate analysis the 

described variables were compared between the groups with and without a causal variant. Fisher 

exact probability test or chi-square test were used for qualitative variables, and the Mann-Whitney 

rank sum test for quantitative variables. For characteristics with a significant association to the 

detection of a causal variant, the multivariable and univariate analyses were repeated with the 

detection of a structural variant as an outcome, thus leaving out the interpretation step described in 

the algorithm (figure 1). Analysis was performed using SAS 9.1. 

Results 

Array CGH results 

In this series of 90 new patients, using a 1 Mb resolution array, 30 potentially significant imbalances 

were detected in 25 patients (25/90; 27.7%), i.e. either previously described in individuals with 

congenital malformations or mental handicap or not previously reported as a normal variant. To 

evaluate their significance, we followed a decision tree shown in figure 1 (chapter 1). As a result, 16 

of these 30 imbalances are considered to be causal (table 1, table 2). They overlap with well-

described disease-related chromosomal regions or comprise genes known to cause a CHD when 

mutated. All these imbalances have occurred de novo, except for the maternally inherited 

duplications 22q11.2 and Xq21.1 in patient 15 and 16, and the paternally inherited duplication 

1q21.1 in patient 3. The de novo origin could not be established for patients 2 and 11. Combined with 

the 10 causal imbalances detected in the first series of 60 patients, aCGH with a resolution of 1 Mb 

allows the detection of a causal chromosomal imbalance in 17.3% of cases (26/150).
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Pt M/F region loss/gain Affected probes Range (kb) size (Mb) gene count
α 

de novo 

1 F 1p36.33 loss RP11-465B22 ￫ RP1-37J18 1 ￫ 4608-5866 4.61-5.87 90-92 Y 

2 F 1p36.33p36.32 loss RP11-158F2 ￫ RP11-151F10* 1 ￫ 3514-3519 3.51-3.52 82 ND 

3 M 1p21.1 gain RP11-533N14 ￫ RP11-301M17 144150-145434 ￫ 146342-148424 0.91-4.27 9-70 P 

4 F 
4q34.3qter loss RP11-62B7 ￫ CTC-963K6 182177-182510 ￫ 191273 8.76-9.1 43-50 

Y 
18q12.1† gain RP11-383C19 ￫ CTC-964M9 30859-32335 ￫ 75950 43.62-45.09 139-155 

5 F 5p13.2P12 gain CTD-2267H19 ￫ RP11-575G10 35513-36275 ￫ 41829-45570 6.62-10.06 35-56 Y 

6 M 5q14.3 loss RP11-3H15 ￫ RP11-24O11 86503-87297 ￫ 88309-89564 2.43-3.06 2-4  

7 M 6q24q25.1 loss RP11-784F17 ￫ RP11-617A14* 143649-143708 ￫ 150253-150271 6.62 33 Y 

8 M 8p23.1 loss RP11-211C9 ￫ RP11-589N15 8179-8489 ￫ 11803-14278 3.31-6.10 23-43 Y 

9 F 
8q24.3 gain RP11-349C2 ￫ CTC-489D14 144528-145582 ￫ 146274 0.69-1.75 27-74 

Y 
14q32.32‡ loss RP11-365N19 ￫ CTC-820M16 102319-101045 ￫ 106368 3.96-5.32 100-115 

10 F 9q34.3 loss RP11-417A4 ￫ GS1-135I17 138276-139523 ￫ 140128 0.604-1.85 11-77 Y 

11 F 10q25.2 loss RP11-426E5 ￫ RP11-427L15 113136-113860 ￫ 120558-121490 6.7-8.35 43-53 ND 

12 M 16p13.3 gain cos RT100 ￫ cos RT102 3629-3648 ￫ 3993-4109 0.345-0.480 2 Y 

13 F 17p11.2 loss RP11-219A15 ￫ RP11-121A13 15510-16526 ￫ 20230-22398 3.70-6.89 69-105 Y 

14 F 
17p13.3 loss RP11-216P6 ￫ RP11-233O10 1 ￫ 1882-2312 1.88-2.31 34-43 

Y 
17p13.2p13.1 gain RP11-243K12 ￫ RP11-404G1 5293-6065 ￫ 6217-8408 1.67-3.12 71-105 

15 M 22q11 gain RP11-702N24 ￫ RP11-432P21* 17148-17298 ￫ 18674-19044 1.90 42 M 

16 M 
Xq21.1 gain RP5-875J14 ￫  RP11-217H1 76647-76663 ￫ 76884-76928 0.22-0.28 1 

M 
Xq21.1            gain RP3-465G10 ￫ RP13-213F13* 77015-77113 ￫ 77337-77383 0.274-0.368 4-5 

 

Table 1. Pathogenic CNVs detected by molecular karyotyping with a 1 Mb resolution. *delineated by 32k full tiling array; α: gene count is based on the number of protein 

coded genes according to Ensembl release 52 - Dec 2008; β: mother of patient 10 is normal, father is not available. Patients 12 and 16 were previously reported
16,27

. Human 

genome coordinates are according to NCBI Build 36.1. ND= not defined; Y= yes; M= maternally inherited, P= paternally inherited; † ish der(4)t(4;18); ‡ ish der(14)t(8;14).
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Table 2. Clinical data from individuals carrying pathogenic CNVs detected with molecular karyotyping with a 1 Mb resolution.

Pt CHD
α 

2nd major anomaly minor malformations MR/behavior class known gene known region 

1 HCM; VSD  
large fontanel, thin upper lip, high forehead, upslanting 

palpebral fissures pedes planovalgi 

MR 

(Bayley <55) 
MR-D U 1p36 deletion 

2 VSD microcephaly 

asymmetric face, epicanthus, small mouth, dysplastic 

ears, almond-shaped eyes, synophrys, long columnella, bil 

small nails V, bil cutaneous syndactyly of toes II-V 

moderate to 

severe MR; 

autism 

MCA-MR-D U 1p36 deletion 

3 UVH; MS 
single left kidney; choroid plexus 

papilloma, hemivertebrae 
hypoplastic alae nasi 

mild MR; 

autism 
MCA U 1q21.1 duplication

11
 

4 VSD 
CC hypoplasia, diaphragmatic 

hernia 

flat occiput, low set ears, II-III syndactyly feet, 

short hallux, cavum septum pellucidum 
MR MCA-MR-D U partial trisomy 18 

5 PDA macrocephaly 

asymmetric face, pre-auricular tag right, hypertelorism, 

low-set ears, midfacial hypoplasia, high palate, 

camptodactyly II-III right, tracheomalacia, pectus 

excavatum, joint laxity, strabismus, scoliosis 

MR MCA-MR-D U 
partial trisomy 5p

28
 

 

6 AS short stature short halluces and radii, strabismus severe MR MCA-MR U 5q14 deletion
29

 

7 VSD; HAA hypospadias IV 
epicanthus, long philtrum, strabismus, 

oedema of feet, small chin, small ears 

mild to 

moderate MR 
MCA-MR-D U 6q24 deletion

30
 

8 ASD; PS  

epicanthus, hypertelorism, long smooth philtrum, 

thin upper lip, high narrow palate, dysplastic ears, 

widely spaced nipples, pedes plana 

MR MR-D GATA4 8p deletion 

9 CoAo double ureter left 

large ears, downslanting palpebral fissures, sharp nose, 

flat face, retrognathia, pointed chin, ptosis eyelids, 

clinodactyly digit V of hands,  epilepsy 

MR 

mood swings 
MCA-MR-D U 14q32 deletion

31
 

10 ASD  

nystagmus, hypertelorism, synophrys, upslanting 

palpebral fissures, anteverted nares, tented upper lip, 

everted lower lip, midfacial hypoplasia, brachycephaly, 

bifid tongue, prognathism, small nails toe V, hypotonia 

severe MR 

autism 
MR-D 

EHMT1 

NOTCH1 
9q34 deletion 

11 PDA  

proptosis, prominent nose and short philtrum, dimples on 

the shoulders, brachymetacarpia IV-V, short distal 

phalanges III-IV of toes, hypoplastic nails toes II-V 

severe MR MR-D U 10q25.2 deletion
32

 

12
β 

ASD  
broad nasal tip, prominent ears, synophrys, low frontal 

hairline, camptodactyly II-IV, limited extension of elbows 
mild MR MR-D CREBBP? 16p13.3 duplication

33
 

13 ASD; PS  

syndactyly II-III toes, oedema of feet, small ears, flat 

occiput, short and narrow palpebral fissures, anteverted 

nares, ankyloglossia, thin tented upper lip, long philtrum 

MR MR-D RAI1 Smith-Magenis 

14 ASD; PDA growth retardation ptosis, low-set ears, triangular face, thin skin MR MCA-MR-D U Miller-Dieker 

15 ASD; CoAo  
bilateral ptosis, epicanthus inversus, fingerpads on fingers 

and toes, sacral dimple 

mild to 

moderate MR 
MR-D TBX1 22q11 duplication 

16
 

ASD 
ambiguous genitalia, bilateral 

bilobar lungs, absent gallbladder 

hypertelorism, low-set ears, inverted nipples, 

macroglossia, anteverted nares 
U MCA-D ATRX U 
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Table 3 and 4 summarize the data of the 11 other variants which remain unclassified with regard to 

causality. These imbalances have never been described before, do not overlap with a previously 

known disease-related or imprinted region and contain no known gene involved in normal or 

abnormal cardiac development. Therefore, these imbalances cannot be classified with certainty as 

being causal for the phenotype and are labeled unclassified variants. In all 9 patients where parental 

DNA was available, the imbalance was shown to be inherited from an unaffected parent. Since the 

publication of the first series of 60 patients, 5 of the 8 unclassified variants were subsequently 

reported as benign variants in a normal population. In total, 14 unclassified variants were thus 

detected in 150 patients (9.3%). We preferred to label the duplication of 16p13.11 (case 16 reported 

by Thienpont et al.
3
) as unclassified rather than causal, since the genotype-phenotype correlation for 

this duplication is at the moment unclear, and studies investigating its presence in control and 

affected populations yielded conflicting results: some report them as equally frequent in the normal 

population
34

 and others as significantly overrepresented in affected populations
35,36

. 

Pt G region CNS affected probes range (kb) 
size 

(Mb) 
gc

 
ih

 

17 M 1q42.2 3 
RP11-668C24 ￫  
RP11-782E7*

 

229731-229795 ￫  
231798-231855 

2.00-

2.12 
6-8 P 

18 M 2p11.2 3 RP11-301O19 85689-86130 ￫ 86330-88051 
0.200-

2.36 
5-23 Mt 

19 F 3q26.32 1 
RP11-796M13 ￫  
RP11-386L21*

 

178133-178156 ￫  
180437-180495 

2.28-

2.36 
4-5 ND 

15 M 4q21.3 1 RP11-123I8 ￫ RP11-107G7 85321-86385 ￫ 88903-88909 
2.52-

3.59 

13-

18 
Mt 

14 F 6q24.1 1 RP11-631F7 
146266-148426 ￫  
148609-149545 

0.183-

3.28 
0-9 P 

20 F 11q14.2 3 RP11-137O10 86612-86920 ￫ 87069-87901 
0.148-

1.29 
0-4 Mt 

21 M 12q14.1 1 RP11-390F17 ￫ RP11-500A9 57811-58234 ￫ 59098-60211 
0.863-

2.40 
0-1 Mt 

22 F 13q14.2 3 RP11-264F20 45869-46548 ￫ 46699-46981 
0.150-

1.1 
0-5 P 

23 F 15q21.3 3 RP11-215J7 ￫ RP11-141F2 51736-52559 ￫ 52719-53411 
0.160-

1.68 
1-5 P 

24 F 15q22.3 3 RP11-236P11 61119-62366 ￫ 62510-63070 
0.143-

1.95 
4-25 Mt 

25 F 18p11.3 4 RP11-324G2 1 ￫ 295-715 
0.295-

0.715 
3-11 ND 

 

Table 3. Unclassified CNVs detected by molecular karyotyping with 1 Mb resolution: *delineated by 32k full 

tiling array; α: gene count is based on the number of protein coded genes according to Ensembl release 52 - 

Dec 2008. Human genome coordinates are according to NCBI Build 36.1. CNS: copy number state; G: gender 

(M/F: male/female); gc: gene count; ih: inheritance; ND: not defined; Mt: maternally inherited; P: paternally 

inherited 
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To assess the value of higher resolution aCGH as a routine screening technique for syndromic CHD, 

we reanalyzed 29 patients for whom no causal CNV was detected using 1Mb aCGH. Each patient 

carried on average 49 CNVs in comparison to the reference DNA (range: 28-94). Almost all 

aberrations involve regions that are either described to be CNPs and/or inherited from one or both of 

the parents. In all but two patients, we detected one or more previously unreported CNVs. In total, 

there were 41 undescribed deletions and 34 undescribed duplications (on average 2.5 per patient). 

Following the algorithm presented in figure 1, only two were considered to be causal (table 5), the 

remaining 73 were labelled as unclassified (data not shown). The two causal imbalances correspond 

to the recurrent 17q21.31 deletion and a de novo deletion of maximally 45kb on chromosome 6q25.3 

that involves the FOXC1 gene. This deletion was detected in a patient with bilateral congenital 

glaucoma and partial aniridia, club feet and an atrial septal defect, features which can all be 

explained by haploinsufficiency of FOXC1. 

Pt CHD
 Other major 

malformations 
Minor malformations MR/behavior Class 

17 d-TGA none none 
WISC-III TIQ 69; 

autism, ADD
β MR 

18 ASD microcephaly 

small nails, brachydactyly, broad 

nasal septum, deep-set eyes, 

cutaneous syndactyly of fingers, 

supernumerary nipples 

MR 
MCA-

MR-D 

19 
ToF; 

SSS 

teeth anomalies, club 

foot left, microcephaly 

clino V, smooth philtrum, 

hyperlaxity and pedes planovalgi 

WPPSI-R TIQ 58; 

behavior problem 

MCA-

MR-D 

20 VSD congenital deafness  MR; feeding problem MCA-MR 

21 
UVH; 

CoAo 

cerebellar hypoplasia, 

bilateral cryptorchidism 

midfacial hypoplasia, proptosis, 

long philtrum, retrognathia, low-

set ears, long fingers with 

clino V, bilateral inguinal hernia 

PMR 
MCA-

MR-D 

22 ToF
 π

 

microcephaly, choanal 

stenosis (R), hypoplastic 

semicircular ear canals 

(R)
 

small mouth, asymmetric crying 

face, anteverted nares, short 

philtrum, smaller right ear, 

preauricular pit (R), nail 

dystrophy of halluces 

MR 
MCA-

MR-D 

23 
UVH; 

AS 
microcephaly 

overlapping toes, upslanting 

palpebral fissures, broad first ray 

of feet and hands 

ND MCA-D 

24 
VSD; 

RAA 

bilateral vesico-ureteral 

reflux grade IV, 

perceptive hearing loss, 

microcephaly 

long thin fingers, oedema of feet 

and hands, protruding ears, 

broad nasal bridge 

MR 
MCA-

MR-D 

25 ASD anal atresia  ND MCA 
 

Table 4. Clinical data from individuals carrying unclassified CNVs detected by molecular karyotyping with 1 

Mb resolution. Clinical data of patients 13 and 14 are addressed in table  1. β: brother of proband with autism 

and ADD; π: no mutation detected in CHD7; AS: aortic valve stenosis; ASD: atrial septal defect; CoAo: aortic 

coarctation; d-TGA: transposition of great arteries; HAA: hypoplastic aortic arch; PDA: patent ductus arteriosus; 

RAA: right aortic arch; SSS: sick sinus syndrome; ToF: tetralogy of Fallot; VSD: ventricular septal defect; (R): 

right; clino: clinodactyly; MR: mental handicap; MCA: multiple congenital anomalies; D: dysmorphism 
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Figure 2. Maximal sizes of unreported CNVs detected by aCGH on Agilent 244K arrays. CNVs are sorted on the 

X-axis by their maximal size, which is shown on the Y-axis (bp, log10 scale). 41 deletions are indicated in blue, 34 

duplications in grey. Empty dots indicate de novo aberrations and diamonds aberrations already detected by 

aCGH on 1Mb arrays. This graph shows that most aberrations larger than 1Mb were already detected on 1Mb 

arrays, and that unreported duplications are in general larger than deletions. This difference can be partly 

explained by the lower detection threshold for deletions than for duplications. Duplications larger than 100kb 

are much more frequent than deletions (19 vs 7). 

 

Of the 73 unclassified variants, only one occurred de novo. This duplication affects a gene desert on 

chromosome 2p16.1 which is part of a copy-number variable region. Given the copy number variable 

nature of this region and the absence of annotated genes, this duplication was considered to be 

unclassified. A total of 16/39 deletions affected only intergenic regions, and a further 8 were intronic. 

Seven out of 34 duplications affected intergenic regions and 10 affected only the 5’ or 3’ end of a 

gene. These are unlikely to affect gene function, also given the fact that they are inherited from an 

unaffected parent. The median maximal size of these aberrations was 63kb (figure 2). In all these 

regions no gene was implicated that could explain all or part of the patients’ phenotype, even when 

taking into account the possibility of genomic imprinting or the unmasking of a recessive allele by a 

deletion.  

Clinical Predictors for detecting a causal imbalance 

Logistic regression on 150 cases including 26 with a causal structural variant was carried out. The 

only significant predictor of the detection of a causal structural variant was the number of 

dysmorphic features. The beta coefficient was 0.279 with a standard error of 0.091, Chi-Square 

p=0.002, estimated odds ratio 1.322 with a 95% CI:1.107-1.579. None of the other clinical
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Pt G region 
loss/ 

gain 
range (kb) 

size 

(Mb) 

gene 

count
α 

de 

novo
 CHD

β other major 

malformations 

minor 

malformations 
MR class 

CHD 

gene 

Known 

region 

A F 6q25.3 loss 

1535-1545 

￫  
1573-1580 

0.04 2 Y LVOTO 

bilateral glaucoma, partial 

aniridia with buphthalmos 

(R) and intermittent 

descemetocoele (L), club 

feet, large kidneys 

hyperterlorism, 

flat nasal bridge, 

overlapping toes 

IV-V 

ND 

MCA 

- 

D 

FOXC1
3

7
 

N 

B F 17q21.31 loss 

41042-41063 

￫  
41516-41588 

0.45

-

0.55 

7 Y VSD agenesis corpus callosum 

broad nasal 

bridge, abnormal 

ears, fish mouth, 

sacral dimple, 

short stature 

moderate 

MR, 

behavior 

problems 

MCA 

-MR-

D 

N 

del 

17q21.31 
38

 

C F 2p16.1 gain 

57218-57251 

￫  
57546-57562 

0.34 0 Y 

CoAo, 

VSD, 

BAV 

horseshoe kidney, 

imperforatio ani 

bil clinodactyly V 

& camptodactyly 

V, short palpebral 

fissures, full lips 

MR, 

feeding 

problems 

MCA 

-MR-

D 

N N 

 

 

Table 5. De novo unreported CNVs detected by high resolution aCGH in 29 out of 117 selected individuals with syndromic CHD. Given the absence of annotated genes, 

the 2p16.1 duplication was considered to be an unclassified variant. α: gene count is based on the number of protein coded genes according to Ensembl release 52 - Dec 

2008; β: primary heart defect. Human genome coordinates are according to NCBI Build 36.1. Abbreviations: bil: bilateral; BAV: bicuspid aortic valve; CoAo: aortic 

coarctation; D: dysmorphism; F: female; G: gender; M: male; MR: mental handicap; LVOTO: left ventricle outflow tract obstruction; MCA: multiple congenital anomalies; N: 

unknown; ND: not defined; VSD: ventricular septal defect 
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characteristics described in the methods section was a significant predictor of the detection of a 

causal structural variant nor a confounder of the association between the number of dysmorphic 

features and the detection of a causal structural variant. No significant association was found 

between the number of dysmorphic features and the probability of detecting a rare CNV 

(irrespective of it being causal or not). In the univariate analysis only the presence of dysmorphic 

features was significantly associated with the detection of a causal structural variant (Chi-Square 1df 

p=0.0527). Similar to the results of the logistic regression analysis, there is no association between 

the presence of dysmorphic features and the detection of a rare CNV. 

Discussion 

A major issue in the interpretation of aCGH results is the presence of rare copy number variants in 

the normal population
14,39

. For this reason, when a previously undescribed CNV is detected in an 

individual with an abnormal phenotype, additional information is needed to evaluate its causality. 

The causality of copy number variants in syndromic CHD was evaluated using a decision tree based 

on previous experience (figure 1). Variants not previously described in >1% of normal individuals 

were considered to be causal when they contain the critical deletion or duplication region from well-

described disease-related chromosomal imbalances or when they comprise genes known to cause 

CHD when mutated, and thus fully or partially explain the patient’s phenotype. All other variants 

were considered to be unclassified for the time being. Previously, we and others suggested the 

inclusion of de novo origin and size of the aberration as additional criteria. However, as was 

addressed previously in chapter 1, neither criterion is sufficient.  

Based on this algorithm, we detected 16 causal chromosomal imbalances and 11 unclassified variants 

in the second series of 90 patients with syndromic CHD, making a total of 26 causal aberrations and 

14 unclassified variants in the cohort of 150 subjects studied. Thirteen out of the 26 causal 

aberrations coincide with well-described deletion or duplication regions, described in the DECIPHER 

database or in CHDWiki. Fourteen causal aberrations comprise genes known for causing syndromic 

(e.g. ATRX, CREBBP, RAI1) or isolated CHD (e.g. NKX2.5, NOTCH1, GATA4) when mutated. The 

identification of genes implicated in the aberrant region can be of great prognostic value, 

necessitating or enabling a personalized clinical follow-up, as was addressed previously by Thienpont 

et al.
3
.  

The incidence of causal variants between both series (16/90 – 17.3% vs 10/60 – 16.6%) is not 

significantly different. This strongly suggests that the finding of a causal imbalance in 17% of 

individuals with a syndromic CHD is a realistic figure and not overestimated due to a selection bias in 
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earlier series of cases with a higher probability of carrying a chromosomal imbalance.  The yield of 

previous aCGH studies in this syndromic heart population lies between 16 and 28%, excluding clinical 

recognizable 22q11 deletions (table 6). In a small subset of 7 patients with syndromic heart defects, 

Krepischi-Santos et al. detected 3 causal variants by means of a 1Mb resolution array: a de novo 1p36 

deletion, a clinical recognizable de novo 22q11 deletion and a large 8q21 deletion of unknown 

inheritance
2
. Two higher resolution studies using oligonucleotide arrays yielded comparable results: 

five causal CNVs, including three unbalanced translocations and one clinical recognizable 22q11 

deletion, were detected in 20 syndromic heart patients
4
, and four in 19 patients with tetralogy of 

Fallot and developmental delay
40

. Based on our algorithm for CNV interpretation (figure 1), we have 

reclassified the detected aberrations in each study for their causality for CHDs. The results are 

displayed in table 6. 

The clinical expression of chromosomal imbalances may be variable, and therefore, the causality of a 

CNV is not always evident
41

. Most CNV’s reported here are causal in the sense that they are sufficient 

causes, i.e. result in a phenotype when the CNV is present. The duplication 22q11.2 and 1q21.1, are 

also considered causal, since several independent studies showed that these imbalances are 

associated with developmental disorders including heart defects. However, these imbalances have 

an effect size that is likely lower than that of the other reported imbalances, since carriers do not 

always have manifestations detectable by standard clinical examinations. These imbalances have a 

probabilistic effect and cause disorders with reduced penetrance. However, compared to complex 

disorders the probability of a clinical disorder is much higher, and therefore, the finding of such an 

imbalance in an individual with a syndromic heart defect is significant, even when inherited. 

study platform N causal CNV
α de novo 

- UI 

22q11 

del
β yield 

Krepischi, 2006 1Mb BAC/PAC 7† 3/7 (42%) 2 – 1 1/3 2/6 (33%) 

Thienpont, 2007 1Mb BAC/PAC 60 10/60 (16.6%) 8 – 1 0/10 10/60 (16.6%) 

Richards, 2008 385k Nimblegen 20 5/20 (25%) 3 – 2 1/5 4/19 (21%) 

Rauch, 2010 100k Affymetrix 19 4/19 (21%) 3 – 1 0/4 4/19 (21%) 

Breckpot, 2010 1Mb BAC/PAC 90 16/90 (17.7%) 12 – 2 0/16 16/90 (17.7%) 

Breckpot, 2010 244k Agilent 29‡ 2/29 (6.8%) 2 – 0 0/2 2/29 (6.8%) 

Total  196 40/196 (20%) 30 – 7 2/40 38/194 (19.5%) 
 

Table 6. The yield of aCGH studies in syndromic CHD patients. UI: unknown inheritance. † subgroup of 

syndromic CHD within a total of 95 patients with developmental delay. ‡ subgroup of 29 patients normal on 

BAC/PAC aCGH with 1Mb resolution. α: causal and unclassified CNVs were defined based on the CNV 

interpretation algorithm depicted in figure 1 (as of May 2011). β: clinical recognizable 22q11 deletions were 

excluded (taken account of the age at presentation), as FISH is the gold standard for diagnosis. 
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Clinical predictors for detecting a causal imbalance 

We found that the number of dysmorphic features a predictor is of the probability to detect a causal 

structural variant in patients with a syndromic form of congenital heart defects. This formally 

confirms the clinical experience: syndromologists commonly use the term “chromosomal phenotype” 

which includes the presence of multiple minor anomalies
42

. The presence of dysmorphism should 

thus prompt the clinician to carry out further genetic testing by aCGH. More importantly, the number 

of dysmorphic features is not a predictor of the probability to detect any structural variant, but only 

causal variants. Therefore, if confirmed in a future prospective study, this would imply that our 

algorithm, which does not include an evaluation of dysmorphism, provides an adequate additional 

handle to discriminate between variants that are causal or not. 

Higher resolution aCGH 

Theoretically, aCGH using a 1Mb BAC/PAC array allows for the detection of only a fraction of CNVs 

smaller than 1Mb (e.g. 17% of 150kb sized CNVs, or 50% of 0.5Mb sized CNVs) and is unable to 

detect CNVs smaller than 100kb. An increasing resolution could therefore lead to a proportional 

increase in number of causal imbalances detected. To test this hypothesis, we reanalyzed 29 patients 

using an aCGH platform with a resolution of 30-40kb, which is about 30-fold higher compared to the 

1Mb array. In two patients, a causal imbalance was detected (2/29 or 6.9%). Similarly, Wincent et al. 

showed that, despite the higher effective resolution, the diagnostic yield of a 244k oligo-microarray 

was approximately equal to that of a 38k BAC array in a cohort of 160 subjects with developmental 

delay and MCA. Moreover, no causal imbalances smaller than 300kb, were detected
43

. This low 

frequency stands in contrast to our hypothesis and suggests that causal chromosomal imbalances in 

individuals with syndromic CHDs are typically large and thus detectable by 1Mb aCGH. One possible 

explanation is that the complex phenotypes under study are often caused by altered dosage of 

multiple, contiguous genes, and are therefore more difficult to recognize clinically. This also implies 

that, in individuals with a normal aCGH result, irrespective of the resolution, one should reconsider 

the possibility of a monogenic condition. This is illustrated by our follow-up data (see below, table 7). 

The low frequency of causal imbalances, detected by very high resolution aCGH, contrasts sharply 

with the higher number of unclassified variants that were detected. Seventy-three unclassified 

variants (UCV) were detected in 29 patients (on average 2.5 UCVs per individual compared to 14 in 

150 patients (on average 1 every 10 patients) using 1Mb resolution aCGH). Based on the additional 

criteria outlined above, most of these CNVs are likely to be benign. This high incidence of unclassified 

variants and the concomitant laborious evaluations, as well as the limited additional yield of causal 

imbalances should be taken into account when considering the introduction of aCGH platforms with 
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a high resolution. On the other hand, over a period of 2 years, 8 out of 22 unclassified CNVs detected 

in the initial studies could now be classified as benign CNVs because they were reported in normal 

individuals by multiple recent studies, suggesting that in time, the evaluation of frequent CNV’s will 

become easier
3,5

. 

Clinical follow-up 

In 122/150 patients (81.3%), no etiological diagnosis could be reached. A monogenic cause will 

probably explain a large part of the remaining patients, as indicated by the fact that during clinical 

follow-up, a monogenic disorder was diagnosed in 8 individuals (6.5%)  (table 7). Some of these 

individuals were evaluated at a very young age, when the clinical manifestations were difficult to 

recognize. In both girls with Kabuki syndrome, the facial gestalt became evident at a later age, in 

addition to the characteristic premature thelarche in one girl. The typical facial skin lesions of 

Rothmund-Thompson syndrome in the girl with mosaic monosomy 7 (patient 18 described by 

Thienpont et al.
3
), appeared at a later age as well. As evidenced by the arterial tortuosity syndrome 

and Mowat-Wilson syndrome, novel clinically recognizable genetic entities are continuously being 

delineated
44,45

. The clinical diagnosis in some individuals was hampered by an atypical presentation, 

often due to larger or complex chromosomal rearrangements (e.g. Smith-Magenis syndrome in 

patient 12). 

Conclusions 

In conclusion, we present the largest study relating clinical and aCGH data in individuals with a 

syndromic congenital heart defect. We demonstrate a high diagnostic yield of aCGH studies, 

especially in individuals with dysmorphism. We propose an algorithm that allows a clinical 

interpretation of most of the detected imbalances. Our data indicate that higher resolution arrays do 

not lead to a proportionate increase in diagnostic yield in this patient group, but leaves us with many 

unclassified variants. Finally, clinical follow-up remains essential in reaching a diagnosis in individuals 

with unexplained syndromic heart defects. 
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Pt CHD
 

2nd major anomaly minor malformations MR class 
clinical 

diagnosis 
mutation 

18† CoAo 
absent thumbs, hydronephrosis, 

severe IUGR 

microphtalmia, 3-4 toe syndactyly, telangiectasia, small 

face, high pitched cry, frontal bossing, narrow ear canals 
normal 

MCA-

D 

Rothmund-

Thompson 

RECQL4 

c.118+5G>T 

26 
RAA; 

AT 

velo-pharyngeal insufficiency, inguinal 

hernia requiring surgery 

long face, blepharophimosis, beaked nose, 

micrognathia, protruding ears, clino fingers IV-V, pectus 

excavatum, scoliosis, pes planus 

mild; 

WPPSI-R 

TIQ 87 

MCA-

MR-D 

Arterial 

tortuosity 

Syndrome 

SLC2A10 

c.685C>T 

27 
VSD; 

ASD 

cleft uvula, horse shoe kidney, ectopic 

thymus, coloboma, CC agenesis, perceptive 

hearing loss, hypoplastic semicircular ear 

canals, hypoparathyroidism, cryptorchidism 

frontal bossing, dysplastic ears, triangular conchae, left-

sided facialis paresis, hoarse voice, microphallus, 

hypogonadism, widely spaced nipples 

severe 
MCA-

MR-D 
CHARGE 

CHD7 

c.6148C>T 

28 ASD microcephaly 
hypertelorism, creases in lower lip, pointed chin, 

prominent columella, long thin fingers 
MR 

MCA-

MR-D 

Mowat-

Wilson 

ZFHX1B 

c.2083C>T 

29 PS hypospadias, CC agenesis 

dysplastic ears, broad nasal bridge, widely spaced 

nipples, tented upper lip, 

puffy feet 

severe 
MCA-

MR-D 

Mowat-

Wilson 

ZFHX1B 

c.2303delA 

30 
ASD; 

PS 
 

hyperkeratosis, hypertelorism, widely spaced nipples, 

sparse curly hair 
MR MR-D 

Cardio-Facio-

Cutaneous 
BRAF 

31 VSD 
cleft palate; CC hypoplasia, dilated pyelon 

(R), bilateral branchial defects 

preauricular pit (L), dysplastic ears, deep creases on the 

soles, short neck, inverted nipples 
severe 

MCA-

MR-D 
Kabuki

 
MLL2 

32 ASD 

membranous choanal atresia, perceptive 

hearing loss, bilateral polydactyly, absence 

of posterior semicircular ear canals, 

bilateral small kidneys, microcephaly
 

Leg-length discrepancy, depigmentation on arm, 

dextroconvex scoliosis, coarse face, low-set ears, broad 

nasal bridge 

MR 
MCA-

MR-D 
Kabuki MLL2 

 

Table 7. Phenotypes from individuals with clinical diagnosis during follow-up: † reported by Thienpont et al., 2007
3
. ASD: atrial septal defect; AT: arterial 

tortuosity; CoAo: aortic coarctation; PS; pulmonary valve stenosis; RAA: right aortic arch; VSD: ventricular septal defect. CC: corpus callosum; clino: clinodactyly; IUGR: intra-

uterine growth retardation; MCA: multiple congenital anomalies; D: dysmorphism; MR: mental handicap; (L): left; (R): right 
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Chapter 3. Chromosomal imbalances are an infrequent cause of 

non-syndromic sporadic Congenital Heart Defects 

Adapted from: 

Challenges of Interpreting Copy Number Variation in Syndromic and Non-syndromic 

Congenital Heart Defects 

Jeroen Breckpot; Bernard Thienpont; Yvonne Arens; Hilde Peeters; Leon-Charles Tranchevent; Joris R 

Vermeesch; Yves Moreau; Marc Gewillig; Koenraad Devriendt 

Cytogenetic and Genome Research (submitted, 2011) 

Background 

While the contribution of chromosomal imbalances to the genesis of syndromic CHD is now well 

established, their implication in non-syndromic CHD is far more controversial. The first study to 

address this issue was performed by Erdogan and colleagues, which found de novo CNVs in 3 out of 

105 patients with various CHDs; 2 of these were of unknown significance while the third was a 

17p11.2 deletion encompassing RAI1. They also reported on an additional eight “rare” inherited 

CNVs, defined as being “absent in 700 other aCGH analyses”; six of these were of unknown 

significance, while the remaining 2 were known to be associated with CHDs (one duplication of 

22q11 and one deletion of 1q21.1). An additional 7 rare CNVs were of unknown inheritance; 5 of 

these were of unknown significance while the remaining 2 were respectively a deletion and a 

duplication of 22q11
46

. In  a further study by Richards and colleagues, no obvious disease-causing 

CNVs were detected in 20 patients with non-syndromic CHD
4
. Finally, Greenway and colleagues 

reported 11 out of 114 (10%) sporadic patients with non-syndromic Tetralogy of Fallot (ToF) were 

shown to carry de novo CNVs
7
. These included two deletions of 22q11, one duplication of 1q21, and 

three imbalances affecting respectively the genes NOTCH1, JAG1 and RAF1. An overview of these 

studies is depicted in table 1. 

These studies thus yielded quite disparate numbers of de novo CNVs. The high frequency of de novo 

CNVs in non-syndromic CNVs is rather surprising. One could question whether de novo CNV rates in 

the range of 10% are compatible with the mortality and inheritance rates documented in isolated 

CHD or ToF populations. Associated malformations or developmental delay (as in syndromic patients) 

may provide alternative explanations for the high de novo rate or concomitant reduced reproductive 

fitness documented in these populations, implying inaccurate phenotyping of the studied patient 

cohorts. Erdogan et al. indeed noted that the 17p11.2 deletion and the 22q11.2 deletion were 
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retrospectively associated with syndromic features, suggesting that at least some of these de novo 

CNVs were detected in –retrospectively– misclassified patients
46

. 

To shed more light on these issues, we investigated the involvement of CNVs in a cohort of sporadic 

CHD patients. We took great care in the selection of non-syndromic patients, using stringent criteria 

and careful clinical examination of patients and both parents by an experienced clinician.  We 

focused on complex or severe CHDs, hypothesizing that de novo CNVs or rare inherited variants with 

a substantial phenotypic impact occur primarily in severe and non-familial cases, as seen in non-

syndromic neuropsychiatric disorders
47,48

. For the interpretation of the clinical significance of CNVs, 

we applied the algorithm, introduced in Chapter 1. However, as an extension of this diagnostic 

approach, further steps were implemented to identify novel clinically relevant CNVs among the 

detected unclassified variants (figure 3). 

Study platform N reported CNV causal CNV
α 

de novo 

- UI 

syn
β 

yield 

Erdogan 2008 tiling BAC array 105 18/105 (17%) 6/105 (4.7%) 1 – 3 3/6 3/102 (2.9%) 

Richards 2008 oligo aCGH* 20 3/20 (15%) 0/20 (0%) 0 – 0 0 0/20 (0%) 

Greenway 2009 SNP array  6.0 114 11/114 (9.6%) 6/114 (5.3%) 6 – 0 1/6 5/113 (4.4%)† 

this study SNP array  6.0 46 2/46 (4.3%) 2/46 (4.3%) 2 – 0 0/2 2/46 (4.3%) 

Total  285 34/285 (11.6%) 14/285 (5%) 9 – 3 4/14 10/281 (3.6%) 
 

Table 1. The yield of aCGH studies in non-syndromic CHD patients. UI: CNV of unknown inheritance; Syn: 

syndromic. α: causal and unclassified CNVs were defined based on the CNV interpretation algorithm depicted 

in figure 1 (as of May 2011). β: causal CNVs retrospectively associated with syndromic features were excluded. 

†including 2 common 22q11 deletions without additional congenital defects. *385k Nimblegen. 

Patients & Methods 

Patient selection 

Fifty patients and 99 controls without CHD were recruited from the pediatric cardiology unit and 

Center for Human Genetics of the University Hospitals Leuven. All patients were over 2 years of age 

to allow assessment of their development. They presented with non-syndromic and complex or 

severe congenital heart disease (either functionally univentricular heart (UVH), critical left ventricle 

outflow tract obstruction (LVOTO) or atrioventricular septal defect (AVSD)). Patients and both 

parents were examined by an experienced clinician. Syndromic patients were excluded, i.e. patients 

with a second major anomaly, developmental delay and/or dysmorphism, defined as at least three 

minor physical anomalies. Only patients of Caucasian parents (Belgian or Dutch) were included. 

Family history was invariably unremarkable with respect to congenital anomalies and developmental 
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delay. Conventional karyotyping (G-banding analysis at least at ISCN +550 bands) was normal in all 

patients. 

The study was approved by the Ethics Committee at the University Hospitals Leuven. Appropriate 

informed consent was obtained from all participating patients or their legal representatives. 

Genetic analyses 

Affymetrix Human Genome-Wide SNP Array 6.0 was conducted following the manufacturer’s 

instructions. Data were analyzed using Birdseye software, as described
49

. Genotypes were compared 

to a home-made reference model, consisting of 99 unrelated controls without CHD. Experiments that 

did not meet the quality criteria for analysis (contrast QC >0.4 and MAPD <0.3) were discarded if 

repeatedly unsatisfactory. 

The cytogenetic CEL files, retrieved by the Genotyping Console version 30.0, were rendered 

graphically by means of Chromosome Analysis Suite (ChAS) Software (Affymetrix®). ChAS was also 

used to analyze the genome at different levels of resolution, and to calculate the overlap of CNVs 

with different sets of genes or chromosomal regions (see algorithms in figure 1 (chapter 1), and 

figure 3). First, the data were analyzed at the highest resolution (≥1 marker) to identify overlap with 

known cardiac genes. For the subsequent steps, variants spanning less than 10kb or less than 5 

consecutive markers were not included to reduce the false positive rate. Copy number variants on 

the Y chromosome were not further investigated either. CNV locations are based on the March 2006 

human reference sequence (US National Center for Biotechnology Information (NCBI) build 36.1). 

RTQ-PCR 

To confirm the presence of imbalances labeled as causal or affecting candidate regions for CHD, 

quantitative PCR was performed on DNA from patient, parents and controls using the LightCycler® 

480 Real-Time PCR system (Roche Applied Science, Belgium (https://www.roche-applied-

science.com/lightcycler-online/), following manufacturer’s instructions. Oligonucleotide primers 

sequences are available upon request. 

Gene prioritization tools 

To facilitate and standardize the selection of novel clinically relevant CNVs , we used Endeavour, a 

web application for genome-wide computational gene prioritization. This tool was adapted towards 

prioritizing CHD-related genes
1,50-52

. Bioinformatics prioritization was performed as described (Part I 

of this thesis, Chapter 2). As a training set, 27 non-syndromic cardiac genes, complemented with 

TBX1, TBX5 and JAG1, were used. 
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Figure 3. Algorithm for CNV interpretation in non-syndromic CHD. 
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First, a leave-one-out cross-validation was 

performed on the set of these 30 training 

genes using all available human models. The 

Area Under the ROC Curve (AUC) was 

calculated and used as an estimate of the 

performance for each model. Only the best 

performing models with an AUC above 60% 

were kept for the genome-wide prioritization 

(table 2). The overall AUC was 92%. In 

addition, a heart specific mouse microarray 

dataset was added
53

. 

Since known CHD-related genes rank high 

upon genome-wide prioritization for non-

syndromic heart defects (AUC of 0.92), other 

high-ranking genes are also more likely to be 

involved in CHD. As we hypothesized that 

some of the detected unique or rare variants 

are also involved in CHD, such variants are 

expected to contain more high-ranking genes 

than can be expected on average.  

Model name AUC 

Annotation Interpro 70% 

Annotation Swissprot 81% 

Annotation Gene Ontology 89% 

Annotation Kegg 73% 

Interaction Hprd 66% 

Interaction InNetDb 71% 

Interaction String 75% 

Interaction BioGrid 68% 

Expression Clark et al 62% 

Expression Shyamsundar et al 66% 

Precalculated Ouzounis 82% 

Cis-reg module 63% 

Blast 83% 

Text 80% 

Expression CHD* NA 
 

Table 2. List of the Endeavour models. The Area 

Under the ROC Curve (AUC) was calculated and 

used as an estimate of the performance for each 

model. Models for which the AUC was above 60% 

were kept for the whole genome prioritization. *In 

addition, a murine heart specific expression 

dataset was used regardless of its performance. 

 

To control whether highly ranked cardiac genes are enriched within the CNVs detected in our cardiac 

cohort, the ranking of genes within ‘non-recurrent’ CNVs was compared to the gene ranking of the 

control cohort, consisting of 99 controls. As an AUC of 0.92 suggests that true CHD-related genes 

rank on average in the top 8%, we considered only copy number variable regions fully containing 

genes ranking higher than the top 8%. In the control cohort, 13.5% of unique regions (18/133) 

harboring non-recurrent CNVs meet this criterion (12 out of 72 deleted and 6 out of 61 duplicated 

regions). In the patient cohort, this was 19.2% (11/56) (5 out of 30 deleted and 6 out of 26 duplicated 

regions). These proportions were not significantly different (p>0.05) overall and for deletions, while 

for duplications they were (p=0.05). The main signal for duplications was generated by the known 

pathogenic CNVs (both encompass a gene ranking in the top 1%), supporting the prioritization-based 

approach. The current study may have been underpowered to detect significant differences overall 

(figure 4).  
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Figure 4. Endeavour rank of top 30% best-scoring CNVs 

Results 

High resolution SNP array was performed in 50 

sporadic patients with a complex or severe isolated 

congenital heart defect. Four patients were 

excluded because of repeated experiment failure 

resulting from suboptimal DNA quality. Table 3 

depicts the cardiac phenotypes of the remaining 46 

patients (male/female: 32/14). Full description of 

the patients’ heart defects is available upon request. 

CHD type N=46 

UVH (left/right ventricle) 29 (20/9) 

AVSD 11 

critical LVOTO 6 
 

 

Table 3: Patients’ cardiac phenotypes. 

AVSD: atrioventricular septal defect; CHD: 

congenital heart defect, LVOTO: left 

ventricle outflow tract obstruction; UVH: 

univentricular heart. 

 

Array CGH as a diagnostic tool for non-syndromic CHD 

We detected three CNVs covering or within a known CHD-related gene (table 4). A de novo 

duplication including the TBX1 gene was detected in a girl with an AVSD. This duplication was 

reciprocal to the common 22q11.21 deletion region. TBX1 is required for normal development of the 

cardiac outflow tract in a gene dosage-dependent manner
54

, and is considered responsible for the 

cardiac phenotype in velo-cardio-facial syndrome
55

, as well as in the reciprocal duplication 

syndrome
56,57

. An intronic deletion in NOTCH1 was detected. Mutations in NOTCH1 cause non-

syndromic left ventricle outflow tract obstruction
58

. However, since this deletion was described as a 

common variant in normal controls
59

, and given its intronic position, this CNV is unlikely to have 

major functional consequences, even though a small effect cannot be excluded by this study. A 58bp 
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intronic variant of the PDGFRA gene was found either deleted or duplicated in four unrelated 

patients. Knockdown of PDGFRA in chick and mouse results in a spectrum of inflow tract defects 

including totally abnormal pulmonary venous return (TAPVR). In humans, one PDGFRA variant with 

reduced penetrance was found in 2 unrelated TAPVR patients
60

. Thus far, this region has not been 

described as a polymorphism, but we detected 19 deletions and 4 duplications of this region in our 

control cohort. Therefore, this variant is unlikely to contribute to the cardiac phenotype in these 

patients. 

pt CHD gain/loss chr start size gene status ref de novo? 

P338,P339 

P362,P894 
UVH 

gain 

loss 
4q12 54810448 58bp PDGFRA CNP Bleyl, 2010

60
 no 

P370 AVSD loss 9q34.3 138551164 398bp NOTCH1 CNP Garg, 2005
58

 unknown 

P436 AVSD gain 22q11.21 17270419 2522kb TBX1 causal Yagi, 2003
55

 yes 

 

Table 4: CNVs overlapping with known CHD-related genes. AVSD: atrioventricular septal defect; UVH: 

univentricular heart 

Two variants in this patient cohort matched known microduplication syndromes. Both variants 

occurred de novo (table 5). A 22q11.2 duplication was detected in a girl with an AVSD, as described 

above. Another duplication, of chromosome 1q21.1, was detected in a patient with a univentricular 

heart. Duplications of the 1q21.1 region were enriched in patients with various developmental 

disorders, including CHD
7,11,61

. Duplications of 1q21.1 were described in patients with univentricular
11

 

or complex heart disease
62

, in association with developmental delay or autism. The present patient 

developed normally and showed no autistic features. The GJA5 gene (also known as Cx40) is 

considered to be a candidate gene for CHD within this region, since absence or reduced expression of 

GJA5 increases the probability of cardiac malformations in mice
63

. In our study, 2 out of 46 isolated 

CHD patients (4%) were thus found to carry a causal CNV. 

 

 

 

 



  

134 

 

pt CHD gain/loss chr start size gene status ref de novo? 

P517 right UVH gain 1q21.1 144643813 1650kb GJA5? causal Mefford, 2008
11

 yes 

P436 AVSD gain 22q11.21 17270419 2522kb TBX1 causal Yagi, 2003
55

 yes 

 

Table 5: CNVs overlapping with known CHD-related genes or chromosomal syndromes. AVSD: 

atrioventricular septal defect; UVH: univentricular heart 

Array CGH as a research tool for non-syndromic CHD 

The first two steps of the algorithm allowed the identification of CNVs covering known CHD-related 

genes or corresponding to known chromosomal syndromes (figure 1, chapter 1). However, many 

clinically relevant CNVs are unique findings. Therefore, further steps were implemented to identify 

these novel CNVs. Of interest, these may also result in the identification of novel candidate genes for 

CHDs.  

First, non-functional polymorphisms were eliminated. Ideally, an internal database of ‘benign’ CNVs 

could be constructed by applying array experiments in a large set of healthy control individuals. As no 

such data were available in our centre, CNVs were considered to be clinically irrelevant, if recurrent 

in at least 4 out of 145 (≥3%) available Affymetrix SNP 6.0 experiments. At 10 kb resolution 257 rare 

or ‘non-recurrent’ variants (160 deletions and 97 duplications) were identified. These included the 

two previously described microduplication syndromes. Rare CNVs were present in all but one 

patient, and were further evaluated based on gene content and inheritance (figure 3). These CNVs 

comprised 151 different genes, which were ranked towards their potential detrimental effect on 

cardiac development, using a computational gene prioritization tool for CHD (step 4). Genome-wide 

prioritization was performed as described (table 2 and table 6).   

A manual search through OMIM, Medline abstracts and the Decipher database 

(http://decipher.sanger.ac.uk/) was performed as a confirmatory step to investigate whether these 

genes prioritized by bioinformatics were (1) primarily heart expressed, (2) involved in known cardiac 

related pathways or protein networks, (3) implicated in CHD-related chromosomal imbalances, or (4) 

associated with a cardiac phenotype in animal knockout models. Genes, which corresponded to at 

least one of these criteria, were retained for confirmatory investigations, unless they were 

completely covered by a known phenotypic indifferent polymorphism, described in >1% of a normal 

control cohort by at least two independent studies (step 5) (table 6). Results of the manual and 

automated gene selection were almost identical.  
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gene 

rank 
GWEP Ensembl ID gene name 

manual 

search 
p-value 

1 374 ENSG00000136518 ACTL6A UCV 0.0009 

2 858 ENSG00000185532 PRKG1 UCV 0.005 

3 864 ENSG00000106459 NRF1 UCV 0.005 

4 1001 ENSG00000008277 ADAM22 UCV 0.007 

5 1213 ENSG00000135966 TGFBRAP1 UCV 0.0102 

6 1424 ENSG00000089022 MAPKAPK5 UCV 0.0145 

7 1494 ENSG00000183628 DGCR6 CNP 0.0159 

8 1564 ENSG00000146757 ZNF92 CNP 0.0173 

9 1820 ENSG00000121864 ZNF639 UCV 0.0233 

10 2160 ENSG00000204174 PPYR1 CNP 0.0331 

11 2413 ENSG00000099964 MIF UCV 0.0413 

12 2492 ENSG00000111275 ALDH2 UCV 0.0436 

13 2653 ENSG00000072786 STK10 UCV 0.0499 

14 2673 ENSG00000100181 CSNK1E CNP 0.0505 

15 3279 ENSG00000100033 PRODH CNP 0.0717 

… … … … … … 

18 3380 ENSG00000140945 CDH13 CNP 0.0759 

24 4664 ENSG00000162849 KIF26B CNP? 0.1322 

33 5218 ENSG00000134121 CHL1 CNP 0.1569 

39 5866 ENSG00000052126 PLEKHA5 CNP 0.189 

61 10219 ENSG00000078328 A2BP1 CNP? 0.426 

63 11038 ENSG00000064886 CHI3L2 UCV 0.4685 

71 12608 ENSG00000185164 NOMO2 CNP 0.5509 

128 20925 ENSG00000174928 C3orf33 UCV 0.9076 

151 22686 ENSG00000184155 OR10J5 UCV 0.9943 
 

Table 6. Combined genome-wide ENDEAVOUR prioritization results for the top 10% ranking genes and 

manually validated candidates. Genes comprised by the known microduplication syndromes 22q11.21 and 

1q21.1 were not included in the analysis. The first column shows the ranking of the 151 different genes within 

non-recurrent CNVs. The genome-wide ranking per gene is shown in the second column (genome-wide 

ENDEAVOUR position (GWEP) out of 22713 genes). Genes which correspond to at least one of the manual 

validation criteria, are regarded as candidate genes (grey). If a CNV harboring a candidate gene was confirmed 

by qPCR, the gene is depicted in bold, if not, it is depicted in italics. Manually selected candidate genes, which 

were completely covered by a phenotypic indifferent polymorphism (>1% of normal population) described by 

at least two independent studies, were depicted in black. The p-value in the rightmost column represents the 

probability to consider a candidate gene as similar to the training set. 

After manual validation, eleven genes were selected as candidates for confirmation by qPCR (table 

5). Five variants, all smaller than 25kb, were false positives. Six loci were confirmed by qPCR (ACTL6A, 

CHI3L2, PRKG1, MAPKAP5, MIF and A2BP1) (table 6). These genes showed the highest expression in 

cardiovascular tissue. For some their role in cardiogenesis was supported further by functional 
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studies or by their involvement in a known cardiac-related pathway. None of these 6 gene containing 

CNVs have previously been reported in the literature in patients with CHD or another developmental 

disorder. Of interest, four of these genes rank within the top 8% of genome-wide prioritized genes 

(ACTL6A, PRKG1, MAPKAP5, and MIF). The remaining genes within the top 8% were not considered 

as candidates, as they were completely covered by a phenotypic indifferent polymorphism or could 

not be confirmed by RT-qPCR. The variants, harboring the 6 candidate genes, were found to be 

inherited from an unaffected parent in all 5 cases, for whom parental DNA was available. 

Discussion 

The aim of this study was to define the frequency of clinically significant CNVs involved in non-

syndromic severe or complex CHD. We detected a clinically significant CNV in 2 out of 46 patients 

(4%) with a severe or complex CHD. In contrast to previous results, we found that chromosomal 

imbalances are an infrequent cause of non-syndromic CHD. 

As discussed previously, this difference could be attributed to patient selection. In this study, we took 

great care to exclude any person with additional malformations or dysmorphism. As we showed 

previously, dysmorphism is a major predicting factor for finding a causal chromosomal imbalance in 

CHD patients (chapter 2)
5
. In previous studies

7,46
, a significant number of cases with an imbalance 

were retrospectively found to have syndromic features, thus inflating the percentage of causal CNVs. 

Second, the different yield between these studies may rely on the algorithm for CNV interpretation. 

Unlike most studies, gene content rather than CNV inheritance was considered as a primary selection 

criterion in our algorithm, as was discussed previously (chapter 1). Therefore all rare CNVs, whether 

inherited or not, were evaluated regarding a potential role in the pathogenesis of heart defects. 

Genes within these rare or unique variants were prioritized automatically, to uncover CNVs 

potentially harboring genes with a major effect on heart development. Here, the automated method 

was validated manually. Within these prioritized genes (table 6), we retained six independently 

confirmed candidate genes, four of which ranked within the top 8% of genome-wide prioritized 

genes (ACTL6A, PRKG1, MAPKAP5, and MIF) (table 7). ACTL6A shares extensive amino acid homology 

with actin (ACTC1)
64

. Mutations in ACTC1 result in dilated cardiomyopathy
65

, left ventricle non-

compaction
66

 and isolated atrial septal defects
67

. The PRKG1 gene encodes a cyclic GMP-dependent 

protein kinase, which plays important roles in the relaxation of vascular smooth muscle. Loss of cGKI 

abolished nitric oxide/cGMP-dependent relaxation of smooth muscle, resulting in severe vascular 

and intestinal dysfunction
68

. This intronic PRKG1 variant lies adjacent to a phenotypic indifferent 

region
69

. Deletions of PRKG1 were not reported in CHD patients thus far. A 2.4 Mb duplication 
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covering PRKG1 was detected previously in our center in a girl with a double aortic arch and bilateral 

hydroureteronephrosis (dup 10q21.1 (53,657,909-56,058,500)). The profile of the different 

MAPKAPK5 (also known as MK5 or PRAK) splice variants in murine cardiac ventricular myocardium is 

altered during pressure-induced hypertrophy and postnatal cardiac development
70

. However, Prak -/- 

mice were viable and fertile with no apparent health problems
71

. MIF, an upstream regulator of 

inflammation, is released in the ischemic heart, where it protects the heart during ischemia-

reperfusion injury
72

. Its role in congenital heart defects has not been investigated thus far. This 

duplication was described in a patient with developmental delay and oligodontia, but without CHD, 

and was inherited from an unaffected parent. 

Pt CHD gain/ 

loss 

chr start 

(kb) 

size 

(kb) 

gene ref de 

novo? 

status 99 

control 

gene  

rank 

p342 left UVH loss 1p13.3 111,583 11 CHI3L2 Areshkov, 2010
73

 P UCV 0 66 

P372 left UVH gain 3q26.32 180,533 249 ACTL6A Zhao, 1998
64

 P UCV 0 1 

p370 AVSD loss 10q11.23 52,931 19 PRKG1 Pfeifer, 1998
68

 U UCV 1 2 

p345 LVOTO gain 12q24.12 110,658 136 MAPKAPK5 Dingar, 2010
70

 M UCV 0 6 

p337 left UVH loss 16p13.3 6,292 30 A2BP1 Jin, 2003
74

 P CNP?
59

 0 64 

p507 left UVH gain 22q11.23 21,994 1374 MIF Miller, 2008
72

 M UCV 0 11 

 

Table 7. Molecular and clinical data from the manually validated candidate regions. The rightmost column 

shows the position of the gene within the prioritized list of all genes affected by non-recurrent CNVs in our 

cardiac cohort. AVSD: atrioventricular septal defect; CNP: copy number polymorphism; P: paternally inherited; 

LVOTO: left ventricle outflow tract obstruction; M: maternally inherited; ref: reference; U: unknown 

inheritance; UCV: unclassified variant; UVH: univentricular heart 

The variants, harboring these genes, were found to be inherited from an unaffected parent in all but 

one case, for whom no parental DNA was available. The incomplete penetrance may depend on 

other genetic modifiers, that either compensate or aggravate the defect, or may be influenced by 

environmental interaction. Further functional and population studies are required to investigate their 

role in congenital heart defects. 
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Conclusions 

Based on the compiled data in table 1, it can be observed that the frequency of causal CNVs in non-

syndromic CHD populations is lower than that in syndromic CNV populations (table 6 from Chapter 

2). Moreover, causal CNVs in non-syndromic CHD mostly involve chromosomal regions 22q11 and 

1q21 (8/10). Such imbalances have an effect size that is likely to be lower than that of the other 

reported imbalances, since carriers do not always have manifestations
11

. This reduced penetrance 

challenges genetic counseling. However, compared to complex disorders the probability of these 

clinical disorders is much higher, and therefore, the finding of such an imbalance in an individual with 

a heart defect is significant, even when inherited. In syndromic CHD genetic counseling is more 

straightforward, as the majority of causal imbalances consistently affects human development and 

significantly reduces reproductive fitness. In concordance with that, inheritance of causal CNVs in 

table 6 (chapter 2) was described in only 3 out of 33 syndromic heart patients, for whom parental 

DNA was available: a duplication of Xq21 with 100% skewing in the unaffected mother, and, not 

surprisingly, duplications of 1q21.1 and 22q11.2
3,5

. 

Whether aCGH is warranted in a non-syndromic CHD population depends on local practical and 

financial constraints. The clinical setting in which aCGH is to be used needs moreover to be assessed. 

The age at which patients are tested as well as the quality of phenotyping, which is in part dependent 

on age, will influence the number of patients that receive an etiological diagnosis by aCGH. Although 

the frequency of detectable causal CNVs in a truly non-syndromic patient population may be low, the 

mixed population typically studied may present a far greater incidence of causal CNVs. 
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PART III. DIFFERENCES IN COPY NUMBER 
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MONOZYGOTIC TWINS AS A MODEL FOR 

EXPLORING CHROMOSOMAL MOSAICISM IN 

CONGENITAL HEART DEFECTS 
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Differences in copy number variation between discordant 

monozygotic twins as a model for exploring chromosomal 

mosaicism in congenital heart defects 

Adapted from: 

Differences in copy number variation between discordant monozygotic twins as a model 

for exploring chromosomal mosaicism in congenital heart defects 

Jeroen Breckpot, Bernard Thienpont, Marc Gewillig, Karel Allegaert, Joris R Vermeesch, Koenraad 

Devriendt 

Molecular Syndromology (submitted, 2011) 

Background 

Somatic mosaicism is defined by the presence of genetically distinct populations of somatic cells in a 

single organism. Somatic mutations are implicated in an increasing variety of genetic disorders, and 

may induce a milder phenotype, hereby complicating diagnosis and genetic counseling. The mutation 

size ranges from base pair level to megabase-sized chromosomal segments
1
. Studies investigating the 

role of mosaicism in the genesis of congenital heart defects (CHD) have evoked conflicting results. A 

high prevalence of somatic point mutations in specific cardiac genes have been reported by a single 

research group in DNA extracted from formalin-fixed affected cardiovascular tissue of patients with 

non-syndromic septal defects
2-8

. These mutations were not present in unaffected tissue of the same 

patients, suggesting a role of somatic mutations in the pathogenesis of CHD. However, these findings 

could not be replicated using fresh-frozen cardiac tissues rather than formalin-fixed tissues
9-11

. Poor 

DNA quality from formalin fixed tissue presumably resulted in artifacts
10

.  

Studies addressing the role of somatic copy number variation (CNV) in the genesis of congenital heart 

defects are scarce
12,13

. No somatic 22q11.2 deletions were found in fresh-frozen cardiac tissue from 

patients with conotruncal heart defects without a germ-line 22q11.2 deletion
14

. As a proof of 

principle, Piotrowski et al. identified CNV differences between unaffected cardiac tissue and the 

cerebellar cortex of the same individual
15

. However, no causal somatic CNVs in CHD were detected 

thus far. 

We investigated whether CNV differences in monozygotic (MZ) twins discordant for a congenital 

heart defect may improve our insight into chromosomal mosaicism in CHD. Discordant monozygotic 

twins represent an intriguing observation, as they are derived from a single fertilization event, and 

are considered to be genetically identical. Any CNV identified in one twin but not in the other would 
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have a somatic origin, and would be an example of mosaicism
16

. In this study, we aimed to 

investigate the role of somatic CNV events in six monozygotic twin pairs discordant for the presence 

of congenital heart defects. 

Patients & Methods 

Patients 

Six monozygotic twins were recruited from the pediatric cardiology unit and Center for Human 

Genetics of the University Hospitals Leuven. The twin pairs were discordant for a congenital heart 

defect. The cardiac phenotype and extracardiac anomalies of the affected twin are depicted in table 

1. CHDs were excluded in all non-affected twin members by means of echocardiography. Medical 

history of the non-affected twin member was unremarkable with respect to congenital defects, 

dysmorphism and developmental delay, with the exception of the ‘non-affected’ member of twin 6, 

who died neonatally due to severe multicystic renal disease and aplasia of the bladder, which 

resulted in oligohydramnion and a Potter sequence. Prenatal ultrasound was not suggestive of twin-

to-twin transfusion syndrome (TTTS), except for twin 1, undergoing laser ablation at 24 weeks of 

gestation. Twin pair 3 was of Asian origin, twin pair 1 of African origin. All other twins originated from 

two Caucasian parents. Familial history was negative with respect to congenital anomalies and 

developmental delay. Peripheral blood for DNA extraction was taken within the first week of life, 

except for twin pair 4, from whom DNA samples were taken at 4 years of age. Conventional 

karyotyping (G-banding analysis at least at ISCN +550 bands) was normal in all patients. 

The study was approved by the Ethics Committee at the University Hospitals Leuven. Appropriate 

informed consent was obtained from all participating patients or their legal representatives. 

Methods 

Array CGH 

Peripheral blood derived DNA from both twins and sex-matched reference samples was hybridized to 

a 180k oligo array platform (OGT CytoSure Syndrome Plus array, OGT Oxford, UK), performed 

according the manufacturer’s instructions with minor modifications, as described
17

. To identify CNV 

differences between both twin members as well as potential CNVs in both twins contributing to the 

phenotype, DNA from each twin was hybridized against its co-twin, and against a genetically well-

characterized normal control. All hybridizations were done in duplicate, with the Cy3 and Cy5 dyes 

being swapped between the twins in the second hybridization to eliminate a possible dye-specific 

bias.
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 Gender 

F/M 

chorionicity weeks of 

gestation at 

birth 

birth weight 

 

birth weight  

unaffected 

twin 

CHD type associated anomalies 

twin 1 F MCDA† 32 wk 
1050 gram 

(<p3) 

1640 gram 

(p25) 
6 mm VSD pm, CoAo none 

twin 2 F MCDA 28 wk 6/7 
1165 gram 

(p50) 

1160 gram 

(p50) 
3 mm VSD pm, ASD II, PDA none 

twin 3 M MCDA 30 wk 
1320 gram 

(p25) 

1560 gram 

(50) 
ToF, DCRV, left SCV, PDA 

facial dysmorphism; cryptorchidism; 

webbed neck, dry skin, widely 

spaced nipples, low-set ears 

twin 4 F MCDA 34 wk 
720 gram 

(<p3) 

2000 gram 

(p25) 
VSD, CoAo 

short stature (<3rd centile), 

microcephaly (3rd centile), neonatal 

hypoglycemia, pointed chin, narrow 

palpebral fissures, mild limb 

asymmetry, asymmetric nipples 

twin 5 M MCDA 32 wk 
1580 gram 

(p25) 

1970 gram 

(p50-75) 
musc VSD, CoAo none 

twin 6 M DCDA‡ 36 wk 
2770 gram 

(p25-50) 

2040 gram 

(<p10) 
TGA, coronary anomaly none 

 

Table 1. Phenotypes of the affected twins. ASD II: type 2 atrial septal defect; CoAo: aortic coarctation; DCDA: dichorional diamniotic; DCRV: double chambered right 

ventricle; gender F/M: female/male; left SCV: left-sided superior caval vein; musc VSD: muscular VSD; MCDA: monochorional diamnotic; PDA: persistent ductus arteriosus; 

pm VSD: perimembranous VSD; TGA: transposition of the great arteries; ToF; tetralogy of Fallot; VSD: ventricular septal defect. † Laser ablation at 24 weeks of gestation for 

twin-to-twin transfusion syndrome (TTTS). ‡ Unaffected twin died neonatally due to severe multicystic renal disease. 
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Data analysis 

The CytoSure Interpret software (OGT) was used to visualize the data and perform the analysis. 

Thresholds for CNV calling were set at +/−0.36 from a log2 ratio of zero, and at least five consecutive 

probes within a segment, achieving a theoretical resolution of 80kb for targeted regions and of 16kb 

for targeted genes
17

. For a region to be called as discrepant between both twins, it had to be present 

in both datasets within the dye-swap experiment. An internal database of ‘benign’ CNVs at ∼200kb 

resolution could be constructed by applying array experiments in healthy control individuals by 

means of the CytoSure Syndrome Plus V2 105K array (OGT). CNVs were also considered phenotypical 

indifferent when within regions reported in >1% of healthy controls by at least two independent 

research groups in the Database of Genomic Variants [1]. 

Confirmatory tests 

To confirm the presence of differences in DNA copy number variation, quantitative PCR (qPCR) was 

performed on DNA from both twin members and three unrelated controls using the LightCycler® 480 

Real-Time PCR system (Roche Applied Science, Belgium), following manufacturer’s instructions. 

Oligonucleotide primers sequences are available upon request. All genome coordinates were 

according to NCBI human genome build 37 (hg19, Feb 2009). 

Results 

Array comparative genomic hybridization (aCGH) was performed on peripheral blood derived DNA 

from six monozygotic twins. Nine potential inter-twin copy number differences were detected, 

representing 7 gains and 2 losses in three twins (twins 1, 3 and 6). The average size was 36kb 

(median 6kb), and average probe count was 22 (median 9 probes). Three CNVs involved a known 

copy number polymorphism. Six of these copy number differences were excluded by means of qPCR: 

4 CNVs were not confirmed, and were false positive, and 2 CNVs were present in both twin members 

(false negative in one twin).  

The 3 remaining CNV differences involved copy number gains in the affected member of twin 6, and 

were confirmed independently by qPCR. However, the log2 ratio of one of these duplications was 

1.25, whereas a ratio of 1.50 should be expected (figure 1, table 2). 

twin CNS chr start (bp) end (bp) size (kb) 
probe 

count 
genes 

affected twin 6 gain 12p13.31 7,052,126 7,055,799 3.7 14 C12orf57 

affected twin 6 gain Xp11.23 47,505,565 47,513,026 7.5 8 ELK1, UXT 

affected twin 6 gain Xq28 153,592,310 153,629,687 37.4 101 EMD, FLNA, RPL10 
 

Table 2. Characteristics of inter-twin CNV differences confirmed by qPCR. 
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Figure 1. Quantitative PCR 

showing three CNV differences 

between members of twin 6. The 

affected twin member harbors a 

discordant duplication on 

12p13.31, Xp11.23 and Xq28. The 

Log2 ratio was at 1.25 for the 

region on 12p13.31, which may 

indicate mosaicism of this CNV in 

the blood of the CHD-positive 

twin. M: male; F: female. 

Copy number variants can cause congenital heart defects with a reduced penetrance (e.g. 22q11 

duplication or 1q21.1 duplication) (see Part II of this thesis, Chapter 1 & 3). As a consequence, CNVs 

present in both twins, might affect heart development of only one member. Therefore, we also 

analyzed  concordant CNVs, and ruled out known CHD-related CNVs in our cohort of MZ twins. 

Discussion 

Monochorionic twins are at increased risk for congenital heart defects, occurring in 5 to 7% of 

monochorionic diamniotic (MCDA) twins
18,19

. A proportion of these may result from altered 

hemodynamics during development due to placental vascular anastomoses
18,19

. Virtually all 

monochorionic twin placentae have vascular anastomoses, which can be located superficially on the 

placenta (i.e. arterioarterial and venovenous), or form capillary connections in the placental 

parenchyma (i.e. arteriovenous or oppositely directed arteriovenous). Depending on the size, type 

and direction, these anastomoses may provoke large uncompensated fetofetal transfusions, which 

result in a discordant Hemoglobin (Hb) concentration between the twins or twin-to-twin transfusion 

syndrome (TTTS)
18,19

. Recently, hemodynamic analyses unveiled the presence of additional ‘deep-

hidden’ anastomoses, which cannot be coagulated by laser therapy as done for TTTS. Although the 

incidence of deep-hidden anastomoses is significant (in 50-70% of monochorionic twin placentae), 

the hematological (Hb differences) and clinical consequences are considered to be limited
20-22

.  

TTTS is typically diagnosed between 15 and 26 weeks of gestation, based on inter-twin differences in 

amniotic volume on prenatal ultrasound and flow abnormalities on Doppler evaluation. First-

trimester diagnosis of TTTS is challenging, as no reproducible correlations between first-trimester 

measurements (e.g. inter-twin differences in crown-rump length or in nuchal translucency thickness) 

and the presence of TTTS could be established
23

.  
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Approximately 15 to 35% of MCDA twin pregnancies are complicated by TTTS, 6.9% of which are 

associated with CHD. Cardiovascular changes, such as ventricular hypertrophy and right ventricle 

outflow tract obstruction, occur predominantly in recipient twins of TTTS pregnancies
19,24,25

. In our 

study, prenatal ultrasound was not suggestive of twin-to-twin transfusion syndrome, except for twin 

1, of which the donor was diagnosed with a ventricular septal defect. 

Studies, addressing the role of altered hemodynamics during early heart development, before human 

embryonic day 32, are scarce. Four-dimensional Doppler optical coherence tomography, recently 

introduced for hemodynamic measurements during avian heart tube development
26

, might enable 

the study of hemodynamic changes at early stages of heart development in MZ twin models. 

The challenge remains how to explain the discordance in cardiac development observed in 

monochorionic twins without obvious fetofetal transfusions and in dichorionic monozygotic twins 

where altered hemodynamics does not play a role. One possibility is that the monozygotic twinning 

process in itself increases the incidence of CHD, with postzygotic unequal division of the inner cell 

mass or disturbance of laterality being responsible for discordant cardiovascular anatomy. Other 

possible explanations are postzygotic genetic, epigenetic mutations and stochastic factors
27,28

.  

Previously, CNV differences were detected in peripheral blood-derived DNA from MZ twins either 

concordant or discordant for Parkinson’s disease
16

. Subsequently, a discordant loss of the SHC2 gene 

was deemed causal for multiple system atrophy in the affected member of a MZ twin
29

. However, 

two studies in MZ twins discordant for the presence of breast cancer and schizophrenia failed to 

reproduce these inter-twin CNV differences
30,31

.  

We aimed to investigate the role of postzygotic CNV events in monozygotic twin pairs discordant for 

congenital heart defects. One twin was found to carry three copy number differences, involving three 

duplications in the CHD-positive member. The copy number gain on chromosome 12 reached a log2 

ratio of about 1.25 by quantitative PCR, whereas an expected ratio of 1.50 was obtained for a 

positive (female) control and for other duplications occurring in both members of twin 6, suggesting 

that this duplication was present as a mosaic in blood of the CHD-positive twin, compatible with the 

hypothesis of a postzygotic somatic event. However, the occurrence of 3 such events in a single 

patient seems to be unlikely. Alternatively, we cannot rule out that this finding may result from 

suboptimal DNA quality. The blood sampling of twin 6 was performed neonatally on day 2. DNA was 

extracted and stored following the state of the art, and standard criteria for DNA quality were met. 

The patient did not receive blood transfusions. Unfortunately, no other tissue from this twin was 

available to reproduce the results. 
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The Xq28 duplication partially affects the FLNA gene. Loss-of-function mutations in FLNA have been 

described in families with X-linked cardiac valvular dysplasia
32

 and in boys with congenital heart 

defects associated with nodular periventricular heterotopias
33

 or otopalatodigital syndrome
34

. A 

similar duplication partially comprising FLNA and EMD was detected once, in a normal control from 

the HAPMAP population
35

. The ELK1 gene on Xp11.23 encodes a ternary complex factor that acts as a 

repressor of smooth muscle proliferation
36

, but its potential role in heart development remains 

unexplored. The other genes within the duplicated segments are not known to be involved in the 

genesis of congenital heart defects either. Further studies are required to determine whether the 

detected CNV differences are contributive to the patient’s cardiac phenotype. 

Tissue sampling is an important element when studying somatic events in twins, as the genotype of 

one tissue analyzed (usually blood) might not always be relevant to the genotype of the tissue 

responsible for the disease
15

. Moreover, in many cases, the hematopoietic lineages of MZ twins are 

chimeric due to twin-to-twin exchange of hematopoietic stem cells during embryogenesis
37

. 

Therefore, CNV profiles on DNA derived from a buccal smear, fibroblasts or cardiac tissue, may differ 

from those obtained on peripheral blood-derived DNA, as was shown by Rohrer et al. in monozygotic 

twins discordant for Turner syndrome
44

. Cardiac tissue is however difficult to obtain, especially in 

non-affected individuals, and saliva samples were not available. Furthermore, the age at which 

(blood) samples are taken, might theoretically influence somatic CNV profiles as well, since cellular 

subpopulations carrying a low-grade mosaic CNV can show impaired cell growth, and therefore 

gradually disappear in blood over time. Conversely, at an older age, inter-twin CNV differences could 

be induced by chromosomal rearrangements in hematologic malignancies, as shown by Bruder et 

al.
16

. A longitudinal study within larger cohorts of MZ twins of different age is required to assess the 

impact of age on somatic CNV profiles. In our study, DNA samples were taken within the first week of 

life in 5 out of 6 MZ twins.  

In the absence of causal CNV differences, the question remains whether other genetic or epigenetic 

factors underlie the discordance of CHD in MZ twins. With the advent of (epi)genome-wide 

sequencing technologies, the answer to this in within our reach. Although exome sequencing data on 

MZ twins are still scarce
43

, epigenetic differences in MZ twins have been identified in various diseases 

and tissues, either at selected genes
38,39

 or epigenome-wide
40,41

. In a cross-sectional study, Fraga et 

al. showed that MZ twins were epigenomically similar during their early years of life, indicative of 

high epigenetic heritability. However, epigenomes significantly diverged with age. The role of the 

environment was indicated by the fact that higher epigenetic variability was found in twins who 

differed more in lifestyle
40,42

. Age-related epigenomic changes will definitely improve our 

understanding of complex traits, such as auto-immune disorders
43

, or arterial hypertension, rather 
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than that of inborn disorders, such as congenital heart defects. Nevertheless, we hypothesize that 

broad application of genome and epigenome sequencing on MZ twins discordant for the presence of 

CHD will revolutionize the knowledge on how genetic, environmental and stochastic factors can 

affect heart development 

In conclusion, we detected three CNV differences in 1 out of 6 MZ twins discordant for the presence 

of CHD, confirming the occurrence of somatic CNV events in MZ twins. However, these CNVs could 

not be causally related to the cardiac phenotype. Copy number, genome and epigenome analyses in 

a larger MZ twin cohort are required to explore the role of somatic CNVs and mutations in the 

genesis of CHD. 
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General conclusions & perspectives 

To investigate the role of copy number variation in CHD, we applied CNV analysis, supported by 

advanced bioinformatic technologies, in different subpopulations of patients with congenital heart 

defects. We demonstrate a high diagnostic yield of aCGH studies in patients with syndromic CHD, and 

found that the number of dysmorphic features is a predictor of the probability to detect a causal CNV 

in these patients. The frequency of causal CNVs in non-syndromic CHD populations is lower than that 

in syndromic CNV populations. Moreover, causal CNVs in non-syndromic CHD mostly involve 

chromosomal regions with reduced penetrance and variable expression. Our data indicate that 

higher resolution arrays do not lead to a proportionate increase in diagnostic yield, moreover, it 

leaves us with many unclassified variants.  

These studies paved the way for the introduction of next generation sequencing (NGS) as a research 

and a clinical diagnostic tool in patients with congenital heart defects.  

Like in CNV analysis, the interpretation of NGS results will be the main challenge, as infrequent 

disease-causing mutations should be distinguished from the abundance of single nucleotide variants 

without obvious major clinical significance. For this, we envisage an algorithm for the clinical 

interpretation of SNVs (single nucleotide variants), concordant with that for CNVs, which was 

introduced in Part II of this thesis (Part II, Chapter 2). The identification of known CHD-related 

mutations could be enhanced by CHDWiki, which provides a high quality data set of known CHD 

genes and mutations, and the related cardiac phenotypes (Part I, Chapter 1). An additional source of 

candidate genes for CHD emerges from computational gene prioritization experiments, conducted in 

unique or rare CNVs from patients with non-syndromic CHD (Part II, Chapter 3), and in CHD-related 

regions compiled in CHDWiki (Part I, Chapter 2). By systematic integration of sequencing data from 

CHD patients, and by implementation of annotation tools for CHD-related NGS data, CHDWiki will 

guarantee further support for the evolving needs of the cardiac community.  

Full genome sequencing or targeted NGS approaches for CHD-related genes are likely to emerge as 

the key technologies to further explore the cardiogenetic puzzle in unexplained syndromic or non-

syndromic CHD patients. We hypothesize that dominant de novo mutations are the most likely 

genetic cause in sporadic patients with unexplained syndromic and non-syndromic CHD. Therefore, 

full genome or exome sequencing analysis in family trios (patient and both parents) is the designated 

approach in these cohorts. In families with a recessive inheritance of CHD, interpretation of genome 

sequencing data can be facilitated, when preceded by genome-wide SNP linkage analysis to define 

chromosomal regions segregating with the heart defect. Alternatively, targeted sequencing of only 
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the segregating regions can be applied. For non-syndromic CHDs that are dominantly inherited, we 

will first define the diagnostic yield of targeted sequencing of known heart genes and miRNAs, 

followed by exome analysis in familial CHDs which remain unresolved. Moreover, full genome 

experiments should be considered in CHD patients, harboring CNVs with reduced penetrance (e.g. 

duplications of chromosome 1q21.1 and 22q11.2), to evaluate whether a ‘second hit’ at the 

nucleotide level might account for the variable phenotype associated with these chromosomal 

syndromes. 

Epigenetic changes and somatic events are additional fields in cardiogenetics which remains to be 

explored. We confirmed the occurrence of somatic CNV events in monozygotic twins. To further 

investigate the causative role of somatic genetic events in the genesis of CHD, copy number and NGS 

analyses can be applied on diseased and non-affected cardiac tissue from the same individual, or on 

MZ twins discordant for the presence of CHD. Finally, epigenome-wide sequencing will enable to 

bridge the gap between the increasing amount of CHD-related chromatin modifiers and the 

transcriptional pathways involved in cardiogenesis. 

In conclusion, we envisage a future of genome and epigenome-wide sequencing analyses, which will 

move the boundaries towards a personalized map of genetic and epigenetic factors for each CHD 

patient. However, charting these factors into a spatiotemporal network underlying the cardiac 

phenotype of these patients will be the main challenge for the future. 
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Abbreviations and acronyms 

aCGH array comparative genomic hybridization 

AEPC association of pediatric cardiologists  

AUC area under the curve 

AV atrioventricular 

BAC bacterial artificial chromosome 

BMP bone morphogenetic factor 

CHD congenital heart defect 

CNP copy number polymorphism 

CNV copy number variant 

CREBBP cAMP response element binding protein (CREB)-binding protein 

DAS distributed annotation system 

DECIPHER database of chromosomal imbalance & phenotype in humans using Ensembl resources 

DGS diGeorge syndrome 

DNA deoxyribonucleic acid 

ECARUCA European cytogeneticists association register of unbalanced chromosome aberrations 

FoSTeS fork stalling and template switching 

FGF fibroblast growth factor 

FISH fluorescence in situ hybridization  

JPS juvenile polyposis syndrome 

kb kilobase 

LCR low copy repeat 

LV left ventricular 

Mb megabase 

MCA multiple congenital anomalies 

MCDA monochorionic diamniotic 

miRNA micro ribonucleic acid 

MLPA multiplex ligation-dependent probe amplification 

MR mental retardation/intellectual disability 

MZ monozygotic 

NAHR non-allelic homologous recombination 

NCBI national center for biotechnology information 

NHEJ non-homologous end-joining 

MAPK mitogen-activated protein kinase 

OMIM online mendelian inheritance in man® 

OFT outflow tract 

PAC p1-derived artificial chromosome 

PCR polymerase chain reaction 

RNA ribonucleic acid 

ROC receiver operator characteristic 

RSTS Rubinstein-Taybi syndrome 

SHF second heart field 

SNP single nucleotide polymorphism 

TGF-ß transforming growth factor beta 
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TTTS twin-to-twin transfusion syndrome 

UCSC university of California, Santa Cruz 

UCV unclassified variants 

VCFS velo-cardio-facial syndrome 

Abbreviations of CHD types 

CoAo Aortic coarctation 

AS Aortic valve stenosis 

ASD Atrial septal defect 

AVSD Atrioventricular septal defect 

BAV Bicuspid aortic valve 

CTHD Conotruncal heart defect 

DCM Dilated cardiomyopathy 

DORV Double outlet right ventricle 

d-TGA d-type transposition of the great arteries 

HLH Hyoplastic left heart 

HRV Hypoplastic right ventricle 

IAA Interrupted aortic arch 

MS Mitral valve stenosis 

PDA Patent ductus arteriosus 

PPS Peripheral pulmonary artery stenosis 

PTA Persistent truncus arteriosus 

PA Pulmonary atresia 

PS Pulmonary valvar stenosis 

UVH Single ventricle/univentricular heart 

ToF Tetralogy of Fallot 

TAPVR/PAPVR Totally /partially abnormally pulmonary venous return 

TA Tricuspid valve atresia 

VSD Ventricular septal defect 

WPW Wolff-Parkinson-White reentry tachycardia 
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